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“Quien cede el paso ensancha el camino”

Proverbio chino

“Poca gente es capaz de prever hacia donde les lleva el camino hasta que llegan a su fin”

J. R. R. Tolkien
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después hayan aprendido de los mios, a Elena, Alba, Pablo, Yago, Marta e Irene.
Sobre todo a Frutos y a los ya doctores Jaime y Carolina con los que he
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Como he dicho anteriormente mi camino ha tomado muchas formas, pero
nunca hubiera imaginado que se uniera al de otra persona. No me refiero a que
ambos caminos se cruzaran momentaneamente, ni que los dos caminos fueran
paralelamente a un mismo destino, ni que un camino devorase sin dejar el menor
rastro a otro, sino que fueran uno al lado del otro, se entrelazaran y se unieran
para formar otro camino mucho mas amplio, mucho mas bonito y mucho mas
valioso. A Alicia por permitirme caminar a su lado.
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La presente memoria de la Tesis Doctoral se ha escrito siguiendo el
formato de publicaciones. Incluye una introduccion general detallada sobre el
estado actual del area de investigacidén en la que se enmarca este trabajo y una
discusion integradora de los resultados obtenidos. Los capitulos principales se han
dividido segun las distintas publicaciones, incluyendo un articulo enviado para su
publicacion en el momento de la redaccion de la memoria. Los capitulos
publicados conservan su formato original en inglés. Sin embargo, la introduccion,
discusién, objetivos y conclusiones se han escrito en castellano de acuerdo a la
normativa para este formato de tesis. Con el fin de respetar al maximo las
diferentes publicaciones, se han mantenido la bibliografia y numeracion originales
de las mismas, aunque se ha modificado el formato a fin de homogeneizar todas

las referencias contenidas en la presente tesis.

La memoria adjunta un CD en el que se han incluido todas las coordenadas
cartesianas y energias totales de todos los puntos estacionarios mencionados en
esta memoria, obtenidos mediante métodos computacionales. EI CD incluye
también una recopilacién de espectros de resonancia magnética nuclear de todos
los compuestos no descritos previamente sintetizados a lo largo de esta tesis, y un

archivo .pdf con la memoria completa.






Abreviaturas utilizadas en esta Memoria:

A Aceptor/Acceptor

Ac Acetyl!

ADN Acido Desoxirribonucleico

ATR Attenuated Total Reflectance
BODIPY Boron Dipyrromethene

calcd Calculated

cod Cyclooctadienyl!

CcT Charge Transfer

cv Cyclic Voltammetry

D Dador/Donor

dba Dibenzylidenacetone

DDQ 2,3-Dichloro-5,6-Dicyano-1,4-Benzoquinone
DFT Density Functional Theory

DIPEA N,N-Diisopropylethylamine

dppe 1,2-Bis(diphenylphosphino)ethane
DSSC Dye Sensitized Solar Cell

Epa Anodic Potential Energy

ESI Electrospray lonization

f Oscillator Strength

Fc Ferrocenyl

FMO Frontier Molecular Orbital

FRET Férster Resonance Energy Transfer
HOMO Highest Occupied Molecular Orbital
HRMS High Resolution Mass Spectroscopy
IC Internal Conversion

ICT Intramolecular Charge Transfer

ISC Intersystem Crossing

LF Ligand Field

LP Lone Pair

LUMO Lowest Unoccupied Molecular Orbital



MLCT
MMLL'CT
MOF
NBO
NHC
NLO
o0-DCB
OFET
OLED
OPVC
ORTEP
PCM
PET
SEnT
SOPT
TD-DFT
TEnT
THF
TLC
™
TMSCI
WBI

Metal to Ligand Charge Transfer
Mixed Metal Ligand to Ligand’ Charge Transfer
Metal Organic Framework
Natural Bond Orbital
N-Heterocyclic Carbene
Non-Linear Optics
Ortho-Dichlorobenzene

Organic Field-Effect Transistor
Organic Light-Emitting Diode
Organic Photovoltaic Cell

Oak Ridge Thermal Ellipsoid Plot
Polarisable Continuum Model
Photoinduced Electron Transfer
Singlet Energy Transfer

Second Order Perturbation Theory
Time Dependent-Density Functional Theory
Triplet Energy Transfer
Tetrahydrofurane

Thin Layer Chromatography
Transition Metal

Trimethylsilyl Chloride

Wiberg Bond Indices
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I. INTRODUCCION Y ANTECEDENTES






Introduccion y antecedentes

I.1. Aspectos generales de los sistemas push-pull

Los sistemas push-pull son sistemas orgdnicos con conjugacién m-extendida
gue contienen en su estructura un grupo electrodador (D) y un grupo
electroaceptor (A) unidos entre si por un espaciador m-conjugado (D-m-A). Estos
sistemas se caracterizan por mostrar una transferencia de carga intramolecular
(ICT) desde la unidad dadora a la unidad aceptora. Dicha polarizacion se produce a
través del espaciador con la consiguiente separacion de cargas y generacion del
correspondiente dipolo. La ICT se suele representar mediante las dos formas

. 1
resonantes extremas mostradas en la Figura 1.

e WA @
DaAceptor<£> DadorAcgg)tor

Figura 1. Representacion esquematica de un sistema push-pull.

Los compuestos organicos m-conjugados tienen interesantes propiedades
electrénicas, optoelectrénicas,” conductoras® y fotovoltaicas.* Actualmente se
estan desarrollando dispositivos organicos analogos a los sistemas inorganicos
tradicionales, como transistores organicos de efecto campo (OFET),”> diodos
organicos de emision de luz (OLED),® células orgéanicas fotovoltaicas (OPVC)’ y
células solares sensibilizadas por colorante (DSSC).® La quimica organica ofrece
una gama mas amplia de compuestos que la quimica inorganica debido a que los
compuestos orgdnicos m-conjugados son relativamente faciles de sintetizar vy

poseen propiedades facilmente modulables.

En un sistema push-pull la interaccidon electronica entre el dador y el

aceptor reduce la energia del gap HOMO-LUMO. Por esta razon, la banda de

! Liang, M.; Chen, J. Chem. Soc. Rev. 2013, 42, 3453.

2 (a) Para una edicidn especial sobre propiedades electrénicas y optoelectrénicas en materiales organicos,
véase: ed. Forrest, S. R.; Thompson, M. E. Chem. Rev. 2007, 107, 923-1386. (b) Para una edicién especial sobre
materiales para la electrénica, véase: ed. Miller, R. D.; Chandross, E. A. Chem. Rev. 2010, 110, 1-574. (c) Para
una edicion especial sobre electrénica molecular, véase: ed. Mayor, M. Chimia 2010, 64, 348-420.

® Para una edicién especial sobre conductores moleculares, véase: ed. Batail, P. Chem. Rev. 2004, 104, 4887-
5782.

4 (a) Para una edicion especial sobre compuestos organicos fotovoltaicos, véase: ed. Brédas, J.-L.; Durrant, J.
R. Acc. Chem. Res. 2009, 42, 1689-1857. (b) Lin, Y.; Li Y.; Zhan, X. Chem. Soc. Rev. 2012, 41, 4245.

> Allard, S.; Forster, M.; Souharce, B.; Thiem, H.; Scherf, U. Angew. Chem., Int. Ed. 2008, 47, 4070.

® Ohmori, Y. Laser Photonics Rev. 2009, 4, 300.

7 Hains, A. W.; Liang, Z.; Woodhouse, M. A.; Gregg, B. A. Chem. Rev. 2010, 110, 6689.

& para una edicién especial sobre DSSC, véase: Burford, N.; King, R. B.; Lever, A. B. P. Coord. Chem. Rev. 2004,
248, 1161-1530.
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absorcién se desplaza a mayores longitudes de onda con respecto a sus analogos

sin interaccidn electrdnica y, como consecuencia, son generalmente coloreados.

En la actualidad se han disefiado y caracterizado una gran cantidad
sistemas push-pull de tipo orgénico’ con el fin de encontrar relaciones estructura-
propiedad adecuadas para posibles aplicaciones o6pticas y electronicas. En
principio, las propiedades optoelectrdnicas, las propiedades dpticas no lineales
(NLO), la ICT y la correspondiente diferencia entre los niveles de energia de los

correspondientes orbitales frontera pueden modularse mediante varios

factores,10

. naturaleza electrénica del dador y el aceptor

° interaccion eficiente entre el dador y el aceptor

° extension, composicion y disposicion espacial del sistema ©t
. planaridad de la molécula

En la Figura 2 se muestran varios ejemplos de sistemas push-pull con
conjugacion lineal, donde se pueden observar los grupos dadores, aceptores y

espaciadores m mas representativos presentes en este tipo de compuestos.

° Robertson, N. Angew. Chem., Int. Ed. 2006, 45, 2338.
10 Bures, F. RSC Advances 2014, 4, 58826.
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HexO
Figura 2. Estructuras representativas de sistemas push-pull con conjugacién lineal.

Aunque los sistemas push-pull lineales y dipolares (D-m-A) son los mas
comunes, también se han estudiado sistemas cuadrupolares (A-n-D-n-A'! y D-1t-A-
n-A)* y octupolares ((D-mt)s-A, a)® y (A-n);-D))."* De igual manera, se han
sintetizado sistemas push-pull con forma de V- (b)," Y- (c),”®> H- (d)*® y X- (e),"’
radialenos (f)*® y radialenos expandidos (g),° todos ellos con interesantes

propiedades NLO (Figura 3).

" Ren, J.; Wang, S.-M.; Wu, L.-F.; Xu, Z.-X.; Dong, B.-H. Dyes and Pigments 2008, 76, 310.

12 Moylan, C. R.; Ermer, S.; Lovejoy, S. M.; McComb, I.-H.; Leung, D.; Wortmann, R.; Krdmer, P.; Twieg, R. J.
Am. Chem. Soc. 1996, 118, 12950.

13 Martin, F. A.; Baudequin, C.; Fiol-Petit, C.; Darabantu, M.; Ramondec, Y.; PIé, N. Tetrahedron, 2014, 70,
2546.

14 Vivas, M. G; Silva, D. L.; Malinge, J.; Boujtita, M.; Zalesny, R.; Bartkowiak, W.; Agren, H.;Canuto, S.; De Boni,
L.; Ishow, E. Sci. Rep. 2014, 4, 4447.

1 Ramirez, M. A.; Cuadro, A. M.; Alvarez-Builla, J.; Castafio, O.; Andrés, J. L.; Mendicuti, F.; Clays, K.;
Asselberghs, I.; Vaquero, J. J. Org. Biomol. Chem. 2012, 10, 1659.

% Wu, W.; Wang, C.; Zhong, C.; Ye, C.; Qui, G.; Qin, J.; Li, Z. Polym. Chem. 2013, 4, 378.

17 (a) Kato, S.-i.; Diederich, F. Chem. Commun. 2010, 46, 1994. (b) Zucchero, A. J.; McGrier, P. L.; Bunz, U. H. F.
Acc. Chem. Res. 2010, 43, 397. (c) Kivala, M.; Diederich, F. Acc. Chem. Res. 2009, 42, 235.

18 Wu, Y.-L.; Tancini, F.; Schweizer, W. B.; Paunescu, D.; Boudon, C.; Gisselbrecht, J.-P.; Jarowski, P. D.;
Dalcanale, E.; Diederich, F. Chem. Asian J. 2012, 7, 1185.

19 Ramsaywack, S.; Karaca, S.; Gholami, M.; Murray, A. H.; Hampel, F.; McDonald, R.; Elmaci, N.; Lathi, H. P,;
Tykwinski, R. R. J. Org. Chem. 2014, 79, 10013.



Introduccidn y antecedentes

NMez
BU2N

N™ >N
| _ |
® T ®
Me,N a NMe;

NBU2

NMe2

Figura 3. Sistemas push-pull con distintos tipos de conjugacion.

Por otro lado, se han desarrollado sistemas push-pull sin conjugacién «
directa. Estos cromdforos no planos contienen en su estructura diversos puentes
gue permiten una deslocalizacion electrénica no convencional. Asi, en la Figura 4
se representan sistemas como cumulenos (h),%° ciclofanos (i),** biciclos saturados

(j),22 sistemas helicoidales (k),? sistemas homoconjugados como los 7,7-difenil-

20 Gawel, P.; Wu, Y.-L.; Finke, A. D.; Trapp, N.; Zalibera, M.; Boudon, C.; Gisselbrecht, J.-P.; Schweizer, W. B.;
Gescheidt, G.; Diederich, F. Chem. Eur. J. 2015, 21, 6215.

2 (a) Rotzler, J.; Gsellinger, H.; Neuburger, M.; Vonlanthen, D.; Haussinger, D.; Mayor, M. Org. Biomol. Chem.
2011, 9, 86. (b) Tsuji, Y.; Yoshizawa, K. J. Phys. Chem. C 2012, 116, 26625.

2 Kato, S.-i.; Beels, M. T. R.; La Porta, P.; Schweizer, W. B.; Boudon, C.; Gisselbrecht, J.-P.; Biaggio, I.;
Diederich, F. Angew. Chem., Int. Ed. 2010, 49, 6207.
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norbornanos (1),>* espiro-compuestos (m),>> tripticenos (n)*® y compuestos con

conjugacién a través un camino ramificado (f, branched conjugation pathway).”’

NMe2

i k
MezN
NO
HeN ’ cl
cl NC
-
07 O ¢ O CN
| m n i

Figura 4. Ejemplos de sistemas push-pull con deslocalizacidn electrdnica no convencional.

Por ultimo, cabe mencionar la existencia de sistemas de valencia mixta
dadores de un Unico electrén.”® Estos compuestos se caracterizan por la
formaciéon de aniones-radicales o cationes-radicales y se clasifican segun la
localizacién o la deslocalizacion de la carga en los centros rédox presentes en el
sistema.”® En la Figura 5 se muestran varios ejemplos de compuestos push-pull de

valencia mixta.

2 He, J.; Mathew, S. M.; Cornett, S. D.; Grundy, S. C.; Hartley, C. S. Org. Biomol. Chem. 2012, 10, 3398.

2 (a) Herrero Garcia, N.; Fernandez, |.; Osio Barcina, J. Chem. Eur. J. 2011, 17, 7327. (b) Herrero-Garcia, N.;
Colorado Heras, M. R.; Torres, M. R.; Fernandez, |.; Osio Barcina, J. Eur. J. Org. Chem. 2012, 2643.

% (a) Jayamurugan, G.; Gisselbrecht, J.-P.; Boudon, C.; Schoenebeck, F.; Schweizer, W. B.; Bernet, B;
Diederich, F. Chem. Commun. 2011, 47, 4520. (b) Dengiz, C.; Dumele, O.; Kato, S.-i.; Zalibera, M.; Cias, P.;
Schweizer, W. B.; Boudon, C.; Gisselbrecht, J.-P.; Gescheidt, G.; Diederich, F. Chem. Eur. J. 2014, 20, 1279. (c)
Rizzo, F.; Cavazzini, M.; Righetto, S.; De Angelis, F.; Fantacci, S.; Quici, S. Eur. J. Org. Chem. 2010, 4004.

% Goldsmith, R. H.; Vura-Weis, J.; Scott, A. M.; Borkar, S.; Sen, A.; Ratner, M. A.; Wasielewski, M. R. J. Am.
Chem. Soc. 2008, 130, 7659.

7 Van Walree, C. A.; van der Wiel, B. C.; Williams, R. M. Phys. Chem. Chem. Phys. 2013, 15, 15234.

8 para revisiones recientes sobre compuestos organicos de valencia mixta, véase: (a) Heckmann, A.; Lambert,
C. Angew. Chem., Int. Ed. 2012, 51, 326. (b) Hankache, J.; Wenger, O. S. Chem. Rev. 2011, 111, 5138.

2 Robin, M. B.; Day, P. Adv. Inorg. Chem. Radiochem. 1967, 9, 247.
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Figura 5. Ejemplos representativos de sistemas de valencia mixta.

Si bien los complejos de coordinacién son una herramienta fundamental
dentro de la sintesis orgdnica actual, no se debe olvidar que presentan de manera
adicional propiedades opticas y electronicas modulables. Por ello, la eleccidon
razonada tanto del metal y su esfera de coordinacion como del espaciador
permite modificar de manera controlada las propiedades optoelectrénicas del
complejo asi formado. Como consecuencia, la literatura esta repleta de ejemplos
de sistemas push-pull basados en distintos complejos de metales de transicion

(Ru,® 0s,*' Pt,* cu,® Re* Zn® y Fe)®® junto con la extensa bibliografia sobre

30 (a) Chitumalla, R. K.; Gupta, K. S. V.; Malapaka, C.; Fallahpour, R.; Islam, A.; Han, L.; Kotamarthi, B.; Singh, S.
P. Phys. Chem. Chem. Phys. 2014, 16, 2630. (b) De Sousa, S.; Ducasse, L.; Kauffmann, B.; Toupance, T.; Olivier,
C. Chem. Eur. J. 2014, 20, 7017.
3! swetha, T.; Reddy, K. R.; Singh, S. P. Chem. Rec. 2015, 15, 457.
32 (a) Geary, E. A. M.; Yellowlees, L. J.; Jack, L. A.; Oswald, I. D. H.; Parsons, S.; Hirata, N.; Durrant, J. R.;
Robertson, N. Inorg. Chem. 2005, 44, 242. (b) Scarpaci, A.; Monnereau, C.; Hergue, N.; Blart, E.; Legoupy, S.;
Odobel F.; Gorfo, A.; Pérez-Moreno, J.; Clays, K.; Asselberghs, I. Dalton Trans. 2009, 4538.

Hewat T E.; YeIIowIees L. J.; Robertson, N. Dalton Trans. 2014, 43, 4127.

Coe, B. J.; Foxon, S. P.; Pilkington, R. A.; Sanchez, S.; Whittaker, D.; Clays, K.; Depotter, G.; Brunschwig, B. S.
Organometallics 2015, 34, 1701.
3 Yi, C.; Giordano, F.; Cevey-Ha, N.-L.; Tsao, H. N.; Zakeeruddin, S. M.; Gratzel, M. ChemSusChem 2014, 7,
1107.
36 (a) Coe, B. J.; Fielden, J.; Foxon, S. P.; Asselberghs, I.; Clays, K.; Van Cleuvenbergen, S.; Brunschwig, B. S.
Organometallics 2011, 30, 5731. (b) Jayaweera, P. M.; Palayangoda, S. S.; Tennakone, K. J. Photochem.
Photobiol. A 2001, 140, 173.
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complejos metalicos de valencia mixta (Figura 6).>’

—
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Figura 6. Diferentes ejemplos de sistemas push-pull basados en complejos metales de

transicion.

Un tipo particular de complejos de metales de transicion usados en
sistemas push-pull se basa en complejos metal-carbeno de tipo Fischer (Figura
7). Estos compuestos presentan unas propiedades optoelectrénicas muy

interesantes, como altos valores de hiperpolarizabilidad B.39

¥ Ppara una revisién reciente sobre especies homo-bimetalicas de valencia mixta, véase: (a) Aguirre-
Etcheverry, P.; O’Hare, D. Chem. Rev. 2010, 110, 4839. Para una revisidn sobre especies hetero-bimetalicas de
valencia mixta, véase: (b) Ceccon, A.; Santi, S.; Orian, L.; Bisello, A. Coord. Chem. Rev. 2004, 248, 683. Para una
revision sobre especies trimetalicas de valencia mixta, véase: (c) D’Alessandro, D.; Keene, F. R. Chem. Rev.
2006, 106, 2270. Para una revision de complejos de Ru de valencia mixta, véase: (d) Kaim, W.; Sarkar, B.
Coord. Chem. Rev. 2007, 251, 584.

38 (a) Maiorana, S.; Papagni, A.; Licandro, E.; Persoons, A.; Clays, K.; Houbrechts, S.; Porzio, W. Gazz. Chim. It.
1995, 125, 377. (b) Licandro, E.; Maiorana, S.; Papagni, A.; Hellier, P.; Capella, L.; Persoons, A.; Houbrechts, S.
J. Organomet. Chem. 1999, 583, 111. (c) Jayaprakash, K. N.; Ray, P. C.; Matsuoka, |.; Bhadbhade, M. M;
Puranik, V. G.; Das, P. K.; Nishihara, H.; Sarkar, A. Organometallics 1999, 18, 3851. (d) Faux, N.; Caro, B.;
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OEt
(CO)sM

X=0,8,Te

Br
M =Cr, W

Figura 7. Sistemas dador-aceptor basados en complejos metal-carbeno de tipo Fischer.

En estas especies, el fragmento M(CO)s, donde M es Cr, Mo o W, se
comporta como un grupo fuertemente electroaceptor debido a la presencia de los
cinco ligandos CO m-aceptores.*® Ademas, los complejos organometalicos metal-
carbeno de tipo Fischer, descritos inicialmente por Fischer y Maasbél en 1964,
son facilmente modulables debido a la rica y variada reactividad que pueden

experimentar.42

Robin-Le Guen, F.; Le Poul, P.; Nakatani, K.; Ishow, E. J. Organomet. Chem., 2005, 690, 4982. (e) Weststrate,
N.-A.; Fernandez, |.; Liles, D. C.; van Jaarsveld, N.; Lotz, S. Organometallics 2015, 34, 696.

% Kanis, D. R.; Ratner, M. A.; Marks, T. J. Chem. Rev. 1994, 94, 195.

40 (a) Fernandez, I.; Sierra, M. A.; Cossio, F. P. J. Org. Chem. 2006, 71, 6178. (b) Fernandez, |.; Sierra, M. A.;
Cossio, F. P. J. Org. Chem. 2008, 73, 2083. (c) Andrada, D. M.; Granados, A. M.; Sola, M.; Fernandez, I.
Organometallics 2011, 30, 466. (d) Raubenheimer, H. G. Dalton Trans. 2014, 43, 16959.

“ Fischer, E. O.; Maasbol, A. Angew. Chem. Int. Ed. Engl. 1964, 3, 580.

*2 para revisiones recientes, véase: (a) Dotz, K. H. en Metal Carbenes in Organic Synthesis; Springer: Berlin,
2004; Topics in Organometallic Chemistry, Vol. 13. (b) Barluenga, J.; Santamaria, J.; Tomas, M. Chem. Rev.
2004, 104, 2259. (c) Barluenga, J.; Fernandez-Rodriguez, A. M.; Aguilar, E. J. Organomet. Chem. 2005, 690,
539. (d) Wu, Y.-T.; Kurahashi, T.; de Meijere, A. J. Organomet. Chem. 2005, 690, 5900. (e) Herndon, J. W.
Coord. Chem. Rev. 2006, 250, 1889. (f) Sierra, M. A.; Gémez-Gallego, M.; Martinez-Alvarez, R. Chem. Eur. J.
2007, 13, 736. (g) Sierra, M. A.; Fernandez, I.; Cossio, F. P. Chem. Commun. 2008, 39, 4671. (h) Détz, K. H.;
Stendel, J. Chem. Rev. 2009, 109, 3227. (i) Herndon, J. W. Coord. Chem. Rev. 2010, 254, 103. (j) Fernandez-
Rodriguez, M. A.; Garcia-Garcia, P.; Aguilar, E. Chem. Commun. 2010, 46, 7670. (k) Fernandez, .; Cossio, F. P;
Sierra, M. A. Acc. Chem. Res. 2011, 44, 479; (I) Fernandez, |.; Sierra, M. A. Top. Heterocycl. Chem. 2013, 30, 65.
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I.2. Estructura de complejos metal-carbeno de tipo Fischer

Los complejos metal-carbeno de tipo Fischer contienen en su estructura
metales de los grupos 6 a 8 en un bajo estado de oxidacion unidos a ligandos
fuertemente electroaceptores (generalmente de tipo CO). En estos complejos, el
ligando carbeno es de tipo singlete y se considera que el carbono carbénico

. .. 2 , -
presenta una hibridacién sp®. Ademas, se encuentran generalmente estabilizados
por un heteroatomo (oxigeno, azufre o nitrdgeno) unido al carbono carbénico,

capaz de compensar la deficiencia de carga del mismo por conjugacion.

El enlace metal-carbeno en complejos de tipo Fischer, aplicando el modelo
de Dewar-Chatt-Duncanson,”® se puede considerar como un doble enlace formal
metal-carbeno (M=C). Esta unién entre el metal y el ligando carbeno consiste en
un enlace dador de tipo ¢ del ligando carbeno a un orbital d vacio del metal y un
enlace w débil, que se establece por retrodonacion desde un orbital d ocupado del

metal hacia el orbital p, vacio del ligando carbeno (Figura 8).*

Figura 8. Enlace M=C en complejos metal-carbeno de tipo Fischer segin el modelo de

Dewar-Chatt-Duncanson.

El solapamiento débil entre los orbitales del metal y del ligando carbeno y
la presencia de ligandos m-aceptores en la esfera de coordinacién del metal,
disminuyen la capacidad retrodonadora del mismo, hecho que justifica el fuerte
caracter electrofilico del carbono carbénico. Esta deficiencia de carga se
compensa en parte por la cesidon del par de electrones sin compartir del
heteroatomo directamente unido al carbono carbénico. En consecuencia, la
electrofilia de los carbenos de Fischer aumenta al disminuir la capacidad de cesién

de electrones del heteroatomo (orden de reactividad: O >S > N).

43 (a) Dewar, M. J. S. Bull. Soc. Chim. Fr. 1951, 18, C79. (b) Chatt, J.; Duncanson, J. Chem. Soc. 1953, 2929.
a“ Frenking, G.; Sola, M.; Vyboishchikov, S. F. J. Organomet. Chem. 2005, 690, 6178.
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Tanto los resultados obtenidos por difraccién de rayos-X como por las
estimaciones realizadas mediante calculos tedricos, indican que el orden de
enlace entre el carbeno y el heterodtomo corresponde a un valor intermedio
entre un enlace sencillo y uno doble.* Por lo tanto, estos complejos metal-
carbeno pueden describirse como un hibrido de resonancia entre las estructuras

mostradas en la Figura 9.

(x (x* X
N il i
M Y*

Figura 9. Formas resonantes de un complejo metal-carbeno de tipo Fischer.

I.3. Procesos de transmetalacidon catalizados por paladio en complejos metal-

carbeno de tipo Fischer

Aunque la transmetalacién es probablemente uno de los procesos mas
importantes en quimica organometélica,46 la transferencia de un ligando carbeno
desde un complejo metal-carbeno a otro centro metalico no es un proceso
frecuente. La dificultad para llevar a cabo dicha transferencia se debe
probablemente a la baja capacidad de estabilizacién del ligando carbeno por el
nuevo centro metalico sobre el cual tiene lugar la transmetalacién.”” Sin embargo,
en los ultimos afios el estudio de procesos que implican la transferencia de
ligandos carbeno desde complejos metal-carbeno inducida por catalizadores
derivados de metales de transicion ha dado lugar a un nuevo campo de
investigacion, el cual ha abierto las puertas a nuevas formas de reactividad para

este tipo de compuestos.

4 (a) Nakatsuji, H.; Ushio, J.; Han, S.; Yonezawa, T. J. Am. Chem. Soc. 1983, 105, 426. (b) Jacobsen, H.; Ziegler,
T. Organometallics 1995, 14, 224. (c) Wang, C.-C.; Wang, Y.; Liu, H.-J.; Lin, K.-J.; Chou, L.-K.; Chan, K.-S. J. Phys.
Chem. A 1997, 101, 8887. (d) Cases, M.; Frenking, G.; Duran, M.; Sola, M. Organometallics 2002, 21, 4182.

46 (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. en Principles and Applications of
Organotransition Metal Chemistry; University Science Books: Mill Valley, CA, 1987. (b) Boudier, A.; Bromm, L.
0.; Lotz, M.; Knochel, P. Angew. Chem., Int. Ed. 2000, 39, 4414. (c) de Meijere, A.; Diederich, F. en Metal
Catalyzed Cross-Coupling Reactions; Wiley-VCH: Weinheim, 2004.

7 Lui, S. T.; Reddy, K. R. Chem. Soc. Rev. 1999, 28, 315.
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La transferencia térmica, no catalizada, de ligandos carbeno para dar
productos de dimerizacién intermolecular es una reaccion que se realiza a
temperaturas proximas a 130°C. La descomposicidn térmica de los carbenos de
tipo Fischer da lugar a dos isdmeros olefinicos cuya relacién E/Z depende de la

e .. 4
naturaleza del complejo inicial metal-carbeno.*®

Nuestro grupo de investigacion describié a finales del siglo XX, la
transferencia de ligandos carbeno catalizada por paladio desde complejos metal-
carbeno del grupo 6 (Esquema 1).* Estos procesos de transmetalacién a
temperatura ambiente se realizaron con los complejos metal-carbeno 1, un 10%
de Pd(OAc),, en presencia de EtsN y utilizando THF como disolvente, obteniendo

una mezcla de isémeros E/Z de 1,2-difenil-1,2-dimetoxieteno 2 en proporcion 1:2.

OR RO OR
(CO)sM 10% Pd(OAC), / EtsN —
() Q
X X 2 X
1a, M=Cr,R=Me, X=H 2a, R = Me, X =H (53%)
1b, M =Cr, R=Me, X = Br 2b, R = Me, X = Br (62%)
1c, M=W,R=Et, X=H 2c, R = Et, X=H (46%)

Esquema 1. Dimerizacién de complejos metal-carbeno catalizada por Pd.

Los resultados iniciales demostraron que la transferencia del ligando
carbeno era posible en condiciones de reaccidn cataliticas a temperatura
ambiente. Esta reaccion se llevd a cabo con distintos catalizadores de paladio, con
cargas muy bajas de catalizador, en diversos disolventes y en rangos de
temperatura variables. Tanto estos factores como el uso de ciertos aditivos
ejercen una escasa influencia en la relacidon de isémeros E/Z en el doble enlace

gue se obtiene en la reaccién de dimerizacion.>®

De esta manera, la dimerizacién catalizada por paladio resulta muy eficaz

para la sintesis de sistemas poliénicos conjugados 3, compuestos endiinicos 4, asi

48(a) Fischer, E. O.; Heckl, B.; D6tz, K. H.; Muller, J.; Werner, H. J Organomet. Chem. 1969, 16, P29. (b) Fischer,
E. O.; Dotz, K. H. J. Organomet. Chem. 1972, 36, C4-C6.

49 Sierra, M. A.; Manchefio, M. J.; Saez, E.; del Amo, J. C. J. Am. Chem. Soc. 1998, 120, 6812.

0 Sierra, M. A.; del Amo, J. C.; Manchefio, M. J.; Gémez-Gallego, M. J. Am. Chem. Soc. 2001, 123, 851.
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como productos ciclicos insaturados 5 o especies bimetalicas conjugadas 6

(Esquema 2).°%°?
OEt
OEt  10% Pd(OAc), / Et;N / t.a. R
(COBM= RN "X
25-85% OEt
M =Cr, W 3
R = Ph, 2-furil, Fc, estiril,
OEt  10% Pd(OAc), / Et;N / t.a. EtO  OFEt
(CO)sM —
AN 32-51% 7/ \
Ph Ph Ph
M = Cr, W 4
X X
o( 2 10% Pd(OAC), /S
_ o] o)
(COiCr=X_  )=Cr(CO)s  EtN/ta. —
R1 R2 R1 R2
5
= -, -CHy, -(CHy),, -(CHy)s; R' = R = Ph 14-70%
X = Ph; R' = R? = Ph, Me 52-54%
OMe MeO M
(CO)sM 0 2
10% Pd(PPh3), /
, MeCN M, Me
M; 16-50% 6
M;=Cr; W

M, = Mn(CO);; Re(CO)3; RuCp;
FeCp; Fe(CO),Bn

Esquema 2. Diferentes ejemplos de dimerizacidon de complejos metal-carbeno.

Los resultados experimentales obtenidos en las diferentes reacciones
catalizadas por Pd, han llevado a proponer el ciclo catalitico mostrado en el
Esquema 3 para la reaccién de dimerizaciéon. El complejo metal-carbeno 7
reacciona con el catalizador de paladio generando el complejo palada-carbeno 9.
Esta reaccion de transmetalacién ocurre probablemente a través del intermedio
ciclopropénico heterobimetalico 8 que evoluciona a 9 por extrusion de la especie
"M(CO)s". A continuacion, se produce un nuevo proceso de transmetalacion
desde otra molécula del complejo metal-carbeno 7 para dar lugar al complejo bis-
palada-carbeno 10, que conduce después a la regeneracion del catalizador Pd® y a

la formacién del producto de dimerizaciéon, como mezcla de ismeros E/Z 11.

>t Lage, M. L.; Curiel, D.; Fernandez, |.; Manchefio, M. J.; GOimez-Gallego, M.; Molina, P.; Sierra, M. A.
Organometallics 2011, 30, 1794.
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R?0, TORZ [PAJ/Et;N or?
Rl R! (CO)5M=< .
E/Z , R
11
Pd°
OR?
[pd]:< M=Cr, W [}Dd] OR?
J\ R? R = aril, vinil (CO)sM
R20” “R! R2 = Me, Et o R
10
"M(CO)5" OR?
PdI=
Rl
, 9
OR "M(CO)5"
(CO)sM=(
Rl
.

Esquema 3. Mecanismo propuesto para la transmetalacién catalizada por Pd.

Este mecanismo es consistente con el aislamiento y caracterizaciéon de
palada-carbenos? y bis-palada-carbenos.”® Ademas, se sustenta en los célculos
tedricos realizados en nuestro grupo de investigacion.”® Asi, la dltima etapa del
ciclo catalitico que conecta el complejo de partida 12 con el producto de
dimerizacion final 17, termina con la formacién del enlace C=C en el complejo 13.
La adicion de una molécula de ligando fosfina al complejo 13 da lugar al complejo
de 18 electrones 14, el cual forma el complejo 15 a través del estado de transicidon
TS1-Pd. Finalmente, el producto de dimerizacién coordinado a paladio 15 es
intercambiado por otra molécula de ligando fosfina para cerrar el ciclo catalitico y
liberar la olefina 17. De forma alternativa, el enlace C=C se puede formar desde el
bis-palada-carbeno 13. En este caso, el complejo 17 se genera a través del estado
de transicion TS2-Pd, donde una molécula de PH3 puede coordinarse al centro
metalico para formar 15 o puede sustituir al ligando alqueno para formar

[Pd(PHs),] vy la olefina 17 (Esquema 4).

> Albéniz, A. C.; Espinet, P.; Manrique, R.; Pérez-Mateo, A. Angew. Chem., Int. Ed. 2002, 41, 2363.

53 (a) Lépez-Alberca, M. P.; Manchefio, M. J.; Fernandez, |.; Gdbmez-Gallego, M.; Sierra, M. A.; Torres, R. Org.
Lett. 2007, 9, 1757. (b) Para un estudio de transferencia estequiométrica de carbenos de cromo a paladio,
platino y oro, véase: Kessler, F.; Sznesni, N.; Maass, C.; Hohberger, C.; Weibert, B.; Fischer, H. J. Organomet.
Chem. 2007, 692, 3005.

> Fernandez, |.; Manchefio, M. J.; Vicente, R.; Lopez, L. A.; Sierra, M. A. Chem. Eur. J. 2008, 14, 11222.
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Pd(PH
OMe (PH3)4
(coyscr=<
12 Me
A
"Cr(CO)s" & Y
MeO}_ MeO '
Me +PHj Me ~ar”
HaP- a2 HePPd i i M
HaP™ S—ome oM : P
Me M
14 13 TS2-Pd
r(C-C) = 2.674
+17.3
-60.1
A
L ®
’\j\ o Me OMe
,/. , H3P—Pd—:[
_C\rzx Me”~ “OMe
/"'\ 4
) 16
TS1-Pd
r(C-C) = 2.561 PH,
73.2
Pd(PHs),
Me.__OMe +PH Me.__OMe
H3Pjpd_:[ 903 I 1.8 | +PH,
HaP Me~ “OMe -~ Me~ “OMe
Pd(PH3)3
15 Pd(PHa)3 17

Esquema 4. Ultima etapa de la transmetalacién. Las distancias interatémicas se muestran
en Ay las energias relativas en kcal-mol™.>*

Por tanto, la Ultima etapa del mecanismo propuesto es la que determina la
relacion E/Z de los dimeros y por ello el efecto del ligando va a ser crucial en los
complejos bis-palada-carbeno 13 y 14 a la hora de obtener un isémero de manera

mayoritaria frente al otro.

1.4. Estructura electrénica de complejos metal-carbeno de tipo Fischer

Los complejos metal-carbeno de tipo Fischer son fuertemente coloreados.
El espectro de UV-visible de estos complejos presenta tres bandas bien
diferenciadas: una banda débil en torno a 500 nm correspondiente a la
transferencia de carga metal-ligando (MLCT), una banda de intensidad moderada
alrededor de 350-450 nm debida a una transicion de campo del ligando de baja

energia (LF) y una banda débil entre 300-350 nm, que en muchas ocasiones se

16
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encuentra solapada con la anterior y que corresponde a una transicion LF de

mayor energia.

Las bandas MLCT y LF se asignaron originalmente® a la promocion de un
electron desde el orbital no enlazante centrado en el metal (HOMO) a un orbital p
centrado en el carbeno (LUMO) (banda MLCT), mientras que la banda LF se asigné
a la transicion vertical al orbital (LUMO+1) centrado en el metal. Sin embargo,
calculos TD-DFT recientes realizados en nuestro grupo de investigacion®
demuestran que la banda MLCT resulta de la promocion de un electrén desde el
orbital HOMO-1 (centrado en el metal) al orbital LUMO (orbital nt-extendido que
contiene al orbital dtomico p, del carbono carbénico). En cambio, la banda LF

corresponde a la transicion vertical HOMO-3 (centrado en el sistema 7w del

carbeno) al LUMO (Figura 10).

HOMO-3 HOMO-1 LUMO

Figura 10. Orbitales moleculares calculados para los complejos 18, 19 y 20.%°

Por tanto, ambas transiciones tienen un marcado caracter n-n* y por esta

razon, la posicion de las bandas de absorcién de los complejos metal-carbeno de

>*La asignacion de las transiciones se realizé inicialmente en base a calculos tedricos: (a) Block, T.J.; Fenkse, R.
F.; Casey, C. P. . Am. Chem. Soc. 1976, 98, 441. (b) Nakatsuji, J.; Uskio, J.; Yonezawa, T. J. Am. Chem. Soc.
1983, 105, 426. (c) Foley, H.C.; Strubinger, L. M.; Targos, T. S.; Geoffroy, G. L. J. Am. Chem. Soc. 1983, 105,
3064.

%6 Lage, M. L.; Fernandez, I.; Manchefio, M. J.; Sierra, M. A. Inorg. Chem. 2008, 47, 5253.
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tipo Fischer esta influenciada por la sustitucidn sobre el ligando carbeno. Asi, la
presencia de heteroatomos fuertemente m-dadores sobre el carbeno (por
ejemplo, N frente a O) provoca desplazamientos hipsocromicos en el espectro de
absorcidn de dichos compuestos, mientras que la introduccion de sustituyentes 7-
conjugados (PhCH=CH- (19) o PhC=C- (20) frente a Ph- (18)) induce un claro

desplazamiento batocrémico en la banda MLCT (Figura 11).>°

Abs

b T b 1
200 300 400 500 600
Alnm

Figura 11. Espectro de UV/vis de los compuestos 18, 19 y 20.

Si bien la incorporacién de complejos metal-carbeno de tipo Fischer como
grupo electroaceptor en sistemas push-pull se llevd a cabo inicialmente en
1995,%2 no fue hasta 2008 cuando se realizé un estudio sistematico sobre la
influencia de los sutituyentes en las propiedades electrénicas de estos complejos

(Figura 12).°

OEt OEt OEt OEt
coyscr=< (CO)sCr (CO)5Cr:<_\ (CO)sCr
R X \\
R = Ph X =H R = furil R = Ph =
R=Fc X =Me R = estiril R=Fc
R=p-(MeO)C ¢H,4 X =OMe R=Fc
X =Cl X
X =CN

Figura 12. Estructuras estudiadas para determinar la influencia de distintos sustituyentes

en las propiedades electrdnicas.

Dichos sustituyentes claramente determinan la geometria de equilibrio de
los complejos metal-carbeno a,B-insaturados de tipo Fischer. Asi, complejos con
sustituyentes m-dadores se describen mejor mediante la forma resonante Il de la

Figura 13. Como consecuencia directa, el enlace C1-C2 se acorta mientras que el
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enlace Cr=C1 se alarga. El efecto opuesto ocurre en complejos con sustituyentes
n-aceptores, en los que la forma resonante Il apenas contribuye en la descripcion

de los mismos.

. OEt o OEt
(CO)sCr=—=~ (CO)sCr \
f— -
2 A
I ( I ®
: Dador Dador

Figura 13. Posibles formas resonantes de los complejos o,p-insaturados de tipo Fischer.

Este trabajo concluye que si bien la posicién de la banda MLCT depende
ligeramente de la naturaleza electrénica del sustituyente en posicién para- del
grupo fenilo, la transicién LF depende en gran medida de esta sustitucion. Asi, los
sustituyentes m-dadores unidos al grupo fenilo provocan claros desplazamientos
batocrémicos en la posicion de la banda LF mientras que la banda MLCT apenas se
ve afectada. En cambio, los grupos m-aceptores provocan un desplazamiento
significativo de la banda LF hacia el azul y un pequefio desplazamiento hacia el

rojo de la banda MLCT.

I.5. Complejos metal-BODIPY
I.5.1. Aspectos generales

La introduccién del croméforo 4,4-difluoro-4-bora-3a,4a-diaza-s-indaceno
(BODIPY) en sistemas push-pull basados en complejos de metal de transicidn es de

. , 7 . s . .
gran interés actualmente.”’ Esto es debido no sélo a las aplicaciones como

>’ (a) Collado, D.; Casado, J.; Gonzélez, S. R.; Navarrete, J. T. L.; Suau, R.; Pérez-Inestrosa, E.; Pappenfus, T. M.;
Raposo, M. M. M. Chem. Eur. J. 2011, 17, 498. (b) Burckstummer, H.; Kronenberg, N. M.; Meerholz, K.;
Wirthner, F. Org. Lett. 2010, 12, 3666. (c) Erten-Ela, S.; Yilmaz, M. D.; Icli, B.; Dede, Y.; Icli, S.; Akkaya, E. U.
Org. Lett. 2008, 10, 3299. (d) Chu, T.-Y.; Lu, J.; Beaupré, S.; Zhang, Y.; Pouliot, J.-R. M.; Wakim, S.; Zhou, J.;
Leclerc, M.; Li, Z.; Ding, J.; Tao, Y. J. Am. Chem. Soc. 2011, 133, 4250. (d) Ziessel, R.; Retailleau, P.; Elliott, K. J.;
Harriman, A. Chem. Eur. J. 2009, 15, 10369. (e) Didier, P.; Ulrich, G.; Mely, Y.; Ziessel, R. Org. Biomol. Chem.
2009, 7, 3639. (f) Niu, S.; Ulrich, G.; Retailleau, P.; Ziessel, R. Tetrahedron Lett. 2011, 52, 4848. (g) Shi, W.-J,;
Lo, P.-C.; Singh, A.; Ledoux-Rak, I.; Ng, D. K. P. Tetrahedron 2012, 68, 8712. (h) Ulrich, G.; Barsella, A.; Boeglin,
A.; Niu, S.; Ziessel, R. ChemPhysChem 2014, 15, 2693.
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fotosensibilizador de este fluoréforo sino también por su eficiencia en procesos de

transferencia electrénica.®

Estas especies, descritas por primera vez por Treibs y Kreuzer en 1968,
han sido ampliamente estudiadas® y deben su valor a sus excepcionales
propiedades dpticas: intensa absorcidon en el UV/Vis, emision de fluorescencia con
altos rendimientos cuanticos y elevada estabilidad (tanto quimica como
fotoquimicamente).®* Asimismo, pequefias modificaciones en la estructura del
BODIPY permiten modular las propiedades electrénicas de estos cromdforos.
Otras ventajas adicionales son una buena solubilidad, su estabilidad en medios
fisiolégicos y su relativa insensibilidad a cambios en el pH del medio. Estas
caracteristicas convierten a los croméforos basados en BODIPY en sistemas muy
Utiles para aplicaciones en biomedicina (marcaje de proteinas®® y de ADN,®
terapia fotodinamica®® e incluso tratamiento de cancer)® y en ciencia de
materiales (indicadores fluorescentes,®* OLED,®® células solares,®® interruptores

moleculares,®” fotosensores® y laseres).®

La unidad basica de BODIPY consta de un nucleo de dipirrometeno y un
atomo de boro situados en el mismo plano. La numeracion béasica de este nucleo
se indica en la Figura 14, donde R comunmente es un atomo de fldor, aunque

también se pueden encontrar grupos alcoxi, alquilo, arilo y alquinil derivados.

%8 Singh, S. P.; Gayathri, T. Eur. J. Org. Chem. 2014, 4689.

> Treibs, A.; Kreuzer, F. H. Justus Liebigs Ann. Chem. 1968, 718, 208.

% Para revisions recientes, véase: (a) Boens, N.; Leen, V.; Dehaen W. Chem. Soc. Rev. 2012, 41, 1130. (b)
Kamkaew, A.; Lim, S. H.; Lee, H. B.; Kiew, L. V.; Chung, L. Y.; Burgess K. Chem. Soc. Rev. 2013, 42, 77. (c) Shing,
S. P.; Gayathri, T. Eur. J. Org. Chem. 2014, 22, 4689. (d) Frath, D.; Massue, J.; Ulrich, G.; Ziessel, R. Angew.
Chem., Int. Ed. 2014, 53, 2290.

®1 Laudet, A.; Burgess K. Chem. Rev. 2007, 107, 4891.

62 (a) Karolin, J.; Johansson, L. B.-A.; Strandberg, L.; Ny, T. J. Am. Chem. Soc. 1994, 116, 7801. (b) Tan, K.;
Jaquinod, L.; Paolesse, R.; Nardis, S.; Di Natale, C.; Di Carlo, A.; Prodi, L.; Montalti, M.; Zaccheroni, N.; Smith, K.
M. Tetrahedron 2004, 60, 1099. (c) Yee, M.-c.; Fas, S. C.; Stohlmeyer, M. M.; Wandless, T. J.; Cimprich, K. A. J.
Biol. Chem. 2005, 280, 29053.

%3 Metzker, M. L. WO Patent WO/2003/066812, 2003.

64 (a) Wang, F.; Zhu, Y.; Zhou, L.; Pan, L.; Cui, Z,; Fei, Q.; Luo, S.; Pan, D.; Huang, Q.; Wang, R.; Zhao, C.; Tian, H.;
Fan, C. Angew. Chem., Int. Ed. 2015, 54, 7349. (b) Pefia, B.; Barhoumi, R.; Burghardt, R. C.; Turro, C.; Dunbar,
K. R.J. Am. Chem. Soc. 2014, 136, 7861.

65 Oweczarczyk, Z. R.; Brown, C. T.; Jarikov, V. V. US Patent 2005/0221120, 2005.

66 Kubo, Y.; Eguchi, D.; Matsumoto, A.; Nishiyabu, R.; Yakushiji, H.; Shigaki, K.; Kaneko, M. J. Mater. Chem. A
2014, 2,5204.

& (a) Golovkova, T. A.; Kozlov, D. V.; Neckers, D. C. J. Org. Chem. 2005, 70, 5545. (b) Trieflinger, C.; Rurack, K.;
Daub, J. Angew. Chem., Int. Ed. 2005, 44, 2288.

%8 Daly, B.; Ling, J.; de Silva, A. P. Chem. Soc. Rev. 2015, 44, 4203.

69 Pérez-Ojeda, M. E.; Thivierge, C.; Martin, V.; Costela, A.; Burgess, K.; Garcia-Moreno, |. Opt. Mater. Express
2011, 1, 243.
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Figura 14. Estructura basica del fluoréforo BODIPY y su correspondiente numeracion.

Una caracteristica de estos fluoréforos es que la modificacion sencilla del
esqueleto permite una infinidad de oportunidades para modular sus propiedades

Opticas (Figura 15).

Finalmente, el nimero de complejos metal-BODIPY ha ido creciendo a lo
largo de los ultimos afios, puesto que la introduccion de un complejo metalico en
el sistema BODIPY permite modular las propiedades optoelectrénicas de los
productos resultantes (Figura 16). No obstante, la introduccién de un metal en el
BODIPY generalmente desactiva su fluorescencia. En funcién del mecanismo de
desactivacion de la emisidn por parte del metal de transicion, se pueden obtener
diversas propiedades optoelectrénicas y en consecuencia, aplicaciones distintas a

las observadas en sistemas puramente organicos.
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EtOH, ® =0.93 EtOH, ® =0.70 MeOH, ® = 0.65 MeOH, ® =0.37 MeOH, ® =0.49
Amax abs = 505 nm Amax abs = D17 nm Amax abs = 498 nm Amax abs = 930 NM  Amax abs = 498 nm
Amax emis = 516 nm Amax emis = 546 nm Amax emis =908 NM  Amay emis = 554 MM Amax emis = 509 Nm

H,0, ® =0.85 MeOH, ® = 0.02 EtOH, ® = 0.73 MeOH, © = 0.54
Amax abs = 491 nm Amax abs = 934 nm Amax abs = D27 nm Amax abs = 588 nm
}“max emis = 510 nm }“max emis = 548 nm }“max emis = 549 nm }“max emis = 612 nm

Toluene, ® = 0.33 CH,Clp, @ =0.91 CH,Cly, ® = 0.94 MeOH, ® = 0.28
Amax abs = 497 nm Amax abs = 513 nm Amax abs = 516 nm Amax abs = 505 nm
Amax emis = 514 MM Amax emis = 548 nm Amax emis = 535 NmM Amax emis = 517 nm

e
CHCl3, @ =0.34 MeOH, ® =0.20 CH,Cl,, ® =0.20 MeOH, ® =0.72
Amax abs = 650 Nm Amax abs = 691 nm Amax abs = 727 Nnm Amax abs = 619 nm
Amax emis = 672 NM Amax emis = 732 NM Amax emis = 780 nm Amax emis = 629 NmM

Figura 15. Ejemplos de distintos BODIPY.
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THF, ® <0.001
Amax abs = 535 hm

Kmax emis

CH,Cl,, ® = 0.004
CH,Cl,, iD =0.24 Amax abs = 538 nm

Amax abs = 534 nm Amax emis = 994 hm
Amax emis = 951 Nm

CH,Cl,, ® = 0.06
Amax abs = 936 nm
kmax emis = 592 nm

}‘max abs = 523 nm Me
Amax emis (Fosforescencia) = 536 nm o 0 Me
BE | o<
4 H,O—Rh—Rh—O0H,
‘AN MeCN, @ = 0.018

Amax abs = 499 nm

Me\«ono |/N N
0] 7‘«max emis = 514 nm

/

o}

o
MeOH, © = 0.05
Amax abs = 500 nm
}Lmax emis = 514 nm

MeCN, ® =0.015 0-DCB, ® =0.04
Amax abs = 706 nm Amax abs = 505 nm
Amax emis = 763 nm Amax emis = 920 nm Me

MeoN NMe,

Figura 16. Ejemplos de complejos metal-BODIPY.
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I.5.2. Mecanismos de desactivacion de la fluorescencia en complejos metal-

BODIPY’®

Por desactivacion de la fluorescencia se entiende cualquier proceso que
disminuya la intensidad de emision de un fluoréforo. En esta memoria se recogen
los mecanismos mas comunes de disminucidn y/o supresion de la fluorescencia
para complejos metal-BODIPY. La desactivacion se puede, por tanto, producir por

los siguientes mecanismos:

° transferencia de energia de resonancia de Forster (FRET)
° cruce intersistémico (ISC)

. transferencia electrénica o interaccién Dexter

° transferencia de electrones fotoinducida (PET)

° conversion interna (IC)

Es muy importante resaltar que muchas veces la desactivacion de la
fluorescencia no se debe a un Unico mecanismo sino que varios mecanismos

pueden operar a la vez.

En cualquier caso, todos los mecanismos de desactivacién son
dependientes de la distancia entre el fluoréforo y el desactivador. Asi, el valor de

la transferencia de energia via FRET viene dada por la siguiente ecuacién:’

kr(r) = % (%)6 (Ec.1)

donde 7 es el tiempo de vida del dador en ausencia del aceptor, r es la distancia
entre el dador y el aceptor y Ry es la distancia Forster, definida como la distancia a
la cual la transferencia de energia tiene un 50% de eficiencia. Por otro lado, el

. s . . . . .7 7
valor de la transferencia electrénica se expresa mediante la siguiente ecuacién:”®

kp(r) = A el-B0—rl (Ec. 2)

siendo r la distancia entre el fluoréforo y el desactivador, r., la distancia de la

aproximacion mas cercana al contacto molecular y A, un factor preexponencial. El

7 para estudiar detenidamente los mecanismos de desactivacién de la fluorescencia, véase: Lakowicz, J. R.
Principles of Fluorescence Spectroscopy, 3rd ed.; Springer, 2006.
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ISC, la interaccidn Dexter y la PET se encuentran regidas por esta ultima ecuacion,

gue depende exponencialmente de la distancia.

Un claro ejemplo de esta dependencia es el caso que describen Blum y
colaboradores,”* donde el rendimiento cuéntico de fluorescencia de los complejos
de paladio y zirconio es muy alto ya que el complejo metdlico se encuentra

relativamente alejado del fluoréforo BODIPY (Figura 17).

NN

Me” \n/

S
@ N-F’:d-N/\\j
(s Cl s
Si(OEt); Si(OEt)s
®©=0.93 ®>0.95
Figura 17.

1.5.2.1. Transferencia de energia de resonancia Forster

El mecanismo de FRET consiste en una interaccion D-A a través del espacio
gue puede ocurrir a grandes distancias. Asi, un dador en estado excitado
transfiere la energia al fragmento aceptor, el cual se excita pudiendo emitir o no
en funcién de la naturaleza del aceptor (Figura 18). Para que se produzca esta
transferencia de energia la banda de emisidon del dador y la banda de absorcidn
del aceptor deben solapar en mayor o menor medida y no es necesario que haya
un contacto molecular directo entre el dador y el aceptor. Por estas razones la

FRET no depende de factores estéricos ni electrostaticos.
LUMO LUMO LUMO e ﬁ LUMO
HOMO ﬂ HOMO HOMO% + HOMO

Figura 18. Diagrama de FRET.

" Canham, S. M,; Bass, J. Y.; Navarro, O.; Lim, S.-G.; Das, N.; Blum, S. A. Organometallics 2008, 27, 2172.
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Un claro ejemplo de mecanismo FRET lo encontramos en diadas BODIPY-
metaloporfirina. Se puede encontrar una extensa variedad de ejemplos en la
bibliografia sobre antenas BODIPY-porfirina con diferentes cationes como Zn, Ni,
Ru, Sn, Pt, Ga, Yb, Sb y Mg.”? En la Figura 19 se muestran dos ejemplos
representativos de complejos BODIPY-porfirina, uno basado en Ru”® y otro en
Zn.”* Ambas especies tienen desactivada su fluorescencia mediante una
transferencia de energia del BODIPY a la unidad de porfirina metalada de tipo

FRET.

MeO

Figura 19.

Las triadas supramoleculares BODIPY-porfirina de Zn-fullereno se han
estudiado como sistemas de captacion de luz artificiales.” El compuesto de la
Figura 20 es capaz de captar un foton provocando eficientemente la transferencia
de energia desde el BODIPY excitado a la porfirina metalada. A continuacion, se

produce la transferencia electrénica al fullereno, con la correspondiente

72 Khan, T. K.; Broering, M.; Mathur S.; Ravikanth, M. Coord. Chem. Rev. 2013, 257, 2348.

73 Khan, T. K.; Ravikanth, M. Tetrahedron 2012, 68, 830.

7 Brizet, B.; Eggenspiller, A.; Gros, C. P.; Barbe, J.-M; Goze, C.; Denat, F.; Harvey, P. D. J. Org. Chem. 2012, 77,
3646.

75 (a) D’Souza, F.; Smith, P. M.; Zandler, M. E.; McCarty, A. L.; Itou, M.; Araki, Y.; Ito, O. J. Am. Chem. Soc. 2004,
126, 7898. (b) Bandi, V.; Gobeze, H. B.; Karr, P. A.; D’Souza, F. J. Phys. Chem. C 2014, 118, 18969.
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separacion de cargas. De esta manera, se sugiere que dichas triadas actian como

mimicos de la fotosintesis

Transferencia

de electrones f

uF
BT

Nz =

Transferencia de energia
Figura 20.
1.5.2.2. Cruce intersistémico

El cruce entre sistemas se puede definir como un proceso en el que un
electron en el estado excitado pasa a un estado de menor energia con diferente

multiplicidad.

Aunque los BODIPY se caracterizan por una formacion del estado triplete
practicamente despreciable, es posible obtener fosforescencia con distintos
sensibilizadores metalicos. De esta manera, Ziessel y colaboradores’® describieron
el primer BODIPY fosforescente (Figura 21). La estrategia utilizada por estos
autores se basa en la poblacidén del estado triplete mediante el efecto del 4tomo
pesado del metal de transicién.”’ Para ello, se emplean metales de transicion que

poseen un tiempo de vida media elevado en el estado triplete.78

76 Galletta, M.; Campagna, S.; Quesada, M.; Ulrich, G.; Ziessel, R. Chem. Commun. 2005, 33, 4222.

7 Se entiende por efecto del atomo pesado al fendmeno observado en moléculas que poseen atomos con
altos numeros atémicos. El aumento de electrones conlleva un aumento de las transiciones prohibidas por
espin y de transiciones no emisivas. Koziar, J. C.; Cowan, D. O. Acc. Chem. Res. 1978, 11, 334.

8 (a) Harriman, A.; Rostron, J. P.; Cesario, M.; Ulrich, G.; Ziessel, R. J. Phys. Chem. A 2006, 110, 7994. (b)
Galletta, M.; Puntoriero, F.; Campagna, S.; Chiorboli, C.; Quesada, M.; Goeb, S.; Ziessel, R. J. Phys. Chem. A
2006, 110, 4348.
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Figura 21.

Asi, los sistemas metal-BODIPY pueden generar el estado triplete del
BODIPY a baja temperatura. La excitacién selectiva de la subunidad del metal
provoca que la transferencia de energia triplete sea intramolecular *MLCT* >
3BODIPY*) 0 que se genere el cruce intersistémico directo (‘BODIPY* > *BODIPY*)

debido a la presencia del centro metalico (Figura 22).

IMLCT
— ISC
A 'BODIPY
IC A

SMLCT _——— IsC

_ \
1
|
X © SBODIPY
| < | %)
| 8 | %
1 8 1 8
] ‘6 ] 9_)
| =} | o
1 o 1 g
¥ y yy ©

Estado fundamental
Figura 22.

A pesar de este precedente, no fue hasta el afno 2013 en el que Zhao y
colaboradores’ describieron el primer metal-BODIPY con fosforescencia a
temperatura ambiente (Figura 23). Estos sistemas Ir-BODIPY han sido estudiados
como fotosensibilizadores triplete para aplicaciones como la fotooxidacion con

oxigeno singlete.

79 Sun, J.; Zhong, F.; Yi, X.; Zhao, J. Inorg. Chem. 2013, 52, 6299.
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Figura 23. Primer metal-BODIPY fosforescente a temperatura ambiente.

1.5.2.3. Interaccion Dexter

La interaccion Dexter consiste en la transferencia de electrones a través de
enlaces y depende del solapamiento efectivo de orbitales en sistemas conjugados.
En el mecanismo Dexter, el fluoréforo excitado transfiere un electrén al LUMO del
aceptor mientras que el aceptor transfiere a su vez otro electrén de su HOMO al
HOMO del dador. Este proceso puede ocurrir de manera concertada o por etapas
(Figura 24). Al igual que en el caso de la FRET, es necesario el solapamiento en
mayor o menor medida entre la banda de emisidon del dador y la banda de

absorcion del aceptor.

R

LUMO + — | UMO LUMOQ  m— ﬁ LUMO

JE—

HOMO+ % HOMO HOMO+ % HOMO

Figura 24. Diagrama de interaccion Dexter.

Lindsey y colaboradores proponen que la eficiencia de la transferencia de
energia a través de enlaces depende fundamentalmente de tres factores

principales:*°

° factores estéricos entre el dador y el aceptor
° energias relativas y caracteristicas de los orbitales frontera
° naturaleza del espaciador que conecta el dador y el aceptor

8 Holten, D.; Bocian, D.; Lindsey, J. S. Acc. Chem. Res. 2002, 35, 57.
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En la Figura 25 se puede apreciar un cable molecular lineal disefiado por
Lindsey y Wagner.®2* En este sistema, la transferencia de energia mediante la
interaccion Dexter desde el BODIPY a la porfirina no metalada se produce a través

de porfirinas metaladas con una eficiencia muy alta.

Figura 25.

No todos los mecanismos estudiados de desactivaciéon son simples. En la
literatura se encuentran ejemplos en los que varios mecanismos de desactivacion
actian a la vez. Asi Eisenberg y colaboradores®® describieron una especie

multicromoférica Pt-BODIPY con completa supresién de la emision (Figura 26).

Figura 26.

En estas diadas se produce la excitacion del BODIPY a su estado
fotoexcitado singlete, seguido de una transferencia de energia singlete (SEnT) al
singlete MMLL'CT del metal. Tras un ISC del singlete del metal al triplete, se
produce una transferencia de energia triplete (TEnT) del metal al estado triplete
del BODIPY. Estas dos transferencias de energia son atribuidas a un mecanismo
Dexter. Por ultimo, se produce el decaimiento no radiativo desde el estado

triplete del BODIPY segun se muestra en el diagrama de la Figura 27.

8 Wagner, R. W.; Lindsey, J. S. J. Am. Chem. Soc. 1994, 116, 9759.
82 Lazarides, T.; McCormick, T. M.; Wilson, K. C.; Lee, S.; McCamant, D. W.; Eisenberg, R. J. Am. Chem. Soc.
2010, 133, 350.
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SEnT

BODIPY — /_\'

—  'MMLL'CT
ISC

SMMLL'CT

SBODIPY

-

BODIPY Pt

Figura 27.

1.5.2.4. Transferencia electronica fotoinducida

La transferencia electrénica fotoinducida es el mecanismo mas usual de
desactivacion de la fluorescencia en los sistemas metal-BODIPY. Este mecanismo
de PET (del inglés, Photoinduced Electron Transfer) se basa en la fotoexcitacion del
fluoréforo que provoca una transferencia electrénica intramolecular. En la Figura
28 se representan los dos posibles mecanismos para este proceso: a) d-PET,
donde el dador de electrones es el fluoréforo excitado, y b) a-PET, siendo el
aceptor el fluoréforo fotoexcitado. En c) se representa al fluoréforo sin

perturbacién electrdnica.

a) b) m— | UMO )
,/\ + LUMO  LUMO +
Fluorescencia
LUMQ > AN
(" & oo
+HOMO HOMO

HOMO '++

Fragmento Fluoréforo Fluoréforo Fragmento Fluoréforo

metdlico fotoexcitado fotoexcitado metalico fotoexcitado

Figura 28. Diagrama PET.

Ravinkath y colaboradores®® describieron varios sistemas ferroceno-
BODIPY (Figura 29) en los que lograron modificar sus propiedades de emisién

variando el estado de oxidacion del metal. La oxidacién del ferroceno al i6n

8 Rao, M. R.; Kumar, K. V. P.; Ravikanth, M. J. Organomet. Chem. 2010, 695, 863.

31



Introduccidn y antecedentes

ferrocinio elimina el proceso de transferencia electrénica debido al catién Fe®*

responsable de la desactivacion y, por tanto, restaura su fluorescencia.

Figura 29.

Un estudio similar ha sido descrito por Lippard y Rosenthal.®* Las diadas
Cu(l1)-BODIPY de la Figura 30 presentan una desactivacion total de la fluorescencia
como consecuencia de un mecanismo PET. Adicionalmente, la reduccion a Cu(l)

regenera las propiedades emisivas del fluoréforo.

Cl

Figura 30.

Pryce y colaboradores® y Weare y colaboradores® describieron en el
mismo afio una diada muy parecida de Cobaloxima-BODIPY (Figura 31) para la
generacion electrocatalitica y fotocatalitica de hidrégeno, respectivamente. La
fluorescencia de estos complejos Co-BODIPY se encuentra completamente
suprimida debida a la transferencia electronica desde el BODIPY fotoexcitado al
complejo de cobalto. Este flujo de electrones se considera esencial a la hora de

generar hidrégeno molecular.

84 Rosenthal, J.; Lippard, S. J. J. Am. Chem. Soc. 2010, 132, 5536.

8 Manton, J. C.; Long, C.; Vos, J. G.; Pryce, M. T. Phys. Chem. Chem. Phys. 2014, 16, 5229.

8 Bartelmess, J.; Francis, A. J.; El Roz, K. A.; Castellano, F. N.; Weare, W. W.; Sommer, R. D. Inorg. Chem. 2014,
53,4527.
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O-N /
Mo
Me
Me

Electrocatalizador para la generacion Fotocatalizador para la generaciéon
de hidrégeno de hidrégeno

Figura 31.

El trabajo de Mirkin y colaboradores®” demuestra que es posible modular
la PET variando la esfera de coordinacién del metal con ligandos hemilabiles
(Esquema 5). Asi, las propiedades de emision de las diadas Pt-BODIPY se pueden
modular mediante la variacién de los ligandos unidos al metal (en este caso,

cambio del S por el grupo NMe en el puente que une el Pty el BODIPY).

2eq AgBF,

~ = PhPR_ Py

2eq nBuyNCI Pt
PhoR” S
2\
X=8;®=0064 - X=8;®=0.15
X =NMe; ® =0.03 X =NMe; ®=0.32

Esquema 5.

Plenio y Kos® han estudiado extensamente distintos complejos
organometalicos conteniendo BODIPY funcionalizados con carbenos N-
heterociclicos (NHC) en su estructura (Figura 32). Este estudio demuestra que al
reemplazar un ligando electrodador (cod) por un ligando electroaceptor (CO), un
complejo completamente desactivado se puede convertir en uno con un
rendimiento cudntico excelente. Ademads, se establece que el rendimiento
cuantico depende claramente de la densidad electronica sobre el metal de
transicién. Asi, un metal rico en electrones provoca una disminucidon de la
eficiencia de la desactivacion por PET mientras un metal con menor densidad

electrénica genera un incremento en la emisién de fluorescencia.

& Lifschitz, A. M.; Shade, C. M.; Spokoyny, A. M.; Mendez-Arroyo, J.; Stern, C. L.; Sarjeant, A. A.; Mirkin, C. A.
Inorg. Chem. 2013, 52, 5484.
# Kos, P.; Plenio, H. Chem. Eur. J. 2015, 21, 1088.
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M = RhCl(cod); ® = 0.016
M = Rhli(cod); ® = 0.016
M = IrCl(cod); ® = 0.008
M = Irl(cod); ® = 0.009

M = RhCI(CO),; ® = 0.65
M = RhI(CO),; ® = 0.53
M = IrCI(CO),; @ = 0.63
M =Irl(CO),; @ = 0.58

Figura 32.

1.5.2.5. Conversion interna

La conversién interna es un mecanismo por el cual un electrén excitado
cae a un estado de menor energia con la misma multiplicidad sin emitir radiacion.
Suelen ser procesos indeseables debido a que compiten eficazmente con la

emision de la fluorescencia.

Un ejemplo de conversidn interna es la rotacion del grupo arilo en la
posiciéon C8 del BODIPY.®® Mientras que en el BODIPY 21 existe una rotacion libre
de dicho grupo arilo, el BODIPY analogo 22 posee una rotacion restringida debido
a la presencia de los grupos metilo en posicion orto- (Figura 33). Como

consecuencia, las propiedades de emisién de estos compuestos son totalmente

diferentes.
Me
Me Me
ESS X \
NN, N
\_B/N
SN\
F F F F
21 22

Tolueno, ® =0.062  Tolueno, ® = 0.93

Figura 33.

® llevaron a cabo el estudio tedrico de las

Holten vy colaboradores®
superficies de energia potencial de los BODIPY 21 y 22 encontrando que la

rotacién del grupo arilo es clave para el proceso de emision de los BODIPY. Por

8 (a) Kee, H. L.; Kirmaier, C.; Yu, L.; Thamyongkit, P.; Youngblood, W. J.; Calder, M. E.; Ramos, L.; Noll, B. C.;
Bocian, D. F.; Scheidt, W. R.; Birge, R. R.; Lindsey, J. S.; Holten, D.; J. Phys. Chem. B 2005, 109, 20433. (b)
Hedley, G. J.; Ruseckas, A.; Harriman, A.; Samuel, I. D. W. Angew. Chem., Int. Ed. 2011, 50, 6634.
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esta razén, se calculé la energia relativa del estado fundamental So y de los
estados excitados S; y T1 frente al angulo diedro definido por el plano del grupo
arilo y el plano del BODIPY. El compuesto 21 posee una barrera rotacional a 180°
en el estado fundamental Sg de unos 50 kJ/mol. Ademas, posee minimos de
energia a 55° y 125° que concuerdan con los = 60° determinados en la estructura

de rayos-X.2?

El estado triplete T; presenta una barrera rotacional de unos 25
kJ/mol y posee un minimo local a 180°. En cambio, el estado singlete excitado de
mas baja energia (S;) no posee una barrera rotacional sino que muestra un
minimo de energia en torno a los 180°. Esta conformacidon en el estado excitado

se acopla eficientemente al estado fundamental por la conversion interna

provocando un decaimiento no radiativo (Figura 34).

T 1 ¥ L] L] T T L T
270} e e, :
240F 4 . S \._‘- 3
G o™ ad e 2
g 210 S 4 Moo
g 180F —~ i Jf* E
Bwo T ~777 77 == g T e, 3
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[
2 90F ]
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sof \ ]
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Figura 34. Superficies de energia potencial del estado fundamental y estados excitados S;

y T1 para el compuesto 21 (grafico tomado de la referencia 89a).

El estudio de las superficies de energia del estado fundamental y el primer
estado excitado del compuesto 22 es marcadamente diferente. En este caso, la
rotacién se encuentra impedida tanto en el estado So como en el estado S; por
una barrera mas energética (= 150 kJ/mol y = 60 kJ/mol, respectivamente). Por
tanto, la orientacidn del grupo mesitilo apenas se modifica en ninguno de los dos
estados singlete. Como consecuencia, la relajacion del estado excitado al estado
fundamental sélo se puede producir en forma de emision radiativa eficiente

(Figura 35).
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Figura 35. Superficie de energia potencial del estado fundamental y estado excitado S;

para el compuesto 22 (grafico tomado de la referencia 89a).

La fluorescencia de estos rotores moleculares se encuentra influenciada
por la rotacion libre del grupo arilo en posicion C8 y éste, a su vez, es sensible a la
viscosidad del medio, ya que limita su movimiento.”® Zhu y colaboradores han
descrito el comportamiento de las diadas metal-BODIPY frente a la viscosidad del
medio®® (Figura 36), demostrando que las propiedades de emisién del fluoréforo

dependen en gran medida de dicha viscosidad.

Figura 36.

% Kuimova, M. K.; Yahioglu, G.; Levitt, J. A.; Suhling, K. J. Am. Chem. Soc. 2008, 130, 6672.
*L¥in, X.; Li, Y.; Zhu, Y.; Jing, X.; Li Y.; Zhu, D. Dalton Trans. 2010, 39, 9929.
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Objetivos

La presente tesis doctoral se centra en el estudio tanto tedrico como
experimental de nuevos sistemas push-pull basados en complejos
organometalicos con el objeto de modular sus propiedades dépticas y electrdnicas.

A continuacidn, se detallan los objetivos particulares de este trabajo:

-Capitulo 1. El objetivo principal del primer capitulo de la memoria es el
disefio de nuevos sistemas push-pull basados en complejos metal-carbeno de tipo
Fischer. En concreto, se sintetizaran nuevas especies de tipo A-n-D-n-A donde se
analizaran y estudiaran la influencia tanto del espaciador como del metal de
transicion sobre la geometria de equilibrio y las propiedades electrénicas de estos

nuevos sistemas.

Eo_ \ OFt

(CO)sM M(CO)s

-Capitulo 2. El segundo capitulo presenta como objetivo principal el disefio
de sistemas push-pull (D-n-A) empleando un complejo metal-carbeno de tipo
Fischer (A) y un fluoréforo BODIPY (D) unidos mediante conjugacién-w a través de
un espaciador etileno. Asimismo, se modificara el heterodtomo unido
directamente al carbono carbénico y se analizara su efecto sobre la estructura y

las propiedades fotofisicas del fluoréforo.

-Capitulo 3. El objetivo del tercer capitulo se centra en la sintesis y la
caracterizacion de sistemas push-pull (D-n-A) de tipo BODIPY-metal carbeno de
tipo Fischer con conjugacion-n remota. Ademas, se evaluard la influencia que

ejercen diversos factores, como el resto R y el par de electrones libre del
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nitrégeno de la anilina en posicion C8 del BODIPY sobre las propiedades

electrdénicas y emisivas de estas nuevas estructuras.

-Capitulo 4. El siguiente capitulo abordard el disefio de diadas metal-
BODIPY unidas mediante diferentes unidades de grupo arilo. Asi, se analizaran
tanto la influencia que ejerce la naturaleza del metal como la distancia entre el
fluoréforo y el fragmento metalico sobre las propiedades fotofisicas de estas

diadas no coplanarias.

-Capitulo 5. Ademas, en el Ultimo capitulo se estudiard el efecto del
ligando sobre la relacién de isémeros E/Z obtenida en la reaccion de dimerizacién
catalitica de complejos metal-carbeno de tipo Fischer. Se buscaran las condiciones
Optimas para obtener la mejor relacion E/Z en la dimerizacion para su posterior
aplicacién en la sintesis de polienos altamente conjugados empleando otros

complejos metal-carbeno de tipo Fischer.

RO ORy

ORy 0
Pd/ta.
(CO)sCr= A R
Ar

Aditivo Ar Ar

R4 = Me, Et ElIZ
Ar = Arilo
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Ill. CAPITULO 1






lll.1. Synthesis, Structure, and Electronic Properties of Extended 7~
Conjugated Group 6 Fischer Alkoxy—Bis(carbene) Complexes

Abstract: The synthesis, structure and electronic properties of novel Group
6 Fischer alkoxy-bis(carbene) complexes are reported. The UV/Vis spectra of these
species display two main absorptions at approximately 350 and 550 nm
attributable to a ligand-field (LF) and metal-to-ligand charge-transfer (MLCT)
transitions, respectively. The planarity of the system and the cooperative effect of
both pentacarbonyl metal moieties greatly enhance the conjugation between the
group at the end of the spacer and the metal carbene fragment provoking
dramatic changes in the LF and MLCT absorptions. This is in contrast to related
push—pull Fischer monocarbenes, where the position of the MLCT band remains
mostly unaltered regardless the substituent attached to the donor fragment. In
addition, the MLCT maxima can be tuned with subtle modifications of the
electronic nature of the central aryl fragment in the novel A-7-D-7-A (A=acceptor,
D=donor) systems. DFT and time-dependent (TD)DFT quantum chemical
calculations at the B3LYP/def2-SVP level have also been performed to determine
the minimum-energy molecular structure of this family of compounds and to
analyse the nature of the vertical one-electron excitations associated to the
observed UV/Vis absorptions as well as to rationalise their electrochemical
behaviour. The ability of tuning up the electronic properties of the compounds
studied herein may be of future use in material chemistry.

Chem. Eur. J. 2013, 19, 5899.
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111.2. Introduction

Fischer carbene complexes are attractive synthetic intermediates that are
able to carry out a wide variety of organic transformations under mild reaction
conditions.! Representative examples of the rich and versatile chemistry of this
family of organometallic complexes are the useful D6tz benzannulation reaction,’
which produces substituted phenols by reaction of the carbene with alkynes and
carbon monoxide, different cycloaddition reactions,? the catalytic transmetalation
to late transition metals,* which enhances the reactivity of the carbene complexes
and the photochemical transformations™™” (mainly the photocarbonylation

reaction® but also photo-dyotropic rearrangements’).

Although these species have been mainly applied to organic and
organometallic synthesis, nowadays their applications have been extended to
other fields like bioorganometallics,® sugar-derived metal-carbene gelators,’ and
materials chemistry.’ In the latter field, the well-known electronwithdrawing
ability of the pentacarbonyl(metal) carbene moiety, which behaves similar to a
Lewis acid complexed carbonyl function,’* has been used in new push—pull
molecules with interesting non-linear optical (NLO) properties. The good NLO
behaviour of these complexes has been attributed to the polarisation of the n-
electron system of the spacer connecting the carbene complex and the donor
fragment produced by the strong electron-accepting character of the (CO)sM=C

group.mb

On the other hand, we have studied the electronic structure of o,p-
unsaturated Fischer carbenes 1, where the (CO)sCr=C group is connected to aryl
groups, which have different substituents, through the simplest n-spacer moiety
(i.e., HC=CH, Scheme 1).*? It was found that n-donor groups lead to significant red
shifts of the ligand-field (LF) band whereas w-acceptor groups provoke the
opposite effect (Amax ranging from 307 to 360 nm). However, this effect is not
observed in the corresponding metal-ligand charge-transfer (MLCT) band, whose
absorption maximum remains practically constant (Amax ranging from 468 to 484

nm) and, therefore, it does not depend on the electronic nature of the
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substituent. Moreover, the corresponding Cr-C bond lengths remain nearly
constant as well, indicating that © conjugation between the metal fragment and
the group attached to the spacer is not quite effective. Similar conclusion was
drawn in previous reports on push—pull systems involving Fischer carbene

complexes.'®

OFEt
(CO)sCr

R
1: R = Ph, Me, OMe, CI, CN,
furyl, styryl, Fc

Scheme 1. a,B-Unsaturated Fischer carbenes studied previously (see Ref. (12)).

In order to gain a deeper understanding of the effect of © conjugation on
Fischer carbene complexes, we have focused on a series of Fischer bis(carbene)
complexes where the metal fragments are linked together through an aryl
fragment by a conjugated spacer. Reported herein are the results of a combined
experimental (structure, UV/Vis and electrochemistry)/computational study,
which shows remarkable differences between the properties of these bis(carbene)

complexes and their mononuclear counterparts.

111.3. Results and Discussion

Synthesis and structure of complexes 2: The Fischer bis(carbene)
complexes 2 were prepared from the pentacarbonyl(ethoxy)methylchromium(0)
or tungsten(0) carbene complexes 3a or 3b and the corresponding dialdehyde 4 in
the presence of EtsN and TMSCI following the reaction conditions reported by
Aumann and Heinen.®> Thus, to a solution of the dialdehyde (1 equiv) in
anhydrous Et,0, EtsN (8 equiv), trimethylsilyl chloride (TMSCI, 6 equiv) and
complex 3 (3 equiv) were added at room temperature and the mixture was stirred
for 24 h. Removal of the solvent and purification of the residue by column
chromatography allowed the isolation of the bis(carbene) complexes 2 in

moderate to good yields (Scheme 2).
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M(CO)s5
OFEt EtzN/TMSCI /
+ OHc—m—CHO — EtQ Aryl OEt
(CO)sM=( rt., 24 h /
Me 4a, (CO)eM
— 5
3a,M = Cr 2aa, M = Cr (38%)

M=W
3, 2ab, M = Cr (31%)

4a, O 4h, 2ac, M = Cr (34%)
j 2ad, M = Cr (31%)
2ae, M = Cr (46%)
:§ 2af, M = Cr (27%)
B

4c, 0 2ag, M = Cr (8%)
; 4, — ) 2ah, M = Cr (26%)

OMe Q 2ai, M = Cr (15%)

» 2aj, M = Cr (14%)
: Q 4, 2ak, M = Cr (58%)
Med nOaWs 2al, M = Cr (43%)
4e, /@ Cg 2ba, M = W (32%)

a, M
/(;)\ 4k: _O_O
S

Scheme 2. Synthesis of the bis(carbene) complexes 2 through the Aumann reaction.

The structures of all bis(carbene) complexes were established by NMR
experiments and by comparison with the data reported for complexes 2aa and

111214 Thys, the carbene carbon atom directly attached

2ac,” and related species.
to chromium(0) appears at 8 = 330 ppm in the corresponding *C-NMR spectrum,
which is typical for a,B-unsaturated Fischer carbene complexes. Moreover, the
olefinic hydrogen atoms exhibit a coupling constant of J = 15 Hz, attributable to
the E stereochemistry of both double bonds. Furthermore, two possible isomers
of bis(carbene) complexes 2, which maintain the E—E stereochemistry on both

double bonds and the s-trans conformation with the carbene fragment can be

envisaged (Figure 1).

M(CO)s
(CO)sM (CO)sM M(CO)s
isomer | isomer Il
“/ - ”
I R ! s [:
- ” \ 7/ /
N -5 G
TN/ —
- — ~ rL o / \ 7\ !/ ){
S/ VN ~ N A
\"J /*}.."' } &
4 isomer |-2aa J isomer ll-2aa

Figure 1. Schematic representation of the possible isomers of complexes 2 (top) and DFT-

optimised geometries of both isomers of complex 2aa (bottom).
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Density functional theory (DFT) calculations carried out at the B3LYP/def2-
SVP level (see Computational Details) on complexes 2aa, 2ab, 2ae, 2af and 2ba
clearly indicate that isomer Il is invariably the most stable species (AE = 5.1, 4.5,
7.0, 7.4 and 8.5 kcal-mol™®, respectively).”> This computational prediction was
experimentally confirmed with the help of a X-ray diffraction analysis on suitable
crystals of the bis(carbene) complex 2af (grown in pentane/ethyl acetate solution
at 20°C)."® The ORTEP diagram showed in Figure 2 indicates that isomer Il is not
only the preferred one in the gas phase but also in the solid state. This result
suggests that the crystal packing has little influence, if any, in the conformation
adopted by these species. Moreover and as expected, the ethoxy group directly
attached to the carbene carbon atom adopts the so called anti conformation (i.e.,
the CH, group is oriented towards the CO wall of the metal fragment), which is the
preferred conformation for most of the alkoxy Fischer carbene complexes in the
gas phase and in the solid state.'” Another important geometrical feature
revealed by this experimental-computational study is the high planarity exhibited
by these bis(carbene) complexes (see also Figure 1S in the Supporting

Information), which plays a crucial role in their electronic structures (see below).

H10 H1

H22C Hooa

Figure 2. ORTEP diagram of compound 2af. Ellipsoids are drawn at the 30 % probability

level.

Electronic structure and optical properties: Figure 3 show the UV/Vis
spectra of all chromium(0) bis(carbene) complexes 2aa-2al recorded at room
temperature in hexane with a concentration of approximately 1-10° mol-L™" (see

also Table 1). Similarly to related styryl monocarbene complexes,*? the variation
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of the m spacer leads to significant changes in the value of the wavelength of the
absorption maxima of the LF band (Anax ranging from 312 nm in 2ac to 398 nm in
2af). TD-DFT calculations were effected on complexes 1 and 2aa—2ai, and the
computed vertical excitation energies concur reasonably well with the
experimental data (see Table 1). These calculations ascribe the LF absorption to
the promotion of one electron from the HOMO-6 to the LUMO. As shown in
Figure 4, these orbitals can be considered as m-extended molecular orbitals, which
are delocalised in the carbene ligand and as a consequence, the LF band possesses
a marked n—n* character. For this reason, it is not surprising that a modification of
the electronic nature of the central aryl moiety is reflected in a significant change

in the position of the LF band.

Abs

Figure 3. UV/Vis spectra of the bis(carbene) complexes 2.
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Table 1. Comparison of the main UV/Vis excitation energies, the oscillator strengths (f, in

parenthesis) and the calculated bond lengths for complexes 1, 2 and 5.

Complex A, (LF band) Transition LF° A, (MLCT band) Transition MLCT” Cipso-CH(=CH) RCH=CHR’
[nm]° [nm]° (A1 (Al

1 1,R=H 323(327,0.59) HOMO-3-5LUMO 471 (453,0.45) HOMO-1->LUMO 1.460
2 2aa 362 (383,0.79) HOMO-6->LUMO 523 (556, 0.98) HOMO->LUMO 1.457 (1.135) 1.360 (1.675)
3 2ab 322 (327,0.60) HOMO-6->LUMO+1 482 (476,0.28) HOMO-3->LUMO 1.464 (1.114) 1.358(1.700)

(0.28) (0.38)

HOMO-7->LUMO HOMO-2->LUMO+1

(0.64) (0.58)
4 2ac 312 (333, 0.59) HOMO-7->LUMO+1 485 Combination band  1.465 (1.110) 1.357 (1.704)

(480, 0.26) HOMO-3->LUMO
(457, 0.46) HOMO-2-LUMO+1

5 2ad 356 (369, 0.60) HOMO-6->LUMO 531(579,1.10) HOMO-LUMO 1.453(1.143) 1.362(1.657)
6 2ae 397 (412, 0.40) HOMO-6->LUMO 552 (604, 0.49) HOMO->LUMO 1.429(1.187) 1.364 (1.636)
7 2af 398 (413, 0.57) HOMO-6->LUMO 565 (608, 0.76) HOMO->LUMO 1.436(1.191) 1.364(1.638)
8 2ag 549
9 2ah 366 (370, 0.39) HOMO-7->LUMO 511 (546, 1.20) HOMO->LUMO 1.460 (1.129) 1.360 (1.678)
10 2ai 404 (455,0.08) HOMO-LUMO+1 516 (494,0.10) HOMO-3->LUMO 1.465 (1.106) 1.360 (1.699)
11 2aj 366 494
12 2ak 352 480
13 2al 336 580
14 2ba 357 489
15 5 362 511

“ The first value corresponds to experimental data (recorded at room temperatura in hexane with
a concentration = 1 x 10° mol-L""). In prenthesis, the first value corresponds to the computed
PCM (hexane)-TD-B3LYP/def2-SVP vertical excitation energy and the second value is the
corresponding oscillator strength. b Time-dependent (TD) DFT vertical transition assigned to the
observed band. © Computed bond lengths C;,,-CH(=CH) and RCH=CHR’. Corresponding Wiberg
bond indices are given in parenthesis.
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Figure 4. Computed molecular orbitals of complexes 2aa, 2ab and 2af (isosurface value of

0.035au).

Strikingly, a remarkable dependence of the position of the wavelength of
the absorption maximum of the MLCT band with the nature of the m connector is
also observed in this family of bis(carbene) complexes. This behaviour is clearly
different to that observed for their related monocarbene counterparts, where the
position of the MLCT band remains practically constant and independent of the
electronic nature of the substituent.’? Indeed, a strong bathochromic shift is
induced in the parent bis(carbene) complex 2aa (Amax = 523 nm) compared to its
monocarbene counterpart 1a (Amax = 471 nm). This finding can be ascribed to the
cooperative effect of both acceptor pentacarbonylmetal moieties, which greatly
enhances the conjugation between the aryl group and the metal carbenes
through the w spacer. This is confirmed in complexes 2ab and 2ac (where the
meta-disubstituted phenyl group interrupts the conjugative path). Now the MLCT
absorption maxima (Amax = 482 and 485 nm, respectively) resemble that of
monocarbene 1a. A similar situation is found in complexes 2aj and 2ak, where the

nonplanar biphenyl and biphenylether fragments, respectively, make the

50



Chem. Eur. J. 2013, 19, 5899.

electronic communication more difficult (Anax = 490 and 484 nm, respectively).
Likewise, in compound 2ai the ipso hydrogen atoms of the adjacent phenyl rings
enforce the non-planarity of the m system (see Figure 5) and as a result, Amax

(MLCT) is slightly blue shifted compared to the parent bis(carbene) 2aa.

~f \_/ Y 2 \\
\;\Q Sl N\ _7 ?’<f N
\ ,".."\’ Yd P ?r‘n'\-ﬂz--;’_.ﬁ-‘. 5
s __/ \ ) - j {’ { l:if—i:‘ N,
- ~ Y A — /
(’ \ \_/ .I' A\ ” ’
/N

Figure 5. Different views of the DFT-optimised geometry of complex 2ai.

From the data shown in Figure 3 and Table 1, it becomes obvious that the
position of the MLCT band can be tuned with subtle modifications of the
electronic nature of the central aryl fragment. Thus, the replacement of two
hydrogen atoms in the parent complex 2aa by two methoxy groups (complex 2ad)
leads to a slight red shift of the MLCT band (from 523 to 531 nm). This finding
seems to indicate that an increase in the electronic density of the aryl group (by
introducing good © donors like methoxy groups) results in a more effective
conjugation in the A-n-D-nt-A (A = acceptor, D = donor) system. This hypothesis is
clearly confirmed by complexes 2ae and 2af, where the phenyl group is replaced
by a stronger donor bridge like furyl and thienyl groups, respectively, whose MLCT
bands are remarkably red shifted when compared to 2aa (from 523 to 552 and
565 nm, respectively). A similar behaviour is observed in the bithienyl-substituted
complex 2ag (Amax = 549 nm) and the ferrocenyl bis(carbene) complex 2al (Anax =
580 nm), thus confirming the reported donor character of the Cp,Fe (Cp =

12 Therefore, it can be

cyclopentadienyl) group in this kind of complexes.
concluded that the introduction of the second carbene complex unit in these
novel A-mt-D-mt-A species induces a quite significant bathochromic shift (Almax =
100 nm) in the position of the, otherwise invariable, MLCT band. This
bathochromic shift strongly depends on, and therefore it can be tuned by, the

electronic nature of the bridge. The effect is even more appealing when compared
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with the position of the MLCT band in monocarbene complexes analogues to 1,

which is essentially invariable.

TD-DFT calculations ascribe the MLCTabsorption to the promotion of one
electron from the HOMO to the LUMO (Table 1). Whereas the LUMO can be
considered as a m-extended molecular orbital delocalised in the carbene ligand,
which includes the p, atomic orbital of both carbene carbon atoms, the HOMO is
mainly centred in a d; atomic orbital of both transition metals (Figure 4).
Therefore, and similar to the LF band, the MLCT absorption can be viewed as a 7t-
* transition. In those cases where the conjugative path is interrupted (like in 2ab
or 2ac, for instance), the involved orbitals resemble those of the monocarbene
analogues. Thus, the MLCT band results of the combination of the HOMO-3 -
LUMO and HOMO-2 - LUMO+1 vertical transitions.

The predominant ©t-nt™* character of both transitions should be reflected in
a small solvatochromism.’® Thus, the UV/Vis spectra of complex 2aa were
recorded in solvents with different polarity (i.e., hexane, CH,Cl,, MeOH and
MeCN). Figure 6 shows that the LF absorption, which involves genuine & orbitals,
is nearly independent of the polarity of the solvent (AAmax = 4 nm). Similarly, a
small solvatochromic effect in the MLCT absorption is observed (AAimax in the
range of 10-24 nm). Therefore, both results provide further experimental support

to the m-n* computational predicted nature of both transitions.

Hexane
— CHzCI2
— CHBOH
— CHBCN

Abs

T T
400 500 600 700 800

r/nm

Figure 6. UV/Vis spectra of compound 2aa conducted in different solvents.
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The enhanced 7 conjugation in this novel A-n-D-wt-A chromophores should
be in addition reflected in measurable changes in the equilibrium geometry of the
different compounds. Thus, the contribution of the resonance structure II
(Scheme 3) should be higher in those compounds where the conjugation is more
effective (i.e., those exhibiting MLCT bands at longer Amax). As a result of the
population of this resonance form, the Cjs,-CH (=CHR) bond becomes stronger
(and the corresponding bond length shorter), whereas the ArylICH=CHR double
bond becomes weaker (and the corresponding bond length longer). From the data
in Table 1, it becomes obvious that the contribution of the resonance form Il in
complexes 2ab, 2ac and 2ai, where the conjugative path is interrupted, is not
important as they exhibit the longest Cjs-C bond lengths (associated Wiberg
bond indices (WBIs) ranging from 1.106 to 1.114 au) and the shortest C=C bonds
(associated Wiberg bond indices ranging from 1.699 to 1.704 au). In contrast, for
those systems where the 7 conjugation is more effective and their MLCT bands
are significantly red shifted (2aa, 2ad, 2ae and 2af), the opposite trend was found
in the optimised equilibrium geometries. Thus, the latter species possess stronger
Cipso-C bonds (associated Wiberg bond indices ranging from 1.135 to 1.191 au) and
weaker C=C bonds (associated Wiberg bond indices ranging from 1.636 to 1.675
au). As the extension of the m conjugation is the major factor controlling the
position of the MLCT band and the equilibrium geometries of the bis(carbene)
complexes 2, it is not surprising that both parameters are correlated. Indeed,
good linear relationships between the computed Wiberg bond indices of the Cso-
C and the C=C bonds and the experimental wavelength of the MLCT absorption
maxima have been found (Figure 7, Amax vs. WBI (Cipso-C): correlation coefficient =
0.93 and standard error = 0.01; Amax vs. WBI (RHC=CHR): correlation coefficient =
0.90 and standard error = 0.02).

OFt o OEt
(CO)sl\(ld el (COBM=\

A

Scheme 3. Possible resonance forms of an o, 3-unsaturated Fischer carbene complex.
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Figure 7. Plot of the experimental A (MLCT) versus the computed Wiberg bond indices

of the Cj550-C (®) and the RCH=CHR’ () bonds.

Finally, the effect of the transition metal on the electronic structure of the
bis(carbene) complexes was also addressed. To this end, we have analysed the UV/Vis
spectra of the bischromium(0) carbene complex 2aa, the bistungsten(0) carbene complex
2ba and the mixed Cr’~W° complex 5, which is synthesised in a two-steps procedure from

carbene complex 3a through complex 6 (Scheme 4).

(CO)sCrs_OEt
(CO)sCr
CHO (co 5W=<
Me
(CONC =<OEt . _Et;NTMSCI _ 3b
;
T e rt, 24 h Et;N/TMSCI
Lo rt,24h
3a
4a CHO
6 21%) (CO)sW” OEt
5 (23%)

Scheme 4. Synthesis of mixed bis(carbene) complex 5.

Figure 8 shows the UV/Vis spectra of complexes 2aa, 2ba and 5. As the
metal fragments are not directly involved in the LF absorption, no significant
differences are observed in the corresponding wavelength of the absorption
maxima (see data in Table 1). Differently, a remarkable change in the position of
the MLCT band is found when replacing the chromium(0) in 2aa by tungsten(0) in

2ba (Amax = 523 and 489 nm, respectively). According to the arguments discussed
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above, this result indicates that the extension of the © conjugation in 2ba is lower
than in 2aa. This finding nicely agrees with the well-known lower acceptor
capacity of the pentacarbonyl tungsten(0) carbene fragment compared to its
chromium(0) counterpart, which is the result of the higher n-backdonation ability
of tungsten(0). Interestingly, the maximum of the MLCT band of the mixed
complex 5 appears at an intermediate position of 2aa and 2ba (Anax = 511 nm),
which further supports the above-mentioned cooperative effect of both
pentacarbonyl metal moieties to enhance the conjugation between the aryl group

at the end of the spacer and the metal carbene fragment.

2aa
—— 2ba

0,8+

0,6 4

Abs

0.4

0,2 4

0,04
— 71 ~ 1 1 - 1T~ 1T 1 "~ 1 7 1T 1T 1
300 350 400 450 500 550 600 650 700 750 800

L{nm

Figure 8. UV/Vis spectra of the bis(carbene) complexes 2aa, 2ba and 5.

Electrochemistry: To gain more insight into the properties of this family of
bis(carbene) complexes, their electrochemistry was also studied. The cyclic
voltammograms of complexes 1, 2 and 5 (those of complexes 2 are shown in
Figure 9) were recorded (CH,Cl, solutions with the addition of 0.1M NBu4ClO4, as
the supporting electrolyte). Oxidation potentials were measured by using an
Ag/AgCl reference electrode, a glassy carbon working electrode and a platinum
counter electrode. Similar to related o,-unsaturated alkoxy monocarbene
complexes 1'° most of the considered bis(carbene) complexes 2 exhibit two
irreversible oxidation waves in the range +0.99 to +1.54 V (Figure 9 and Table 2),

which can be ascribed to the irreversible formation of the corresponding radical
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cation and dication species, respectively. Although the differences in the first
oxidation potential (1st Ep,) are small, they are significant. From the data given in
Table 1, a correlation between the computed HOMO and the 1st E,, can be found.
Thus, computed higher (i.e., less negative) HOMO values should lead to lower 1st
E,a values, resulting in an easier formation of the corresponding radical cation.
With the notable exception of complex 2ai (Table 2, entry 10), the higher HOMO
values were found, not surprisingly, for the species with enhanced n-conjugation
(2ad, 2ae, 2af and 2ag). These data are an additional proof of the effect of the
second metal moiety in the bis(carbene) A-n-D-n-A system, and support the

structural and electronic properties discussed above.

Current / 10° A

Figure 9. Cyclic voltammograms for complexes 2 in CH,Cl, containing NBu,ClO, (0.1 M) as

supporting electrolyte (Ag/AgCl as a reference).
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Table 2. Electrochemical data” and HOMO energiesb of complexes 1, 2 and 5.

Entry Complex 1st Ep, [V] 2nd Ey, [V] 3rd Ep, [V] HOMO [eV]
1 1 1.12 1.46 -5.89
2 2aa 1.16 1.51 -5.98
3 2ab 1.11 1.44 1.64 -5.93
4 2ac 1.14 1.52 -5.99
5 2ad 0.99 1.45 1.61 -5.79
6 2ae 1.06 1.46 -5.83
7 2af 1.08 1.50 -5.89
8 2ag 0.92 1.32

9 2ah 1.12 1.48 -5.93
10 2ai 0.99 -5.68
11 2aj 1.11 1.48

12 2ak 1.09 1.50

13 2al 0.96 1.24

14 2ba 1.22 1.54

15 5 1.11 1.39

% Measured in CH,Cl,, with 3 M Ag/AgCl as a reference. b Data computed at the
B3LYP/def2-SVP level.

111.4. Conclusions

Novel m-extended alkoxy Fischer bis(carbene) complexes have been
prepared by the reaction of the corresponding dialdehydes with
alkoxychromium(0) and alkoxytungsten(0) carbene complexes by using the
standard conditions reported by Aumann.’®* The UV/Vis spectra of these species
display two main absorptions at approximately 350 and 550 nm attributable to
ligand-field (LF) and metal-to-ligand chargetransfer (MLCT) transitions,
respectively. According to TD-DFT calculations, these absorptions are ascribed to
the HOMO-6 - LUMO (LF) and the HOMO - LUMO (MLCT) vertical transitions
and possess a remarkable m—n* character. The planarity of the system and the
cooperative effect of both pentacarbonyl metal moieties greatly enhance the
conjugation between the tether and the metal carbene fragment, which is
reflected in dramatic changes in the LF and MLCTabsorptions. This behaviour is
markedly different to that observed for the monocarbene counterparts 1,12 whose
MLCT band is nearly indifferent to the nature of the substituent attached to the

aryl fragment. This study shows that the MLCT maxima can be tuned with subtle
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modifications of the electronic nature of the central aryl fragment connecting
both metal moieties in the novel A-n-D-nt-A systems. As a consequence of the
extended 1 conjugation, a strong correlation between the equilibrium geometries
of these bis(carbene) complexes and their optical properties is observed. The
experimental electrochemical data (the first oxidation potential, 1st Ep,) also
correlates with the computed HOMO energies of the different complexes. The
ability of tuning up the electronic properties of the compounds studied herein

may be of future use in material chemistry.
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l1.5. Computational Methods

Geometry optimisations without symmetry constraints were carried out by
using the Gaussian 09 suite of programs® with the B3LYP?' functional in
combination with the double-( plus polarisation def2-SVP basis sets? for all
atoms. This level is denoted B3LYP/def2-SVP. Stationary points were characterised
as minima by calculating the Hessian matrix analytically at this level. Calculations
of absorption spectra were accomplished by using the time-dependent density
functional theory (TD—DFT)23 method at the same level. TD-DFT calculations were
performed in hexane as solvent by using the polarisable continuum model (PCM)
method.** The assignment of the excitation energies to the experimental bands
was performed on the basis of the energy values and oscillator strengths. The
B3LYP Hamiltonian was chosen because it was proven to provide reasonable
UV/Vis spectra for a variety of chromophores® including Fischer carbene
complexes’’ and other organometallic species.”® Despite that, the B3LYP
functional sometimes underestimate the energy of the charge-transfer (CT)
excited states. This shortcoming of standard global hybrid functionals has been
reported for donor—acceptor compounds for which there is a negligible overlap
between the molecular orbitals involved in the excitation.?” To solve the problem,
the use of a long-range corrected functional as, for example, the CAM-B3LYP
functional,”® is recommended. However, the CAM-B3LYP approach completely
fails in reproducing the optical spectra of 2aa. Wiberg bond indices were
computed by using the natural bond orbital (NBO) method.?

lll.6. Experimental Section

All reactions were carried out under an argon atmosphere. All solvents
used in this work were purified by distillation and were freshly distilled
immediately before use. Triethylamine (EtsN) was distilled from calcium hydride,
whereas diethyl ether (Et,0) was purified by using a Pure Solv PS-MD-5 system.
Flame-dried glassware was used for moisture-sensitive reactions. Silica gel
(Merck: 230-400 mesh) was used as stationary phases for purification of crude
reaction mixtures by flash column chromatography under Ar pressure.
Identification of products was made by thin-layer chromatography (Kieselgel 60F-
254). UV light (A = 254 nm) and 5% phosphomolybdic acid solution in 95% EtOH
were used to develop the plates. NMR spectra were recorded at 25°Cin CDCl;0n a
Bruker Avance 300 (300 MHz for *H and 75 MHz for *3C) or a Bruker AM-500 (500
MHz for *H and 125 MHz for 13C) spectrometer. Chemical shifts are given in [ppm]
relative to CDCl; (8(*H) = 7.27 ppm and 8(*c) = 77.0 ppm). UV measures were
recorded on a Varian (Cary 50) spectrometer. IR spectra were taken on a MIR
(8000-400 cm™) spectrometer as solid films by slow evaporation of the solvent by
using the ATR (attenuated total reflectance) technique. Cyclic voltammetry (CV)
was performed at room temperature in CH,Cl, solutions containing 0.1M
NBu,4ClO4 as supporting electrolyte. Electrochemical analyses were performed on
a PG-STAT 302N potentiostat (Autolab) by using a Metrohm 6.084.010 glassy
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carbon electrode (GCE) as the working electrode with a BAS MF 2063 Ag/AgCl
(3M) reference electrode and a Pt wire counter electrode. The electrochemical
software was General Purpose Electrochemical System (GPES; EcoChemie B.V.).
HRMS was recorded on a QTOF 6520: HP-1200 (Agilent Technologies) or a FTMS
Bruker APEX Q IV.

All commercially available products were used without further purification.
The following dialdehydes were prepared according to literature: 9,10-
diformylanthracene,* b,b’-p-phenylen-di-acrolein,* 2,6-naphthalenedi-
carbaldehyde,* 5-bromoisophthalaldehyde,® 4,4’-diformyl-1,1’-biphenyl,** 4,4’
diformylphenyl ether,®®  2,5-diformylfuran,®  2,5-diformylthiophene,*’ 5,5’
diformyl-2,2’bithiophene®® and 1,1’-ferrocene dicarbaldehyde,*® The following
metal carbenes were prepared according to previously described methods:
pentacarbonyl[(ethoxy)(methyl)carbene]chromium(0) (3a),*° pentacarbonyl-
[(ethoxy)(methyl)carbene]tungsten(0) (3b),** decacarbonyl-pu-[1,4-phenylenbis-
(1ethoxy-2-propen-3-yl-1-yliden)]dichromium (2aa)*® and decacarbonyl-p-[1,3-
phenylenbis(1-ethoxy-2-propen-3-yl-1-yliden)]dichromium (2ab)."

General procedure for the preparation of the Fischer bis(carbene)
complexes 2: To a solution of the corresponding dialdehyde (4) (1 mmol) in
anhydrous Et,0 (5 mL) were added EtsN (8 mmol) and TMSCI (6 mmol).
Immediately, a solution of pentacarbonyl[(ethoxy)(methyl)carbene]metal(0) (3) (3
mmol) in anhydrous Et,O (1 mL) was added to the solution mixture at room
temperature in a single portion. The reaction was stirred until total disappearance
of the starting material (checked by TLC). The solvent was removed under reduced
pressure and the product was purified by flash column chromatography on silica
gel (n-hexane/AcOEt).

Synthesis of complex 2ac: Following the general
procedure, with 5-bromoisophthalaldehyde (4c, 67 mg,
0.31 mmol), EtsN (0.37 mL, 2.48 mmol) and TMSCI (0.24
mL, 1.86 mmol) in 1.6 mL of dry Et,0 and carbene
complex 3a (245 mg, 0.93 mmol) in 0.3 mL of dry Et,0.
The reaction mixture was stirred at room temperature for
24 h. The solvent was removed under reduced pressure and purified by flash
chromatography to yield compound 2ac as a dark red solid (74 mg, 34%). '"H NMR
(300 MHz, ppm): & 7.90 (d, J = 15.4 Hz, 2H), 7.70 (d, J = 1.3 Hz, 2H), 7.62 (s, 1H),
6.78 (d, J = 15.4 Hz, 2H), 5.18 (g, J = 7.0 Hz, 4H), 1.73 (t, J = 7.0 Hz, 6H). **C NMR
(75 MHz, ppm): o 332.1, 224.2, 216.4, 140.7, 137.5, 132.8, 128.4, 125.5, 123.8,
76.6, 15.2. IR (CH,Cl,): v 2056, 1923 cm™. HRMS (ESI): m/z calcd for Co6H16BrCry012
[M - H] 702.8645, found 702.8630.

Br

EtO | l OEt

Cr(CO)s Cr(CO)s

OMe Synthesis of complex 2ad: Following the general
O OFt procedure, with 2,5-dimethoxybenzene-1,4-
/ \ dicarboxaldehyde (4d, 200 mg, 1.03 mmol), EtsN

(CO)sCr MeO Cr(CO)s (1.2 mL, 8.41 mmol) and TMSCI (0.75 mL, 6.18
mmol) in 5.2 mL of dry Et,0 and carbene complex 3a (816 mg, 3.09 mmol) in 1 mL
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of dry Et,0. The reaction mixture was stirred at room temperature for 24 h. The
solvent was removed under reduced pressure and purified by flash
chromatography to yield compound 2ad as a dark purple solid (217 mg, 31%). H
NMR (300 MHz, ppm): 6 8.07 (d, J = 15.4 Hz, 2H), 7.22 (d, J = 15.4 Hz, 2H), 7.05 (s,
2H), 5.15 (q, J = 7.0 Hz, 4H), 3.94 (s, 6H), 1.72 (t, J = 7.0 Hz, 6H). *C NMR (75 MHz,
ppm): 6 330.8, 224.5, 216.8, 154.1, 141.2, 126.9, 124.4, 111.5, 76.2, 56.1, 15.2. IR
(CH,Cl,): v 2053, 1919 cm™. HRMS (ESI): m/z calcd for ChgH21Cr014 [M - H]
684.9748, found 684.9743.

I\ Synthesis of complex 2ae: Following the general
eo. /[ 9 \ ort procedure, with 2,5-diformylfuran (2e, 200 mg, 1.61
mmol), EtsN (1.8 mL, 12.88 mmol) and TMSCI (1.2 mL,
9.66 mmol) in 81 mL of dry Et,0O and carbene
complex 3a (1.28 g, 4.83 mmol) in 1.6 mL of dry Et,O. The reaction mixture was
stirred at room temperature for 24 h. The solvent was removed under reduced
pressure and purified by flash chromatography to yield compound 2ae as a dark
purple solid (450 mg, 46%). *H NMR (300 MHz, ppm): & 7.93 (d, J = 15.1 Hz, 2H),
6.86 (s, 2H), 6.64 (d, J = 15.1 Hz, 2H), 5.12 (q, J = 7.0 Hz, 4H), 1.70 (t, J = 7.0 Hz,
6H). 3¢ NMR (75 MHz, ppm): 6 328.5, 224.8, 216.6, 154.1, 138.0, 120.6, 113.2,
75.9, 15.2. IR (CH,Cl,): v 2054, 1922 cm™. HRMS (ESI): m/z calcd for Cy4H15Cr013
[M - H] 614.9329, found 614.9326.

(CO)sCr Cr(CO)s

T\ Synthesis of complex 2af: Following the general
o, ST\ om procedure, with 2,5-diformylthiophene (4f, 100 mg,
0.71 mmol), EtsN (0.8 mL, 5.61 mmol) and TMSCI
(0.54 mL, 4.26 mmol) in 3.6 mL of dry Et,0 and
carbene complex 3a (562 mg, 2.13 mmol) in 0.7 mL of dry Et,O. The reaction
mixture was stirred at room temperature for 24 h. The solvent was removed
under reduced pressure and purified by flash chromatography to yield compound
2af as a dark purple solid (120 mg, 27%). *H NMR (300 MHz, ppm): & 7.73 (d, J =
14.8 Hz, 2H), 7.34 (s, 2H), 7.00 (d, J = 14.8 Hz, 2H), 5.11 (q, / = 7.1 Hz, 4H), 1.69 (t, J
= 7.1 Hz, 6H). *C NMR (75 MHz, ppm): & 328.5, 224.5, 216.6, 144.2, 139.1, 134.5,
121.2, 76.0, 15.2. IR (CH,Cly): v 2053, 1922 cm™. HRMS (ESI): m/z calcd for
C24H15Cr,015S [M - H] 630.9101, found 630.9121.

(CO)sCr Cr(CO)s

cr(CO); Synthesis of complex 2ag: Following the
general  procedure, with  5,5-diformyl-
2,2’bithiophene (4g, 100 mg, 0.45 mmol), Et3N
(0.53 mL, 3.6 mmol) and TMSCI (0.33 mL, 2.7
(CO)sCr mmol) in 2.3 mL of dry Et,0O and carbene
complex 3a (356 mg, 1.35) in 0.5 mL of dry Et,0. The reaction mixture was stirred
at room temperature for 24 h. The solvent was removed under reduced pressure
and purified by flash chromatography to yield compound 2ag as a purple solid (26
mg, 8%). "H NMR (500 MHz, ppm): & 7.69 (d, J = 14.9 Hz, 2H), 7.34-7.26 (m, 8H),
7.06 (d, J = 14.9 Hz, 2H), 5.11 (g, J = 7.0 Hz, 4H), 1.70 (t, J = 7.0 Hz, 6H). *C NMR
(75 MHz, ppm): & 327.3, 224.5, 216.7, 141.1, 140.3, 138.3, 135.3, 126.4, 121.9,
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75.9, 15.2. IR (CH,Cl,): v 2052, 1922 cm™. HRMS (ESI): m/z calcd for CygH17,Cr,01,S;
[M - H] 712.8979, found 712.9003.

E Synthesis of complex 2ah: Following the

t
Z general procedure, with 2,6-
OO naphthalenedicarbaldehyde (4h, 200 mg, 1.09
| oet mmol), EtsN (1.2 mL, 8.72 mmol) and TMSCI
(0.79 mL, 6.54 mmol) in 5.5 mL of dry Et,O and
carbene complex 3a (863 mg, 3.27 mmol) in 1.1
mL of dry Et;0. The reaction mixture was stirred at room temperature for 24 h.
The solvent was removed under reduced pressure and purified by flash
chromatography to yield compound 2ah as a dark red solid (194 mg, 26%). H
NMR (300 MHz, ppm): 6 8.07 (d, J = 15.3 Hz, 2H), 8.01 (s, 2H), 7.89 (d, J = 8.6 Hz,
2H), 7.77 (d, J = 8.6 Hz, 2H), 7.09 (d, J = 15.3 Hz, 2H), 5.18 (q, J = 7.0 Hz, 4H), 1.75
(t, J = 7.0 Hz, 6H). *C NMR (75 MHz, ppm): & 330.8, 224.4, 216.7, 140.0, 134.3,
133.7, 131.8, 129.4, 128.8, 125.0, 80.1, 76.3, 15.2. IR (CH,Cl,): v 2054, 1916 cm™.
HRMS (ESI): m/z calcd for C3oH19Cr,01, [M - H] 674.9694, found 674.9708.

O
(CO)sCr

Cr(CO)s

O Synthesis of complex 2ai: Following the general

procedure, with 9,10-diformylanthracene (4i, 116

RN/ Q \_ % mg, 0.50 mmol), EtsN (0.56 mL, 4.0 mmol) and

(CO)sCr O Cr(co)s TMSCI (0.38 mL, 3.0 mmol) in 2.5 mL of dry Et,0

and carbene complex 3a (396 mg, 1.5 mmol) in

0.5 mL of dry Et,0. The reaction mixture was stirred at room temperature for 24

h. The solvent was removed under reduced pressure and purified by flash

chromatography to yield 2ai as a dark purple solid (56 mg, 15%). *H NMR (300

MHz, ppm): & 8.32 (m, 4H), 7.90 (s, J = 1.3 Hz, 4H), 7.57 (m, 4H), 5.31 (g, J = 7.1 Hz,

4H), 1.84 (t, J = 7.1 Hz, 6H). 3C NMR (75 MHz, ppm): § 331.7, 224.2, 216.5, 148.5,

131.6, 129.8, 126.5, 126.0, 125.9, 76.6, 15.3. IR (CH,Cl,): v 2057, 1922 cm™. HRMS
(ESI): m/z calcd for C34H,,Cr,04; [M - H] 725.9928, found 725.9957.

Synthesis of complex 2aj: Following the
EtOOEt general procedure, with 4,4’-diformyl-1,1’-
(CO)sCr Cr(CO)s biphenyl (4j, 170 mg, 0.81 mmol), Et3N
(0.91 mL, 6.48 mmol) and TMSCI (0.61 mL, 4.86 mmol) in 4.1 mL of dry Et,0 and
carbene complex 3a (641 mg, 2.43 mmol) in 0.8 mL of dry Et,0. The reaction
mixture was stirred at room temperature for 24 h. The solvent was removed
under reduced pressure and purified by flash chromatography to yield compound
2aj as a dark red solid (79 mg, 14%). *H NMR (300 MHz, ppm): & 7.99 (d, J = 15.2
Hz, 2H), 7.69 (s, 8H), 6.98 (d, J = 15.2 Hz, 2H), 5.16 (q, J = 7.1 Hz, 4H), 1.73 (t, J =
7.1 Hz, 6H). *C NMR (75 MHz, ppm): & 330.9, 224.3, 216.7, 142.1, 139.6, 134.2,
130.0, 128.6, 127.6, 76.3, 15.2. IR (CH,Cl,): v 2055, 1914 cm™. HRMS (ESI): m/z
calcd for C3;H,1Cr,045 [M - H] 700.9850, found 700.9858.
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o Synthesis of complex 2ak: Following the general
procedure, with 4,4’-diformylphenylether (4k, 200
mg, 0.88 mmol), EtsN (1.0 mL, 7.0 mmol) and
TMSCI (0.7 mL, 5.28 mmol) in 4.4 mL of dry Et,0
and carbene complex 3a (697 mg, 2.64 mmol) in
0.9 mL of dry Et,0. The reaction mixture was stirred at room temperature for 24
h. The solvent was removed under reduced pressure and purified by flash
chromatography to yield compound 2ak as a dark red solid (368 mg, 58%). *H
NMR (300 MHz, ppm): & 7.89 (d, J = 15.3 Hz, 2H), 7.61 (d, J = 8.6 Hz, 2H), 7.07 (d, J
= 8.6 Hz, 2H), 6.96 (d, J = 15.3 Hz, 2H), 5.13 (q, / = 7.1 Hz, 4H), 1.71 (t, J = 7.1 Hz,
6H). *C NMR (75 MHz, ppm): & 330.2, 224.3, 216.7, 158.7, 139.0, 131.2, 130.0,
128.9, 119.5, 76.1, 15.1. IR (CH,Cl,): v 2055, 1917 cm™. HRMS (ESI): m/z calcd for
C32H21CF2013 [M - H] 716.9799, found 716.9793.

EtO | | OEt
Cr(CO)s Cr(CO)s

(CO)sCr @\NCr(CO)g, Synthesis of complex 2al: Following the general
0" | Fe OEt procedure, with 1,1’-ferrocene dicarbaldehyde (4l,
200 mg, 0.83 mmol), EtsN (0.93mL, 6.64 mmol)
and TMSCI (0.63 mL, 4.98 mmol) in 4.2 mL of dry Et,0 and carbene complex 3a
(657 mg, 2.49 mmol) in 0.8 mL of dry Et,0. The reaction mixture was stirred at
room temperature for 24 h. The solvent was removed under reduced pressure
and purified by flash chromatography to yield compound 2al as a dark red solid
(263 mg, 43%). *H NMR (300 MHz, ppm): & 7.47 (d, J = 15.2 Hz, 2H), 7.01 (d, J =
15.2 Hz, 2H), 5.02 (q, J = 7.1 Hz, 4H), 4.58 (s, 8H), 1.68 (t, J = 7.1 Hz, 6H). **C NMR
(75 MHz, ppm): 0 326.1, 224.2, 217.1, 138.5, 135.2, 80.1, 75.4, 74.3, 71.3, 15.1. IR
(CH,Cl,): v 2053, 1915 cm™. HRMS (ESI): m/z calcd for C3oH»:CroFeQq, [M - H]
732.9201, found 732.9202.

Synthesis of complex 2ba: Following the general
E10 74 \_ % procedure, with terephthalaldehyde (4a, 100 mg,
(CO)sW W(C0)s 0.75 mmol), EtsN (0.83 mL, 6 mmol) and TMSCI
(0.55 mL, 4.5 mmol) in 3.8 mL of dry Et,0 and tungsten(0)-carbene complex 3b
(891 mg, 2.25 mmol) in 0.8 mL of dry Et,0. The reaction mixture was stirred at
room temperature for 24 h. The solvent was removed under reduced pressure
and purified by flash chromatography to yield compound 2ba as a dark brown
solid (213 mg, 32%). *H NMR (300 MHz, ppm): & 7.93 (d, J = 15.4 Hz, 2H), 7.64 (s,
4H), 7.13 (d, J = 15.4 Hz, 2H), 4.96 (q, J = 7.0 Hz, 4H), 1.70 (t, J = 7.0 Hz, 6H). *C
NMR (75 MHz, ppm): 6 304.7, 203.8, 197.4, 144.2, 137.0, 131.7, 129.8, 79.0, 15.0.
IR (CH,Cly): v 2064, 1917 cm™. HRMS (ESI): m/z calcd for CagH1701.W, [M - H]
888.9754, found 888.9748.

Synthesis of complex 6: Following the reported
/ procedure,’” with terephthalaldehyde (4a, 200 mg, 1.49
(CO)sCr mmol), EtsN (0.83 mL, 5.96 mmol) and TMSCI (0.54 mL,
4.47 mmol) in 7.6 mL of dry Et,0 and carbene complex 3a (393 mg, 1.49) in 1.6 mL
of dry Et,0. The reaction mixture was stirred at room temperature for 24 h. The
solvent was removed under reduced pressure and purified by flash
chromatography to yield compound 6 as a dark red solid (120 mg, 21%). *H NMR

EtQ CHO
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(300 MHz, ppm): & 10.05 (s, 1H), 8.00 (d, J = 15.1 Hz, 2H), 7.92 (d, J = 7.0 Hz, 1H),
7.74 (d, J = 7.0, 2H), 6.87 (d, J = 15.1 Hz, 1H), 5.19 (br s, 2H), 1.74 (br s, 3H). *3C
NMR (75 MHz, ppm): & 332.4, 224.3, 216.4, 191.4, 141.2, 140.6, 137.1, 130.1,
129.5, 126.1, 76.6, 15.1. IR (CH,Cl,): v 2056, 1922 cm™. HRMS (ESI): m/z calcd for
C17H12CrO; [M - H] 378.9915, found 378.9928.

Synthesis of complex 5: Following the reported
/ procedure,™® with complex 6 (92 mg, 0.24 mmol),
(CO)sCr W(CO)s  Et;N (0.13 mL, 0.96 mmol) and TMSCI (0.1 mL,
0.72 mmol) in 1.2 mL of dry Et,0 was added the carbene complex (95 mg, 0.24
mmol) in 0.3 mL of dry Et,O. The reaction mixture was stirred at room
temperature for 24 h. The solvent was removed under reduced pressure and
purified by flash chromatography to yield compound 5 dark red solid (41 mg,
23%). *H NMR (300 MHz, ppm): & 7.98 (d, J = 15.4 Hz, 2H), 7.91 (d, J = 15.4 Hz, 2H),
7.64 (s, 4H), 7.14 (d, J = 15.4 Hz, 1H), 6.87(d, J =15.4 Hz, 1H), 5.16 (q, J = 7.0 Hz,
2H), 4.95 (g, J = 7.0 Hz, 2H), 1.72 (t, J = 15.4 Hz, 3H), 1.70 (t, J = 7.0 Hz, 6H). *C
NMR (75 MHz, ppm): & 331.2, 304.7, 224.4, 216.6, 203.8, 197.4, 144.2, 140.0,
137.0, 136.9, 131.7, 130.0, 129.7, 79.0, 76.4, 15.2, 14.9. IR (CH,Cl): v 2064, 2054,
1902 cm™. HRMS (ESI): m/z calcd for CysH17CrO1,W [M - H] 756.9647, found
756.9655.

EtQ \ OEt
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111.8. Supporting Information
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omer |I-2ba

Figure 1S. Optimised geometries of compounds 2aa, 2b, 2ae, 2af and 2ba at the
B3LYP/def2-SVP level.
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IV.1. Tuning the Photophysical Properties of BODIPY Molecules by 7-
Conjugation with Fischer Carbene Complexes

Abstract: The synthesis, structure, and photophysical properties of novel
BODIPY-Fischer alkoxy-, thio-, and aminocarbene dyads are reported. The BODIPY
chromophore is directly attached to the carbene ligand by an ethylenic spacer,
thus forming donor-bridge—acceptor m-extended systems. The extension of the 7~
conjugation is decisive in the equilibrium geometries of the dyads and is clearly
reflected in the corresponding absorption and emission spectra. Whereas the
BODIPY fragment is mainly isolated in aminocarbene complexes, it is fully
conjugated in alkoxycarbene derivatives. The former thus exhibit the characteristic
photophysical properties of BODIPY units, whereas complete suppression of the
BODIPY fluorescence emission is observed in the latter, as a direct consequence of
the strong electron-accepting character of the (CO)sM=C moiety. As the m-acceptor
character of the metal-carbene group can be modified, the electronic properties of
the conjugated BODIPY can be tuned. Density functional calculations have been
carried out to gain insight into the photophysical properties.

Chem. Eur. J. 2014, 20, 1367.
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IV.2. Introduction

Since the synthesis of the first 4,4-difluoro-4-borata-3a-azonia-4a-aza-s-
indacene in 1968 by Treibs and Kreuzer,' boradiazaindacenes (BODIPYs) have
become highly useful molecular entities in fields such as materials science or
medicinal chemistry.2 This is mainly due to the fascinating optical properties
associated with this family of compounds. Thus, their excellent thermal and
photochemical stabilities, high fluorescence quantum yields, negligible triplet-
state formation, and intense absorption profiles have transformed BODIPY species
into quite attractive materials with applications in, for instance, biomolecules
labeling, ion sensing and signaling, energy transfer cassettes, or light harvesting
systems.” For these reasons, it is not surprising that numerous synthetic methods
have been developed to produce new BODIPY derivatives with interesting and
tunable photophysical properties.”? In this sense, the attachment of BODIPY units
to a transition-metal center to prepare a dyad is highly attractive. The great
number of possible modifications (that is, variation of the transition metal and/or
its coordination sphere) that can be effected in these systems may, in principle,
allow the properties of the BODIPY—transitionmetal dyad to be tuned. However, in
most of the reported dyads the metal centers were attached onto the peripheral
moieties of the BODIPY fragment *° rather than to its m-conjugated core.”? As a
result, the impact of the transition-metal fragment on the properties associated

with the BODIPY chromophore is not that remarkable.

At this point, we turned our attraction to Group 6 Fischer carbene
complexes because of their exceptional properties as electron-withdrawing
groups.9 The m-acceptor ability of these species has resulted not only in their wide
use in organic synthesis (that is, Fischer carbene complexes behaving similarly to a
Lewis acid complexed carbonyl function),’® but also in their emerging role as

building blocks in the field of new materials.'!

As the modification of the electronic properties of the carbene ligand has
proved to be relatively easy,9 we hypothesized that the direct attachment by =-
conjugation of a Group 6 Fischer carbene complex to the n-core of BODIPY could

have a significant impact on the photophysical properties of the BODIPY moiety.
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Herein we report the successful accomplishment of such hypothesis, which allows
the preparation of new organometallic compound—BODIPY dyads possessing

tunable photophysical properties.

IV.3. Results and Discussion

Synthesis and structure of the new BODIPY derivatives: Alkoxy-BODIPY—
Fischer carbene complexes 3 were prepared from the
pentacarbonyl[(ethoxy)(methyl)]carbene chromium(0) or tungsten(0) complexes
1a or 1b and the corresponding formyl-BODIPY 2a-c in the presence of EtsN and
TMSCI following the reaction conditions reported by Aumann and Heinen.*? Thus,
EtsN (4 equiv), trimethylsilyl chloride (TMSCI, 3 equiv), and complex 1 (1.5 equiv)
were added to a solution of the aldehyde (1 equiv) in anhydrous Et,O at room
temperature and the mixture was stirred for 24 h. Removal of the solvent and
purification of the residue by column chromatography allowed the isolation of the
new BODIPY complexes 3 in moderate to good yields (Scheme 1). Furthermore,
aminocarbenes 4 were prepared from alkoxycarbene complexes 3 by an
aminolysis reaction using dimethylamine at -100°C in anhydrous tetrahydrofuran

in excellent yields.

OEt
(COIM=(
Me

1a, M =Cr
1b,M =W

3aa, M = Cr, R = H (78%)

4aa, M = Cr, R = H (80%)
3ab, M = Cr, R = Me (38%) 4ab, M = Cr, R = Me (83%)
3ac, M = Cr, R = OMe (43%) 4ba, M =W, R = H (87%)
3ba, M =W, R = H (40%)

Scheme 1. Synthesis of carbene complexes 3 and 4.

75



Capitulo 2

The structures of carbene complexes 3 and 4 were established by NMR
experiments and by comparison with the data reported for related chromium(0)
and tungsten(0) o,pB-unsaturated Fischer carbene complexes.**™ Thus, the
carbene carbon atom directly attached to chromium(0) in alkoxycarbenes 3
appears at & = 325 ppm in the corresponding **C NMR spectra, while a value of &
=270 ppm was found in aminocarbenes 4 as a result of the well-known higher -
donation of the NMe, group to the p, atomic orbital of the carbene carbén atom
compared to the OEt group. Moreover, the olefinic hydrogen atoms of the tether
joining the BODIPY and the metal—carbene fragments exhibit a coupling constant
of J = 15-17 Hz, which is attributable to an E stereochemistry of the double bond.
With these characteristics, two possible isomers of the carbene complexes 3 and
4, which maintain the E-stereochemistry and the s-trans arrangement but with a
different relative orientation of the BODIPY and metal—carbene fragments, can be

envisaged (Scheme 2).

isomer | isomer I
Scheme 2. Possible isomers of complexes 3 (X = OEt) and 4 (X = NMe,).

Density functional theory (DFT) calculations carried out at the B3LYP/def2-
SVP level (see the computational details in the Experimental Section) on
complexes 3aa (where the OEt group was replaced by a methoxy group) and 4aa
reveal that both isomers are nearly isoenergetic in the gas phase (AE(3aal-3aall) =
0.4 kcal-mol™* and AE(4aal-4aall) = 0.1 kcal-mol™). Interestingly, a X-ray diffraction
analysis of suitable crystals of carbene complex 3ba (grown in pentane/ethyl
acetate solution at -20°C) indicates that in the solid state, isomer | is preferred
(Figure 1).™ This suggests that the crystal packing has a strong influence on the
conformation adopted by these species. Moreover, and as expected, the ethoxy

group directly attached to the carbene carbon atom adopts the so-called anti
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conformation (that is, the CH, group is oriented towards the CO wall of the metal
fragment), which is the preferred conformation for most of the alkoxy Fischer

carbene complexes not only in the gas phase but also in the solid state.'®

HIO cw

i

Figure 1. ORTEP of compound 3ba. Ellipsoids are set at 30% probability.

Another important geometrical feature revealed by this experimental-
computational study is the high planarity exhibited by alkoxycarbenes 3
(computed Cr-C-C-C dihedral angle of 0.0° and 0.4° in 3aa and 3ac, respectively)'’
which reflects well the extent of m-conjugation between the BODIPY and metal-
carbene fragments through the ethylene bridge. Differently, these fragments are
not coplanar in aminocarbenes 4 (computed Cr-C-C-C dihedral angle of 55.8° in
4aa), thus indicating the lack of m-conjugation between them (Figure 2). This
marked difference in the structures of complexes 3 and 4 can be ascribed to the
stronger m-donating ability of the nitrogen atom to the to the p, atomic orbital of
the carbene carbon atom compared to the more electronegative oxygen atom. As
a consequence, the m-acceptor nature of the pentacarbonylmetal-carbene
fragment is clearly diminished in aminocarbenes 4, which cannot accept additional
electronic density from the BODIPY fragment, which in turn behaves as a n-donor
group in alkoxycarbene complexes 3 (see below). An important conclusion can be
drawn from this simple structural analysis: the ethylene-BODIPY fragment is

mainly isolated in aminocarbene complexes 4, whereas it is fully conjugated in
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alkoxycarbene complexes 3. Therefore, it should be expected that the ethylene-
BODIPY moiety in complexes 4 would behave similarly (in terms of photophysical
properties) to BODIPY units possessing an ethylene group in position 2, while
markedly different properties should be expected for alkoxy substituted

complexes 3 (see below).

4aa (Cr-C-C-C =55.8°)

Figure 2. Optimised geometries (B3LYP/def2-SVP level) of complexes 3aa and 4aa.

The enhanced n-conjugation in complexes 3 should be in addition reflected
in measurable changes in the equilibrium geometry of these species. As a
consequence of the strong m-acceptor ability of the {(CO)sM=C(OR)} fragment, the
contribution of the resonance structure Il depicted in Scheme 3 becomes more
important in the description of the equilibrium geometry of complexes 3. In
contrast, resonance form Ill describes better the equilibrium geometry of
complexes 4. The population of form Il thus involves the central C2=C3 double
bond becoming weaker whereas the C1-C2 bond becomes stronger. This becomes
clear when comparing the corresponding Wiberg Bond Indices (WBIs) computed
for 3aa and 4aa: WBI(C1-C2): 1.21 versus 1.12 and WBI(C2=C3): 1.61 versus 1.71,
respectively. Moreover, the strong m-donor ability of the NMe, compared to the
OEt group is clearly reflected in the Cr-Cearpene bond strength, which is significantly

weaker in 4aa (WBI = 0.74) than in 3aa (WBI = 0.88).

78



Chem. Eur. J. 2014, 20, 1367

Cr(CO)s

form Il form Il
Scheme 3. Resonance formes for complexes 3 (X = OEt) and 4 (X = NMe,).

Absorption and emission properties: Figure 3 a, b shows the UV/Vis
spectra of all of the dyads 3 and 4, respectively, recorded at 298 K in hexane with
a concentration of 10 mol-L™" (see also Table 1). The spectra of alkoxycarbene
complexes 3 exhibit two main absorption bands at the visible region (Figure 3a).
The less intense peak at about 425 nm can be tentatively assigned to a ligand-field
(LF) transition involving the carbene ligand. Additionally, the intense and broad
band at around 570 nm can be assigned to a metal-to-ligand charge transfer
(MLCT) absorption band. Moreover, a shoulder is found at about 520 nm in the
MLCT band, which is more noticeable in 3aa and 3ab complexes, that can be
reasonably assigned to a transition involving the BODIPY fragment by comparison
with the spectra of the parent formyl-BODIPY species 2 (see inset in Figure 3a).
This assignment is in good agreement with the corresponding maxima (Amax = 527
nm) of the excitation spectra of alkoxycarbene complexes 3 (see Table 1 and the
Supporting Information). Different results are obtained in aminocarbene
complexes 4 (Figure 3b), which exhibit more intense MLCT absorption bands at
about 530 nm. Noticeably, no significant differences have been observed in the

UV/Vis spectra of the tungsten(0) carbene complexes 3ba and 4ba.
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Figure 3. a) UV/Vis spectra of the alkoxycarbene complexes 3aa, 3ab, 3ac, and 3ba. The
inset shows the UV/Vis spectra of the parent formyl-BODIPY’s 2a, 2b and 2c. b) UV/Vis
spectra of the aminocarbene complexes 4aa, 4ab, and 4ba. All of the measurements were
carried out in a diluted solution in hexane (concentration 10° mol-L™, optical density <
0.1) at 298 K.

Table 1. Photophysical properties of complexes 3-5 and their parent formyl-BODIPY
compounds 2a.°

Compound Aabs [NM]° Eabs” Aem [NMY Amax [NmM]°
2a 499 14.3 506 498
2b 498 10.8 506 498
2c 498 10.0 506 498
3aa 568 (549)° 3.2 (0.64)° 537 527
3ab 568 3.3 540 527
3ac 567 (545)° 3.1(0.67)° 542 528
3ba 568 3.2 541 527
4aa 524 4.9 542 527
4ab 527 4.3 550 527
4ba 535 4.2 534 527
5ca 532 4.9 545 528

@ All of the samples were recorded at 298 K in hexane (concentration of 10° moI-L'l, optical density <
0.1). ® Maximum of the UV/Vis spectrum. ¢ Calculated TD-DFT excitation energy (in nm). Y Molar
extinction coefficient & (L-mol™*-cm™ x 10°). ¢ Calculated TD-DFT oscillator strength. ’ Maximum of the
emission spectrum using Aec = 460 nm. ¢ Maximum of the excitation spectrum using Aqs = 600 nm.
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Compared to related styryl ethoxycarbene complexes,'* the presence of
the BODIPY substituent in complexes 3 induces a significant bathochromic shift on
the MLCT absorption band (from ca. 475 nm in styryl ethoxycarbene complexes to
ca. 570 nm in complexes 3). This is a quite remarkable result as it was
demonstrated that the position of the MLCT band in this type of complexes
remains mostly unaltered regardless the electronic nature of the substituent
attached to the styryl group linked to the metal-carbene fragment.** A
comparable red-shift has only been observed in biscarbene complexes, where the
cooperative effect of both {(CO)sM=C(OR)} fragments greatly enhances the =-
conjugation between the tether and the metal-carbene moieties.'® Therefore,
dyads 3 can be considered as new push—pull systems with extended m-
conjugation, where the BODIPY fragment behaves as a n-donor substituent forced
by the strong electron-withdrawing effect of the pentacarbonylmetal-carbene

unit through the ethylenic spacer.*

Differently, the bathochromic shift induced in the MLCT absorption band
of aminocarbene complexes 4 is not that significant (Asps = 530 nm), reflecting the
lower extension of the t conjugation between the BODIPY and the metal—-carbene
fragments in these complexes. Moreover, and as expected from the lack of
coplanarity between the indacene and the C8-aryl fragment owing to the steric
hindrance of the indacene methyl groups (Figures 1 and 2), no dependence of the
position of the MLCT band with the substitution in the C8-aryl fragment was

observed in complexes 3 or 4.

Time-dependent DFT (TD-DFT) calculations were carried out on complexes
3aa and 3ac to determine the nature of the vertical transitions associated with the
observed UV/Vis absorptions. A very good agreement between the vertical
excitation energies (computed in hexane as solvent) and the wavelengths of the
absorption maxima in the experimental UV/Vis spectra was found, which allows
the accurate assignment of the experimentally observed bands. Thus, our
calculations indicate that the band at about 570 nm is the result of the one-
electron promotion from the HOMO to the LUMO. As shown in Figure 4, the

HOMO is a m-molecular orbital that is mainly located at the metal fragment with a
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small contribution at the BODIPY moiety. In contrast, the LUMO is a m-molecular
orbital that is fully delocalized within the indacene moiety. Therefore, the
observed band can indeed be considered as a MLCT band with a remarkable n-*
character. As expected, no contribution of the aryl fragment attached to the C8
position of the indacene into the HOMO or the LUMO is observed, thus confirming
the spectator role of this substituent on the electronic properties of these

BODIPY—metal carbene dyads.

HOMO (3aa) LUMO (3aa)
A

\ .

! = = Rl ¢

HOMO (3ac) LUMO (3ac)

J{‘#% 4 9 ' (g

HOMO-2 (3aa) HOMO-2 (3ac)

Figure 4. Computed molecular orbitals of complexes 3aa and 3ac (isosurface value of

0.035 au).

According to our TD-DFT calculations, the band appearing at about 425 nm
is mainly the result of the promotion of one electron from the HOMO-2 to the

LUMO. As shown in Figure 4, the HOMO-2 is again a m-molecular orbital that is
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mainly localized in the indacene fragment with only a small contribution coming
from the metal fragment. In agreement with our initial tentative assignment, this

band can be considered as a n-nt* LF transition involving the BODIPY moiety.

To compare the energy transfer process after excitation of the energy-
push component in dyads 3 and 4, we have to consider that no selective excitation
on the BODIPY absorption band is possible owing to the full overlap with the
MLCT absorption band. However, the spectra of complexes 3 and 4 show
isoabsorptive points at about 460 nm with the parent formyl-BODIPY compounds
2, in which the BODIPY moiety is expected to absorb a similar fraction of the
incident light, thus allowing a qualitative understanding of the emissive

properties.

Figure 5 shows the emission spectra of complexes 3 and 4. Both type of
dyads display broad emission bands centred at about 545 nm, which are
considerably red-shifted (ca. 40 nm) relative to the parent formyl-BODIPY
compounds 2, owing to the presence of conjugated systems in position 2 of the
fluorophore that lowers its LUMO level and consequently, the energy of the
emission transition.?® The emission redshifts are in good agreement with those
observed at the excitation spectra (see Table 1 and the Supporting Information),
keeping the Stokes shift of dyads 3 and 4 approximately constant with respect to
the parent formyl-BODIPY species 2. From Figure 5, it is noteworthy that the
alkoxycarbene complexes 3 show very low emission intensities. The practically
total suppression of the BODIPY-based emission can be attributed to a very
efficient energy transfer occurring from the higher-lying BODIPY excited state to
the lower-lying carbene state owing to m-conjugation with the metal-carbene
fragment (see above). In contrast, aminocarbene complexes 4 show a small
guenching of the fluorescence (about three times lower) when compared with the
emission of parent formyl-BODIPY species 2 (see Figure 5). This result reveals that
the m-conjugation between the ethylene-BODIPY and the metal-carbene
fragments is strongly hindered by the introduction of the NMe, group. Taking into
account the similar distances between the BODIPY and metal-carbene moieties

within dyads 3 and 4 (B--C carbene distance of 7.5A), a Dexter-type energy
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transfer through-bond mechanism seems to be operative in the observed
suppression of the emission properties of carbene complexes 3. Therefore, our
results indicate that the emission of BODIPY can be easily switched on/off by

controlling the extent of conjugation with the pentacarbonylmetal—carbene

moiety.
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Figure 5. Emission spectra of the alkoxycarbene complexes (—) 3aa, 3ab, 3ac, and 3ba,
and emission spectra of the aminocarbene complexes (-----) 4aa, 4ab, and 4ba. Inset:
emission spectra of the parent formyl-BODIPY compounds 2a, 2b, and 2c. All of the
measurements were carried out in a diluted solution in hexane (concentration ca. 10°

mol-L™, optical density < 0.1) at 298 K (hex = 460 nm).

To further confirm the effect of the m-conjugation on the properties of
these dyads, we finally synthesized complex 5ca, which possesses a sulfur atom
directly attached to the carbene carbon atom. The synthesis of this complex was
conducted similarly to complexes 3. Thus, from thiocarbene complex 1c and
formyl-BODIPY derivate 2a in the presence of EtsN and TMSCI, dyad 5ca was

obtained in 30 % reaction yield (Scheme 4).
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SEt
coper={  + rt, 24h
Me "’

1c

5ca (30%)

Scheme 4. Synthesis of complex 5ca.

As the n-donor ability of the SEt group is lower than that of NMe; and the
electronegativity of the sulfur atom is lower than the electronegativity of oxygen,
an intermediate equilibrium geometry for thiocarbene 5ca should be expected
between the extreme situations represented by the ethoxycarbene 3aa and the
aminocarbene 4aa. Indeed, the optimized geometry of 5ca at the B3LYP/def2-SVP
level (Figure 6) shows a computed Cr-C1-C2-C3 dihedral angle of 31.0° (which is
intermediate between 0.0° and 55.8° computed for 3aa and 4aa, respectively).
Furthermore, the corresponding WBIs of 1.62 and 0.84 for the C2-C3 and Cr-C1
bonds, respectively, confirms well that the extent of w-conjugation in thiocarbene
is also intermediate between that in alkoxy- and aminocarbene complexes. As a
consequence, the corresponding MLCT band maximum appears at about 532 nm
(intermediate between amino- and alkoxycarbenes; see Table 1) and again,
corresponds to the HOMO - LUMO vertical excitation according to TD-DFT
calculations. Not surprisingly, the fluorescence of BODIPY in thiocarbene 5ca is
only partially quenched (Figure 7). Thus, an emission band at 545 nm appears in
the corresponding emission spectrum, although its relative intensity respect to
the parent formyl-BODIPY compounds 2 is clearly much lower (about six times
lower). Although the emission of this complex is therefore lower than that
observed for its aminocarbene analogue 4aa, it is not suppressed as it occurs in
alkoxycarbenes. This result supports well the idea that the photophysical
properties of the BODIPY fragment can be tuned by subtle modifications of the
electronic nature of the metal—carbene fragment, which controls the extent of =-

conjugation of the dyad.
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5ca (Cr-C-C-C =31.0°)

Figure 6. Optimised geometry (B3LYP/def2-SVP level) of complex 5ca.
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Figure 7. Comparison between emission spectra of the dyads 3aa, 4aa, and 5ca (Aex. = 460
nm). All of the measurements were carried out in a diluted solution in hexane

(concentration 10° mol-L, optical density < 0.1) at 298 K.

IV.4. Conclusions

From the joint experimental-computational study reported herein, it
becomes obvious that the photophysical properties of the BODIPY chromophore
can be modified, in principle at will, by means of direct n-conjugation with Fischer
carbene complexes. The extent of m-conjugation is decisive in altering the
equilibrium geometry, and consequently, the photophysical properties of the

BODIPY chromophore. Thus, when an alkoxycarbene complex is present in the
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BODIPY—-metal carbene dyad, the m-conjugation is maximized. This is reflected in a
significant bathochromic shift of the corresponding MLCT band, which is the result
of the m-donor behavior of the BODIPY moiety. In contrast, m-conjugation is
strongly diminished when an aminocarbene complex is present in the dyad. As a
consequence, the BODIPY moiety is now mainly isolated in these compounds
which exhibit a similar fluorescence than formyl-BODIPY derivatives. In contrast,
as the electronic structure of the BODIPY fragment is strongly altered by =-
conjugation with the alkoxycarbene moiety, complexes 3 exhibit a complete
suppression of the fluorescence associated with the BODIPY chromophore. An
intermediate situation is found in BODIPY— thiocarbene complex dyads owing to
lower electronegativity (compared to oxygen) and m-donor ability (compared to
nitrogen) of the sulfur atom, which confirms the importance of © conjugation in

controlling the properties of the BODIPY units.

It is hoped that the present study will be of future use in materials
chemistry owing to the ease of tuning the photophysical properties of BODIPY

units by subtle modifications on the metal—-carbene moiety.
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IV.5. Computational Details

Geometry optimizations without symmetry constraints were carried out
using the Gaussian 09 suite of programs20 using the B3LYP?! functional in
combination with the double-C plus polarisation def2-SVP basis sets? for all
atoms. This level is denoted B3LYP/def2-SVP. Stationary points were characterized
as minima by calculating the Hessian matrix analytically at this level. Calculations
of absorption spectra were accomplished by using the time-dependent density
functional theory (TD—DFT)23 method at the same level. TD-DFT calculations were
performed in n-hexane as solvent using the polarizable continuum model (PCM)
method.”* The assignment of the excitation energies to the experimental bands
was performed on the basis of the energy values and oscillator strengths. The
B3LYP Hamiltonian was chosen because it was shown to provide reasonable
UV/Vis spectra for a variety of chromophores,” including Fischer carbene
complexes’**® and other organometallic species.?® Wiberg bond indices were
computed by using the natural bond orbital (NBO) method.?’

IV.6. Experimental Section

General Procedures. All reactions were carried out under an argon
atmosphere. All solvents used in this work were purified by distillation and were
freshly distilled immediately before use. Triethylamine (EtsN) was distilled from
calcium hydride, whereas tetrahydrofuran (THF) and diethylether (Et,0) were
distilled from sodium/benzophenone. Flame-dried glassware was used for
moisture-sensitive reactions. Silica gel (Merck: 230-400 mesh) were used as
stationary phases for purification of crude reaction mixtures by flash column
chromatography. Identification of products was made by thin-layer
chromatography (Kieselgel 60F-254). UV light (A 254nm) and 5% phosphomolybdic
acid solution in 95% EtOH were used to develop the plates. NMR spectra were
recorded at 25 °C in CDCls, on Bruker Avance 300 (300 MHz for 'H and 75 MHz for
13€). Chemical shifts are given in ppm relative to CDCl5 (*H, 7.27 ppm and *3C, 77.0
ppm). IR spectra were taken on a MIR (8000-400 cm™) spectrometer as solid films
by slow evaporation of the solvent using the ATR (attenuated total reflectance)
technique. MS spectra (HRMS) were acquired on a QTOF 6520: HP-1200 (Agilent
Technologies) mass spectrometer or a FTMS Bruker APEX Q IV.

Absorption and Fluorescence Spectroscopies. All experiments were
carried out at 298 K, in hexane (concentration of ca. 1-10° mol-L?, optical density
< 0.1), using quartz cuvettes with optical paths of 1 cm. UV absorption spectra
were registered using a UVICON XL spectrophotometer (Bio-Tex Instruments).
Steady-state fluorescence spectra were recorded using an AMINCO Bowman
Series 2 spectrofluorometer, with 1.0 nm bandwidth for emission and excitation.
The excitation wavelengths were fixed at 460 nm and 490 nm in the measurement
of the emission spectra. The emission wavelength was fixed at 600 nm for the
determination of all the excitation spectra.

All commercially available products were used without further purification.
The following BODIPYs were prepared according to literature: 2a,?® 2b,” 2¢?®. The
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following metal-carbenes were prepared according to previously described
methods: Pentacarbonyl [(ethoxy) (methyl)carbene]chromium(0),*
pentacarbonyl[(ethoxy)(methyl)carbene]tungsten(0),*" pentacarbonyl[1-(ethyl-
thio)(methyl)carbene]chromium(0).*?

General procedure of Aumann’s reaction. To a solution of the
corresponding aldehyde (1 mmol) in anhydrous Et,O (5 mL) were added EtsN (4
mmol) and TMSCI (3 mmol). Immediately a solution of the corresponding Fischer
carbene complex (1.5 mmol) in anhydrous Et,0 (1 mL) were added to the solution
mixture at room temperature. The mixture was stirred until total disappearance
of the starting material (checked by TLC). The solvent was removed under reduced
pressure and the product purified by flash chromatography on silica gel under
argon pressure.

Complex 3aa: To a solution
of 2a (200 mg, 0.57 mmol),
EtsN (0.7 mL, 5.02 mmol)
and TMSCI (220 pL, 1.71
mmol) in 3.0 mL of dry Et,0
was added the carbene
complex 1a (227 mg, 0.86 mmol) in 0.6 mL of dry Et,0. The reaction mixture was
stirred at room temperature for 24h. The solvent was removed under reduced
pressure and purified by flash chromatography to yield compound 3aa as a purple
solid (271 mg, 78%). *H NMR (300 MHz, ppm): & 7.60-7.5 (m, 8H), 7.37 (m, 4H),
7.20 (d, J = 15.4Hz, 1H), 7.13 (d, J = 15.4Hz, 1H), 6.12 (s, 1H), 6.11 (s, 1H), 5.06-4.96
(m, 4H), 2.75 (s, 6H), 2.61 (s, 6H), 1.65 (t, J = 7.1 Hz, 6H), 1.54 (s, 3H), 1.53 (s, 3H),
1.42 (s, 6H). *C NMR (75 MHz, ppm) & 326.4, 325.4, 224.5, 224.4, 217.3, 217.2,
159.8, 159.7, 155.9, 155.8, 146.2, 146.1, 145.4, 142.4, 142.2, 140.8, 140.1, 138.9,
138.2, 134.8, 134.4, 133.2, 131.0, 130.9, 129.5, 129.4, 129.3, 129.3, 128.1, 127.9,
127.8, 126.1, 125.1, 124.6, 124.3, 123.4, 75.2, 75.1, 15.4, 15.3, 15.1, 14.9, 14.8,
14.7, 14.4, 14.3, 13.1, 13.0. IR (CH,Cl,): v 2052, 1921, 1539, 1511, 1192, 664 cm™.
HRMS (ESI): m/z calcd for C9H6BCrF,N,06 [M + H] 599.1258, found 599.1252.

Complex 3ab: To a solution of 2b (465 mg, 1.27 mmol),
EtsN (1.5 mL, 10.75 mmol) and TMSCI (500 puL, 3.93
mmol) in 6.8 mL of dry Et,0 was added the carbene
complex 1a (503 mg, 1.90 mmol) in 1.3 mL of dry Et,0.
The reaction mixture was stirred at room temperature
for 24h. The solvent was removed under reduced
pressure and purified by flash chromatography to yield
compound 3ab as a purple solid (298 mg, 38%). *H NMR (300 MHz, ppm): & 7.57
(d,J=15.3 Hz, 1H), 7.37 (d, J = 7.7 Hz, 2H), 7.17 (d, /= 7.7 Hz, 2H), 7.16 (d, J = 15.3
Hz, 1H), 6.11 (s, 1H), 5.02 (q, J = 7.1 Hz, 2H), 2.74 (s, 3H), 2.61 (s, 3H), 2.48 (s, 3H),
1.65 (t, J = 7.1 Hz, 3H), 1.56 (s, 3H), 1.45 (s, 3H). **C NMR (75 MHz, ppm): & 326.2,
224.4, 217.2, 159.6, 155.8, 146.3, 142.9, 140.8, 139.5, 138.8, 133.5, 131.4, 131.2,
130.0, 127.7, 125.5, 124.4, 123.2, 75.2, 21.4, 15.1, 14.9, 13.9, 13.8, 13.2. IR
(CH,Cl,): v 2053, 1929, 1540, 1516, 1190, 665 cm™. HRMS (ESI): m/z calcd for
C30H28BCrF,N,06 [M + H] 613.1415, found 613.1431.
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OMe Complex 3ac: To a solution of 2c (126 mg, 0.33 mmol),
EtsN (0.4 mL, 1.32 mmol) and TMSCI (120 pL, 0.99
mmol) in 1.8 mL of dry Et,0 was added the carbene
complex 1a (131 mg, 0.50 mmol) in 0.3 mL of dry Et,0.
The reaction mixture was stirred at room temperature
for 24h. The solvent was removed under reduced
pressure and purified by flash chromatography to yield
compound 3ac as a purple solid (90 mg, 43%). *H NMR (300 MHz, ppm): & 7.57 (d,
J =15.4 Hz, 1H), 7.21-7.05 (m, 5H), 6.12 (s, 1H), 5.02 (q, J = 7.1 Hz, 2H), 3.91 (s,
3H), 2.74 (s, 3H), 2.61 (s, 3H), 1.65 (t, J = 7.1 Hz, 3H), 1.59 (s, 3H), 1.48 (s, 3H). *C
NMR (75 MHz, ppm): 0 326.2, 224.4, 217.2, 160.5, 159.6, 155.8, 146.2, 142.5,
140.8, 138.8, 133.7, 131.4, 129.2, 126.4, 125.2, 124.5, 123.2, 114.8, 75.2, 55.3,
15.1, 15.0, 14.9, 13.9, 13.3. IR (CH,Cl,): v 2052, 1922, 1538, 1514, 1192, 664 cm™.
HRMS (ESI): m/z calcd for C3gH»3BCrF,;N,05 [M + H] 629.1364, found 629.1361.

Complex 3ba: To a solution of 2a (170 mg, 0.46 mmol),
EtsN (0.6 mL, 4.30 mmol) and TMSCI (200 uL, 1.56
mmol) in 2.5 mL of dry Et,0 was added the carbene
complex 1b (285 mg, 1.01 mmol) in 0.6 mL of dry Et,0.
The reaction mixture was stirred at room temperature
for 24h. The solvent was removed under reduced
pressure and purified by flash chromatography to yield compound 3ba as a purple
solid (138 mg, 40%). *H NMR (300 MHz, ppm): & 7.56-7.49 (m, 4H), 7.38 (d, J =
15.5 Hz, 1H), 7.32-7.29 (m, 2H), 6.13 (s, 1H), 4.88 (q, J = 7.2 Hz, 2H), 2.75 (s, 3H),
2.61 (s, 3H), 1.63 (t, J = 7.2 Hz, 3H), 1.52 (s, 3H), 1.42 (s, 3H). *C NMR (75 MHz,
ppm): 6 300.9, 203.8, 197.9, 159.9, 155.7, 146.3, 142.7, 142.4, 140.7, 134.4, 133.3,
131.1, 129.6, 129.4, 129.3, 127.8, 124.8, 123.4, 78.0, 14.9, 14.7, 14.0, 13.9, 13.0.
IR (CH,Cl,): v 2061, 1913, 1538, 1510, 1191, 724 cm™. HRMS (ESI): m/z calcd for
ngstBFzNzOsW [M + H] 7311365, found 731.1345.

Complex 5ca: To a solution of 2a (110 mg, 0.31 mmol),
EtsN (0.4 mL, 2.90 mmol) and TMSCI (120 pL, 0.93
mmol) in 1.7 mL of dry Et,0 was added the carbene
complex 1c (132 mg, 0.47 mmol) in 0.5 mL of dry Et,0.
The reaction mixture was stirred at room temperature
for 24h. The solvent was removed under reduced
pressure and purified by flash chromatography to yield compound 5ca as a purple
solid (57 mg, 30%). *H NMR (300 MHz, ppm): & 7.84 (d, J = 15.0 Hz, 1H), 7.77 (d, J =
15.0 Hz, 1H), 7.57-7.53 (m, 3H), 7.34-7.31 (m, 2H), 6.17 (s, 1H), 3.15 (q, J = 7.6 Hz,
2H), 2.83 (s, 3H), 2.64 (s, 3H), 1.59 (s, 3H), 1.44 (s, 3H), 1.36 (t, J = 7.6 Hz, 3H). **C
NMR (75 MHz, ppm): 6 322.3, 227.1, 217.7, 161.2, 155.6, 147.1, 144.6, 142.5,
140.6, 136.1, 134.2, 133.8, 131.1, 129.6, 129.5, 127.9, 126.1, 124.0, 35.5, 15.1,
14.9, 14.5, 12.9, 12.2. IR (CH,Cl,): v 2047, 1919, 1538, 1506, 1162, 655 cm™. HRMS
(ESI): m/z calcd for CyoH26BCrF,N,05S [M + H] 615.1030, found 615.1006.
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General Procedure for the Preparation of Amino-Carbene Complexes. A
solution of dimethylamine (2 equiv, 2.0 M in THF) was added dropwise to a
solution of the corresponding ethoxy-carbene complex (1 equiv) in dry THF at -100
°C. The reaction mixture was stirred under argon at this temperature until total
consumption of the starting material. The solvent was then evaporated in vacuo
and the resulting crude reactions purified by flash column chromatography under
argon pressure.

Complex 4aa: To a solution of 3aa (50 mg, 0.08 mmol)
in dry THF (0.7 mL) was added a solution of
dimethylamine in THF (80 puL, 0.16 mmol) at -100 °C.
The reaction mixture was stirred at room temperature
for 10 min. The solvent was removed under reduced
pressure and purified by flash chromatography to yield
compound 4aa as a pink dark solid (40 mg, 80%). *H NMR (300 MHz, ppm): & 7.52-
7.49 (m,3H), 7.31-7.28 (m, 2H), 6.70 (d, J = 17.0 Hz, 1H), 6.03 (s, 1H), 5.74 (d, J =
17.0 Hz, 1H), 3.90 (s, 3H), 3.44 (s, 3H), 2.67 (s, 3H), 2.58 (s, 3H), 1.45 (s, 3H), 1.38
(s, 3H). *C NMR (75 MHz, ppm): & 270.8, 223.3, 217.5, 156.8, 153.8, 144.1, 141.8,
139.7, 138.5, 135.9, 134.9, 129.2, 129.1, 128.0, 122.3, 121.9, 114.3, 51.2, 45.6,
14.7,14.5, 14.1, 12.6. IR (CH,Cl,): v 2051, 1919, 1539, 1514, 1192, 724 cm™. HRMS
(ESI): m/z calcd for Cy9H,7BCrF,N305 [M + H] 598.1418, found 598.1429.

Complex 4ab: To a solution of 3ab (250 mg, 0.41
mmol) in dry THF (3.2 mL) was added a solution of
dimethylamine in THF (410 uL, 0.84 mmol) at -100 °C.
The reaction mixture was stirred at room temperature
for 10 min. The solvent was removed under reduced
pressure and purified by flash chromatography to yield
compound 4ab as a pink dark solid (206 mg, 83%). *H
NMR (300 MHz, ppm): 8 7.31 (d, J = 7.8 Hz, 2H), 7.16 (d, J = 7.8 Hz, 2H), 6.70 (d, J =
16.9 Hz, 1H), 6.02 (s, 1H), 5.74 (d, J = 16.9 Hz, 1H), 3.90 (s, 3H), 3.44 (s, 3H), 2.67
(s, 3H), 2.57 (s, 3H), 2.45 (s, 3H), 1.47 (s, 3H), 1.41 (s, 3H). 3C NMR (75 MHz, ppm):
0 270.5, 223.3, 217.5, 157.4, 156.6, 144.2, 142.2, 139.6, 139.0, 138.5, 135.8,
132.2, 131.8, 129.9, 127.8, 126.2, 121.8, 114.4, 51.2, 45.6, 21.4, 14.6, 14.1, 13.7,
12.7. IR (CH,Cl,): v 2051, 1917, 1539, 1517, 1196, 668 cm™. HRMS (ESI): m/z calcd
for C3gH,7BCrF,;N3Os [M - H] 610.1429, found 610.1425.

Complex 4ba: To a solution of 3ba (138 mg, 0.19
mmol) in dry THF (1.6 mL) was added a solution of
dimethylamine in THF (190 uL, 0.38 mmol) at -100 °C.
The reaction mixture was stirred at room temperature
for 10 min. The solvent was removed under reduced
pressure and purified by flash chromatography to yield
compound 4ba as a pink dark solid (120 mg, 87%). ‘H NMR (300 MHz, ppm): &
7.52-7.50 (m, 3H), 7.31-7.29 (m, 2H), 6.62 (d, J = 16.7 Hz, 1H), 6.04 (s, 1H), 6.03 (d,
J =16.7 Hz, 1H), 3.84 (s, 3H), 3.41 (s, 3H), 2.69 (s, 3H), 2.58 (s, 3H), 1.47 (s, 3H),
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1.39 (s, 3H). *C NMR (75 MHz, ppm): & 251.9, 203.4, 198.6, 157.0, 153.7, 144.3,
141.9, 140.1, 138.6, 134.7, 132.0, 130.7, 129.2, 129.1, 127.9, 126.2, 122.0, 119.0,
53.8, 44.0, 14.7, 14.5, 13.8, 12.6. IR (CH,Cl,): v 2059, 1900, 1539, 1515, 1198, 724
cm™. HRMS (ESI): m/z caled for CaoH»6BFaN3OsW [M + H] 730.1525, found
730.1526.
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Figure S1. Normalized excitation spectra (A.,s = 600 nm) of the parent formyl-BODIPY’s 2a
(cyan), 2b (magenta) and 2c (brown).
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Figure S2. Normalized excitation spectra (A.ps = 600 nm) of the alkoxycarbene complexes
3aa (black), 3ab (red), 3ac (green) and 3ba (blue).
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Figure S3. Normalized excitation spectra of the aminocarbene complexes 4aa (black), 4ab
(red) and 4ba (blue).
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Figure S4. Normalized excitation spectra (A.,s = 600 nm) of the dyads 3aa (black), 4aa
(red) and 5ca (green).
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V. CAPITULO 3






V.1. Remote Control by m-Conjugation of the Emissive Properties of
Novel Fischer Carbene-BODIPY Dyads

Abstract: The synthesis, structure and complete characterization of novel
mono- and bimetallic dyads joining Fischer carbene complexes and BODIPY
chromophores are reported. In these organometallic species, the Fischer carbene
complex is attached to the BODIPY moiety through a p-aminophenyl group linked
at the C8 carbon atom of the BODIPY core. The photophysical properties, namely
the corresponding UV/Vis absorption and emission spectra of these new metal-
carbene complexes, are analysed and discussed. It is found that whereas the
absorption of the considered dyads strongly resembles that of the parent 4-
anilinyl-substituted BODIPY, the fluorescence emission is significantly reduced in
these species very likely as a result of a Dexter-type energy transfer mechanism. At
variance, the replacement of the pentacarbonyl-metal(0) fragment by a carbonyl
group leads to high fluorescence emission intensity. This suggests that the
emission properties of the BODIPY core can be controlled by remote groups by
means of m-conjugation as supported by Density Functional Theory calculations.

Submitted to: Inorg. Chem.
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V.2. Introduction

The chemistry of boradiazaindacenes, known as BODIPY’s, has experienced
a tremendous development in recent years.! This is mainly due to the fascinating
optical properties associated with these species which make them highly useful in
different fields such as material science or medicinal chemistry. For instance,
these compounds usually exhibit excellent thermal and photochemical stabilities,
high fluorescence quantum yields, negligible triplet-state formation and intense

absorption profiles.

Interestingly, a good number of different synthetic methodologies have
been reported allowing the access to novel BODIPY derivatives having tailored
properties.” In this sense, the attachment of transition metal complexes to the
BODIPY moiety, either directly to the BODIPY core or to its periphery, is attracting
considerable attention nowadays.> This is mainly due to the number of
modifications that can be effected in the dyad just by simply modifying the nature
of the transition metal and/or the ligands in its coordination sphere. In this regard,
we recently described a series of BODIPY derivatives having a Fischer-type
carbene complex directly attached to the BODIPY core (Figure 1).* In these
species, the emission properties can be efficiently switched on/off just by
changing the substituent attached to the carbene carbon atom. Thus, whereas
alkoxy-Fischer carbene dyads 1 are non-emissive, the aminocarbene 2 analogues
are highly emissive. This differential behaviour was ascribed to the extent of the
m-conjugation between the carbene complex and the BODIPY core, which is
reflected into significant changes in the geometry of the dyads. Indeed, whereas
the m-conjugation between both chromophores is hampered in the non-planar
aminocarbene dyads, the conjugation is maximized in the planar alkoxy-carbene
counterparts, which provokes the complete suppression of its fluorescence

(Figure 1).
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4~
Me FF Me M(CO)5
1 (planar, NON-EMISSIVE) 2 (non-planar, EMISSIVE)

Figure 1. Fischer carbene-BODIPY (see reference 4).

Not surprisingly, we also found that substituents directly attached to the
para-position of the aryl group placed at position 8 of the BODIPY core have
almost a negligible influence on the photophysical properties of the prepared
dyads. This is due to the hampered n-conjugation between these substituents and
the BODIPY moiety due to the steric hindrance of the adjacent methyl groups,
which in turn make the rotation of the C8-aryl group difficult.” Despite that, we
hypothesized that the exceptional m-acceptor ability of the pentacarbonly-metal
fragment of the carbene complex6'7 might influence the electronic properties of
BODIPY even when placed remotely at the C8-aryl position, i.e. not directly
attached to the BODIPY core. Reported herein is the synthesis and complete
characterization of novel organometallic BODIPY dyads whose emissive properties
can be efficiently modulated by remote m-conjugation within the transition metal

fragment.

V.3. Results and Discussion

Synthesis and structure of the new BODIPY derivatives: Aniline-BODIPY
derivative 4® was selected to join the BODIPY core and the Fischer carbene
fragment. To this end, a,B-unsaturated organometallic dyads 5a-i were efficiently
prepared by 1,4-addition of aniline-BODIPY 4 to the corresponding alkynylmetal(0)
(M = Cr, W) carbene complexes 3a-i at room temperature and using anhydrous
tetrahydrofuran as solvent, according to the standard reported protocol (Scheme

1a).>° Similarly, compounds 5j,k having two Fischer carbenes in their structure
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were also prepared by reacting two equivalents of the parent BODIPY 4 with the

appropriate bis-alkynyl Fischer carbene complex 3j,k (Scheme 1b).

@)

3a, M=Cr, R=Ph 4
3b,M=W, R =Ph
3c,M=Cr,R="Bu

3d, M = Cr, R = 4-Me-CgH,

3e, M = Cr, R = 4-OMe-CgH,

3f, M = Cr, R = 4-NMe»-CgH,

3g, M = Cr, R = 4-Br-CgH,

3h, M =Cr, R = 4-CF3-CgH,

3i, M = Cr, R = ferrocenyl

THF OEt
— (CO)5M:<_I-£N
r.t —

R

5a, M = Cr, R = Ph (96%)
5b, M =W, R = Ph (87%)

5c, M =Cr, R = "Bu (79%)

5d, M = Cr, R = 4-Me-CgH, (81%)
5e, M = Cr, R = 4-OMe-CgH, (74%)
5f, M= Cr, R = 4-NM82-C6H4 (58%)
59, M = Cr, R = 4-Br-CgH, (98%)
5h, M = Cr, R = 4-CF3-CgH, (98%)
5i, M = Cr, R = ferrocenyl (46%)

(b) OEt
(CO)sCr HN
(CO)sCr OEt THF
— M/ + 4—>
/& r.t.
EtO Cr(CO)s

(CO)sCr HN
OFEt

o~ Me
O B Q 3 O = Q 5 (70%)
s +
Q -+ Ot = Q = )¢ sk

Scheme 1. Synthesis of Fischer carbene-BODIPY dyads 5.

The structures of the organometallic BODIPY derivatives 5 were
established by standard 1D and 2D-NMR experiments and by comparison with the
data reported for related chromium(0) and tungsten(0) o,-unsaturated Fischer

910 Thus, the carbene carbon atom directly attached to

carbene complexes.
chromium(0) in alkoxy-carbenes 5 appears at 6 = 300 ppm in the corresponding
13C_.NMR spectra, while, as expected, a lower value of & =~ 280 ppm was found for
the tungsten(0) derivative 5b. Despite that, two possible stereoisomers for dyads
5 can be envisaged, namely the E- and Z-isomers derived from the newly formed

double bond. Density Functional Theory (DFT) calculations carried out on the

possible isomers of the chromium(0)-BODIPY 5a clearly indicate that isomer 5a-Z
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is much more stable than the 5a-E (AE = 4.5 kcal/mol, Figure 2). This is in part due
to the formation of an intramolecular hydrogen bond between the NH of the
aniline moiety and the ethoxy-substituent attached to the carbene carbon atom
which greatly stabilizes the Z-configuration. This intramolecular N-H---OR
hydrogen bond has also been found to be responsible for the high stability of the
Z-configuration in related enaminocarbenes,”™ including those found in
macrocycles tetrametallic complexes.' In addition, this intramolecular interaction
also stabilizes the anti-conformation exhibited by the ethoxy-substituent (i.e., the
CH; group directly attached to the oxygen atom is oriented towards the CO wall of
the metal fragment), which is the preferred conformation for most of the alkoxy
Fischer carbene complexesboth in gas phase'? and in solid state.”® Single crystals
of BODIPY dyad 5b suitable for X-ray diffraction analysis were grown in
pentane/ethyl acetate solution at —20 °C. The crystal structure of 5b shows two
independent molecules in the asymmetric unit with the expected Z-configuration
and ethoxy anti-conformation with C(5)-O(1)-C(1)-C(2) torsion angles of 163.5(2)
and 178.1(2)°, respectively (see Figure 3). In the crystal, an NH---OEt
intramolecular hydrogen bond [N(4)-H(4)--O(1)] is present for both independent
molecules [N(4)--O(1) 2.646(3) / 2.651(3) A, H(4)---O(1) 2.05(3) / 1.97(3) A, N(4)-
H(4)---0(1) 127(3) / 136(3)°], as expected from solution data and theoretical

studies.
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5a-E, E,, = 4.5 kcal/mol

Figure 2. Fully optimized geometries and relative energies of the possible isomers of

complex 5a. All data have been computed at the B3LYP-D3/def2-SVP level.

054

Figure 3. Ellipsoid plot of one of the independent molecules of 5b (50% probability level)

showing the intramolecular N(4)-H(4)--:O(1) hydrogen bond.

Another important geometrical feature revealed by this experimental-
computational study is that the dihedral angle between the p-anilinyl group and
the BODIPY core is almost perpendicular (experimental C—C—C—C angle of 95.6° for
tungsten(0) complex 5b), which is a direct consequence of the steric hindrance of
the methyl groups of the BODIPY moiety with the aromatic ring. However, this

dihedral angle depends upon the substitution on the B-carbon atom of the double

106



Inorg. Chem.

bond. For instance, a value of 90.5° was computed for n-butyl-substituted carbene
5¢c, whereas a higher value of 102.0° was found for p-CFs-CgHs-substituted
complex 5h. This finding suggests that such substituents might lead to noticeable
differences in the photophysical properties of these readily prepared

organometallic dyads (see below).

Absorption and Emission Properties: The UV/Vis spectra of dyads 5 and
the parent p-aminophenyl-BODIPY 4 (recorded at 298 K in dichloromethane with a
concentration of 1-10°mol-L™) are displayed in Figure 4 (see also Table 1). Dyads 5
exhibit three main absorptions in the range of 350-550 nm. The more intense
band is located at Amax = 500 nm and can be tentatively assigned to the typical nt-
n* transition involving the BODIPY fragment. Indeed, this absorption is practically
identical in terms of both wavelength maxima and corresponding extinction
coefficient (¢ = 9 x 10* M™*cm™) to that observed for the parent BODIPY 4 (Amax =
499 nm, € = 9.7 x 10*°M™*cm™, see Table 1). In addition, bimetallic dyads 5j and 5k,
exhibit a similar absorption located a ca. 500 nm which is almost twice as intense
as the absorptions for the rest of the monometallic dyads 5. This is of course due
to the presence of two BODIPY moieties in the structures of 5j and 5k, which
further supports our tentatively assignment for this band. The remaining less
intense absorptions located at ca. 475 nm and 350 nm can be reasonably assigned
to the metal-to-ligand charge transfer (MLCT) and ligand-field (LF) transition,
respectively, involving the pentacarbonylmetal-carbene complex. These
assignments can be done by comparison with the UV/Vis spectrum of the parent
carbene complex (CO)sCr=C(OEt)CH=C(Ph)(NHPh) whose MLCT and LF bands
appear at Amax = 465 nm (e = 2.2 x 104M'1cm'1) and Amax =337 nm (e = 1.3 x 10'M°
'em™), respectively. Therefore, it can be concluded that the attachment of the
BODIPY moiety to the carbene fragment does not alter significantly the absorption

properties of both chromophores.
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Figure 4. UV/Vis spectra Fischer carbene-BODIPY dyads 5a-k and parent p-
aminophenylBODIPY 4. All measurements were carried out in a diluted solution in

dichloromethane (concentration of 1-10°mol-L™, optical density < 0.1) at 298K.

Tablel. Photophysical properties of complexes 5 and parent p-aminophenyl-BODIPY 4.

Compound Aabs / NM° Eabs’ Aem / NM®
4 499 9.7 511
5a 501 10.2 510
5b 502 9.5 511
5¢ 502 9.3 510
5d 501 9.4 510
5e 502 9.5 510
5f 501 9.0 511
5g 502 9.8 511
5h 502 8.9 511
5i 502 8.7 511
5j 502 20.3 512
5k 503 16.4 512

All the samples were recorded at 298 K in dichloromethane (concentration of 1-10°mol-LY,
optical density < 0.1).” Maximum of the UV/Vis spectrum. ® Molar extinction coefficient € (M
1cm'lxlo"). “ Maximum of the emission spectrum using Aex = 460 nm.

In order to gain more insight into the nature of the observed absorptions,
time-dependent DFT (TD-DFT) calculations were carried out on complex 5a to

determine the nature of the vertical transitions associated with these absorptions.
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Thus, our calculations indicate that the band at ca. 500nm is the result of the one-
electron promotion from the HOMO to the LUMO, which, as depicted in Figure 5,
can be viewed as m and n*-molecular orbitals fully delocalized within the indacene
moiety. Therefore, it is confirmed that this absorption exclusively involves the
BODIPY moiety. In addition, the band around 470 nm is assigned to the vertical
promotion of one-electron from the HOMO-1 to the LUMO+1. As clearly seen in
Figure 5, the latter molecular orbitals are located at the transition metal fragment
and at the carbene ligand, respectively, thus confirming the MLCT nature of this

absorption.

HOMO-1 LUMO+1

Figure 5. Computed (TD-CAM-B3LYP/def2-SVP level) molecular orbitals of dyad 5a

(isosurface value of 0.05 au).

Figure 6 shows the emission spectra of the parent BODIPY 4, the metal-
carbene complex 5a and the corresponding ester derivate 6 where the
pentacarbonyl-chromium(0) fragment was transformed into a carbonyl group by

exposing 5a to KF in an open air flask for 24h (Scheme 2).**

Me
OEt _F KF, air
(CO)sCr :Q_H<N y ——> 0
—_— ’/F
Ph e

Scheme 2. KF-promoted oxidation of carbene complex 5a into ester 6.
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As readily seen in Figure 6, the fluorescence intensity of the a,f-
unsaturated ester 6 is higher than that measured for the parent BODIPY 4. This
can be ascribed to the m-acceptor ability of the carbonyl group which is able to
accept electronic density coming from the lone pair (LP) of the anilinyl-nitrogen
atom. Indeed, the Second Order Pertubation Theory (SOPT) of the Natural Bond
Orbital (NBO) method clearly indicates that the delocalization of the nitrogen-LP
into the adjacent m*-molecular orbital of the aryl fragment, which is directly
connected to the BODIPY core, is significantly reduced in 6 as compared to 4
(associated SOPT-energies, AE(Z), of =24.6 kcal/mol and —32.5 kcal/mol, for 6 and
4, respectively). As a result, the emission of 6 resembles that of unsubstituted
BODIPYs whereas the emission of the push-pull species 4, where the BODIPY core
behaves as a m-acceptor, is reduced. A similar effect has been observed in BODIPY
derivatives where the anilinyl-nitrogen atom was acylated. Thus, as a
consequence of the delocalization of the nitrogen-LP into the adjacent carbonyl
group instead of into the aryl-BODIPY moiety, a much higher fluorescence

quantum yield has been measured for the acylated species as compared to 4.%

8 —4
] 5a
7 —6
6 -
5
G
=) 4
Ny ]
34
24
1
04
E T i T d T i T y 1
475 500 525 550 575 600
alnm

Figure 6. Emission spectra of the alkoxycarbene complex 5a, its ester counterpart 6, and
the parent BODIPY 4. All measurements were carried out in a diluted solution in

dichloromethane (concentration of ca. 1-10°mol-L?, optical density < 0.1) at 298K.
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According to this explanation based on this w-conjugation competence,
one should expect even a higher emission intensity for the carbene complex 5a
due to the much higher m-acceptor ability of the pentacarbonyl-chromium(0)
fragment compared to the ester moiety of compound 6.° Indeed, the computed
delocalization of the nitrogen-LP into the aryl-BODIPY substituent is, as expected,
lower than in ester 6 (4E(; = —22.1 kcal/mol). However, as shown in Figure 6, the
fluorescence in complex 5a is almost suppressed. Considering that there exists a
clear overlap between of emission spectra of the BODIPY donor fragment and the
Fischer carbene acceptor moiety (see Figure 7a), and the distance between both
chromophores (experimental W(carbene)-C8(BODIPY) distance of 10.8 A in 5b,
computed Cr(carbene)-C8(BODIPY) distance of 10.6 A for 5a), a Dexter-type
energy transfer mechanism, which typically occurs within 10A, seems to be
responsible for the observed significant reduction of the fluorescence intensity.
Moreover, the computed frontier molecular orbitals (FMO) for both isolated
chromophores agree reasonably well with this explanation. As depicted in Figure
7b, both the HOMO and LUMO of the carbene complex are lower in energy than
the corresponding FMO of the fluorophore BODIPY. As a consequence, when the
BODIPY moiety is photoexcited, an intramolecular electron transfer from the
BODIPY fragment to the carbene complex may occur therefore leading to
observed reduced emission. In sharp contrast, the LUMO of the ester
chromophore is higher in energy than the BODIPY-LUMO which precludes a
similar electron transfer mechanism. As a consequence, the fluorescence in the

ester derivative 6 is not quenched as experimentally observed.

(a)

Normalized Absorbance
Normalized Intensity

0,0
— 1% I * [ f & T L ° &1 & & % I I
400 425 450 475 500 526 550 575 600

winm
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(b)

Figure 7. (a) Overlap between the emission spectrum of the donor 4 (dotted lines) and
the absorption spectrum (solid lines) of the acceptor Fischer carbene complex,
(CO)sCr=C(OEt)CH=C(Ph)NHPh. (b) Computed frontier molecular orbitals (isosurface value

of 0.05 au) of the isolated chromophores present in 5a and 6.

Despite the remarkable reduction of the fluorescence intensity, a
noticeable substituent effect on the emission of the strongly related aryl-
substituted dyads 5a-i is observed. As shown in Figure 8, apart from derivative 5i
where the fluorescence is completely suppressed by a well-known photoelectron
transfer mechanism induced by the ferrocenyl group,™ m-donor groups such as
methoxy- or dimethylamino substituents at the 4-position of the aryl group
attached to the B-carbon atom leads to higher emission intensities (5e and 5f)

than m-acceptor groups (like Br or CF3 groups in 5g and 5h, respectively).
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//u.a.

v T .
475 500 525 550 575 600
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Figure 8. Comparison between emission spectra of the aryl-substituted dyads 5. All
measurements were carried out in a diluted solution in dichloromethane (concentration

of 1-10°mol-L™, optical density < 0.1) at 298K.

Indeed, good linear relationships (correlation coefficient of 0.98) have
been found when plotting the measured fluorescence intensity either versus the
corresponding 6,’-Hammett substituent constants™ or the *C-NMR chemical shift
of the carbene carbon atom (see Figures 9a and 9b). Both parameters have been
used as an indirect measure of the conjugative strength in rather different n-

1718 Both linear correlations provide further support to a

conjugated systems.
Dexter-type mechanism as responsible for the observed significant suppression of

the fluorescence in dyads 5.
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Figure 9. Plot of the fluorescence intensity of aryl-substituted dyads 5 versus the o,
Hammett substituent constants (a) and the *C-NMR chemical shift of the carbene carbon

atom (b).

Therefore, the observed substituent effect can be explained by the extent
of the delocalization by means of n-conjugation of the p-aminophenyl-nitrogen LP
into the adjacent aryl-BODIY fragment. Similar to the behaviour in related a,f-

unsaturated Fischer carbenes,™ the m-donor group of the CB-aryl fragment may

114



Inorg. Chem.

delocalize into the transition metal-carbene fragment, which leads to the
resonance form 5f-1 (Figure 10). In turn, the key nitrogen-LP may also delocalize
into the so-formed quinoid resonance structure 5f-1 to produce the additional
stabilizing resonance structure 5f-Il. This delocalization into the carbene ligand
therefore involves a reduction of the delocalization into the BODIPY-fragment,
and as a result, the fluorescence emission of the donor-substituted dyads 5e,f is
higher than hydrogen-substituted 5a or m-acceptor substituted 5g,h. Further
support to this hypothesis is provided by dyad 5¢, where the B-aryl fragment is
replaced by a n-butyl group. In this species, the delocalization of the nitrogen-LP is
severely hampered, as only weak hyperconjugation is possible. As a consequence,
the measured fluorescence intensity for this dyad is low, and comparable to CFs-
substituted dyad 5h. In addition, our DFT calculations also agree with this remote
control of the emission by m-conjugation. According to this control, one should
expect a lower value of the delocalization of the nitrogen-LP into the aryl-BODIPY
for -NMe; and -OMe substituted dyads 5e,f than for the parent species 5a (R = Ph)
or the butyl-substituted compound 5c. Indeed, the computed SOPT-energies
nicely follow the predicted trend: AE® = -20.5 kcal/mol (5f) < -21.0 kcal/mol (5e) <
-22.1 kcal/mol (5a) < -23.4 kcal/mol (5c).

OFEt

© - F
(CO)sCr—4 HN =
& F
Me Me

/ <>NM€2

Me Me
~, OFEt .. _F St
CO)sCr HN .
( )5\_/ 1 "/F I

NMe2

5f-ll

Figure 10. Possible resonance structures of Fischer carbene complex 5f.
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V.4. Conclusions

From the joint experimental-computational study reported herein, the
following conclusions can be drawn: (i) the attachment of a Fischer-type carbene
complex to a BODIPY moiety through a p-aminophenyl group linked at the C8
carbon atom of the BODIPY core does not alter significantly the absorption
properties of both chromophores. (ii) In all cases, the UV-Vis spectra of the novel
organometallic dyads are characterized by three main absorptions in the range of
350-550 nm, where the more intense band (located at Anac = 500 nm) can be
assigned to the typical m-n* transition involving the BODIPY fragment. (iii) Despite
that, it is found that the pentacarbonyl-metal fragment dramatically reduces the
corresponding fluorescence emission properties of the BODIPY moiety. (iv) This is
very likely the result of a Dexter-type energy transfer mechanism as inferred by
the noticeable influence on the emission intensity by substituents placed at the 4-
position of the aryl group attached to the P-carbon atom of the carbene
complexes 5. (v) Further support to this finding is provided by DFT-calculations
and by the good linear relationships observed when plotting the emission
intensity versus the Hammett-parameters and BC-.NMR chemical shifts of the
carbene carbon atom. (vi) Therefore, it can be concluded that the emission
properties of the BODIPY core can be controlled by means of n-conjugation even

by remote substituents placed at the C8 position.
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V.5. Computational Details

Geometry optimizations without symmetry constraints were carried out
using the Gaussian09 suite of programs20 using the B3LYP?' functional in
combination with the double-C plus polarization def2-SVP basis sets®? for all
atoms. This level is denoted B3LYP/def2-SVP. Stationary points were characterized
as minima by calculating the Hessian matrix analytically at this level. Calculations
of absorption spectra were accomplished by using the time-dependent density
functional theory (TD-DFT)?® method at the same level. TD-DFT calculations were
performed in n-hexane as solvent using the polarizable continuum model (PCM)
method.?* The assignment of the excitation energies to the experimental bands
was performed on the basis of the energy values and oscillator strengths
computed at the CAM-B3LYP?*/def2-SVP level. Second-Order Pertubation Theory
calculations were carried out by using the natural bond orbital (NBO) method.”®

V.6. Experimental Section

General Procedures. All reactions were carried out under argon
atmosphere unless otherwise stated. All solvents used in this work were purified
by distillation and were freshly distilled immediately before use. Tetrahydrofuran
(THF) was purified using a Pure Solv PS-MD-5 system. Flame-dried glassware was
used for moisture-sensitive reactions. Silica gel (Merck: 230-400 mesh) was used
as stationary phases for purification of crude reaction mixtures by flash column
chromatography. Identification of products was made by thin-layer
chromatography (Kieselgel 60F-254). UV light (A 254nm) and 5% phosphomolybdic
acid solution in 95% EtOH were used to develop the plates. NMR spectra were
recorded at 25 °C in CDCl;, on 300 (300 MHz for 'H and 75 MHz for *C)
spectrometers. Chemical shifts are given in ppm relative to CDCl; (*H, 7.27 ppm
and 3C, 77.0 ppm).

Absorption and Fluorescence Spectroscopies. All experiments were
carried out at 298 K, in dichloromethane (concentration of ca. 1-10°mol-L?,
optical density < 0.1), using quartz cuvettes with optical paths of 1 cm. UV
absorption spectra were registered using a UVICON XL spectrophotometer (BioTex
Instruments). Steady-state fluorescence spectra were recorded using an AMINCO
Bowman Series 2 spectrofluorometer, with 1.0 nm bandwidth for emission and
excitation. The excitation wavelengths were fixed at 450 nm and 500 nm in the
measurement of the emission spectra. The emission wavelength was fixed at 550
nm for the determination of all the excitation spectra.

All commercially available products were used without further purification.
The following metal-carbenes were prepared according to previously described
methods:  pentacarbonyl[(ethoxy)(phenylethynyl)carbene]chromium(0) 3a,”
pentacarbonyl[(ethoxy)(phenylethynyl)carbene]tungsten(0) 3b, %
pentacarbonyl[(ethoxy)(n-butylethynyl)carbene]chromium(0) 3¢,
pentacarbonyl[(ethoxy)(2-(4-methylphenyl)ethynyl)carbene]chromium(0) 3d,”
pentacarbonyl[(ethoxy)(2-(4-methoxyphenyl)ethynyl)carbene]chromium(0) 3e,”
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pentacarbonyl[(2-(4-dimethylaminophenyl)ethynyl)(ethoxy)carbene]  chromium
(0) 3f,*° pentacarbonyl[(ethoxy)(2-(4-bromophenyl)ethynyl)carbene]chromium (0)
3g,’! pentacarbonyl[(ethoxy)(2-(p-trifluoromethylphenyl)ethynyl)cabene]-
chromium  (0) 3h,'® pentacarbonyl[(ethoxy)(2-ferrocenylethynyl)carbene]-
chromium(0) 3i,1° decacarbonyl-[1,3-phenylenediethynyl)bis(ethoxycarbene)]-
dichromium(0) 3j'® and decacarbonyl-[1,4-biphenylenediethynyl)bis(ethoxy-
carbene)]dichromium(0) 3k.*? 4,4-Difluoro-8-(4-aminophenyl)-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacene 4, were prepared according to the
literature.?

General procedure for 1,4-addition of amines to alkynylidene carbene
complexes. To a solution of the corresponding alkynylidene carbene complex (1
mmol) and the BODIPY 4 (1 mmol) in anhydrous THF (40 mL) were stirred at room
temperature until total disappearance of the starting material (checked by TLC).
The solvent was removed under reduced pressure and the product purified by
flash chromatography (hexane/EtOAc, 5:1) on silica gel under argon pressure.

Complex 5a: A solution of 3a (100 mg, 0.29
mmol) and BODIPY 4 (98 mg, 0.29 mmol) in 11.6
mL of dry THF was stirred for 3 hours. The
solvent was removed under reduced pressure
and the «crude was purified by flash
chromatography to yield complex 5a as a dark red solid (192 mg, 96%). *H NMR
(300 MHz, ppm): & 10.42 (s, 1H), 7.45-7.29 (m, 5H), 7.07 (d, J = 8.3 Hz, 2H), 6.83 (d,
J=8.3 Hz, 2H), 6.74 (s, 1H), 5.99 (s, 2H), 5.07 (q, J = 7.0 Hz, 2H), 2.55 (s, 6H), 1.74
(t, J = 7.0 Hz, 3H), 1.37 (s, 6H). 3¢ NMR (75 MHz, ppm): 6 304.9, 224.0, 218.0,
155.6, 145.9, 142.6, 140.2, 139.2, 134.6, 131.6, 131.2, 130.4, 129.1, 128.8, 128.7,
123.7, 122.6, 121.3, 74.7, 15.7, 14.6, 14.5. IR (CH,Cl,): v 2050, 1909, 1583, 1541,
1511, 1471, 1409, 1374, 1308, 1195, 1157, 1089, 983, 668 cm™. HRMS (ESI): m/z
calcd for C3sH31BCrF,N3Og [M + H] 690.1679, found 690.1663.

(CO)sCr

Complex 5b: A solution of 3b (142 mg, 0.29
mmol) and BODIPY 4 (100 mg, 0.29 mmol) in 11.8
mL of dry THF was stirred for 2 hours. The solvent
was removed under reduced pressure and the
crude was purified by flash chromatography to
yield complex 5b as a red solid (212 mg, 87%). 'H NMR (300 MHz, ppm): & 10.54 (s,
1H), 7.46-7.29 (m, 5H), 7.07 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H), 6.78 (s, 1H),
5.99 (s, 2H), 4.91 (q, J = 7.0 Hz, 2H), 2.55 (s, 6H), 1.72 (t, J = 7.0 Hz, 3H), 1.37 (s,
6H). *C NMR (75 MHz, ppm): & 280.6, 203.7, 198.7, 155.6, 149.9, 142.6, 140.2,
139.1, 1345, 131.8, 131.1, 130.5, 128.9, 128.8, 128.7, 125.4, 123.7, 121.3, 76.6,
15.5, 14.6, 14.5. IR (CH,Cl,): v 2058, 1902, 1583, 1538, 1511, 1472, 1409, 1374,
1308, 1194, 1156, 1089, 982, 598 cm™. HRMS (ESI): m/z calcd for C3sH31BF,N3OgW
[M + H] 822.1783, found 822.1744.

OEt
(CO)sW HN

Complex 5c: A solution of 3¢ (49 mg, 0.15 mmol)
(CO)sCr HN B and BODIPY 4 (50 mg, 0.15 mmol) in 6.0 mL of
1«_\; | “F dry THF was stirred for 1 hour. The solvent was

M
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removed under reduced pressure and the crude was purified by flash
chromatography to yield complex 5c as an orange solid (77 mg, 79%). 'H NMR
(300 MHz, ppm): 6 10.57 (s, 1H), 7.38 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H),
6.49 (s, 1H), 6.02 (s, 2H), 4.94 (q, J = 7.1 Hz, 2H), 2.57 (s, 6H), 2.36-2.31, (m, 2H),
1.62 (t, J = 7.1 Hz, 3H), 1.50-1.46 (m, 2H), 1.43 (s, 6H), 1.34-1.24 (m, 2H), 0.85 (t, J
= 7.3 Hz, 3H). *C NMR (75 MHz, ppm): & 297.0, 223.8, 218.4, 156.0, 153.5, 142.5,
139.8, 137.8, 134.1, 131.2, 129.6, 125.7, 121.5, 119.9, 74.1, 32.3, 30.6, 22.4, 15.9,
14.6, 14.5, 13.6.. IR (CH,Cl,): v 2049, 1907, 1544, 1511, 1470, 1411, 1374, 1307,
1195, 1157, 1084, 983, 670 cm™. HRMS (ESI): m/z calcd for C33H3sBCrF,N3Og [M +
H] 670.1992, found 670.1993.

Complex 5d: A solution of 3d (54 mg, 0.15 mmol)
and BODIPY 4 (50 mg, 0.15 mmol) in 5.8 mL of
dry THF was stirred for 6 hours. The solvent was
removed under reduced pressure and the crude
was purified by flash chromatography to yield

Me complex 5d as a dark red solid (85 mg, 81%). ‘H
NMR (300 MHz, ppm): & 10.41 (s, 1H), 7.24 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.6 Hz,
2H), 7.08 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.2 Hz, 2H), 6.72 (s, 1H), 6.00 (s, 2H), 5.04
(9, = 7.0 Hz, 2H), 2.55 (s, 6H), 2.38, (s, 3H), 1.72 (t, J = 7.0 Hz, 3H), 1.38 (s, 6H). *C
NMR (75 MHz, ppm): 6 304.0, 224.0, 218.1, 155.7, 146.2, 142.6, 141.0, 140.3,
139.4, 131.6, 131.2, 129.4, 129.1, 128.9, 123.6, 122.6, 121.3, 74.5, 21.4, 15.8,
14.6. IR (CH,Cl,): v 2049, 1907, 1580, 1539, 1510, 1471, 1411, 1373, 1307, 1194,
1156, 1088, 982, 667 cm™. HRMS (ESI): m/z calcd for CsgH33BCrF,N3Og [M + H]
704.1836, found 704.1842.

OFt
(CO)sCr HN

Complex 5e: A solution of 3e (56 mg, 0.15 mmol)
and BODIPY 4 (50 mg, 0.15 mmol) in 5.8 mL of
dry THF was stirred for 18 hours. The solvent was
removed under reduced pressure and the crude
was purified by flash chromatography to yield
complex 5e as a dark red solid (78 mg, 74%). *H
NMR (300 MHz, ppm): 6 10.37 (s, 1H), 7.30 (d, J = 8.7 Hz, 2H), 7.10 (d, J = 8.3 Hz,
2H), 6.85 (d, J = 8.3 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 6.71 (s, 1H), 5.99 (s, 2H), 5.02
(9,J = 7.0 Hz, 2H), 3.84 (s, 3H), 2.55 (s, 6H), 1.70 (t, J = 7.0 Hz, 3H), 1.39 (s, 6H). °C
NMR (75 MHz, ppm): & 303.0, 224.0, 218.1, 161.4, 155.7, 145.9, 142.6, 140.3,
139.6, 131.6, 131.3, 130.9, 128.9, 126.4, 123.6, 122.5, 121.3, 114.2, 74.5, 55.4,
15.8, 14.6. IR (CH,Cly): v 2048, 1910, 1582, 1543, 1512, 1471, 1409, 1375, 1305,
1196, 1089, 980, 667 cm™. HRMS (ESI): m/z calcd for C3gH33BCrF;N30; [M + H]
720.1785, found 720.1768.

OFt
(CO)sCr HN

OMe

Complex 5f: A solution of 3f (58 mg, 0.15 mmol)
and BODIPY 4 (50 mg, 0.15 mmol) in 5.8 mL of
dry THF was stirred for 24 hours. The solvent was
removed under reduced pressure and the crude
was purified by flash chromatography to vyield
NMe, complex 5f as a dark red solid (62 mg, 58%). ‘H

OFEt
(CO)sCr HN
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NMR (300 MHz, ppm): & 10.35 (s, 1H), 7.24 (d, J = 8.7 Hz, 2H), 7.10 (d, J = 8.3 Hz,
2H), 6.90 (d, J = 8.3 Hz, 2H), 6.72 (s, 1H), 6.54 (d, J = 8.7 Hz, 2H), 5.99 (s, 2H), 4.96
(g, J = 7.0 Hz, 2H), 3.02 (s, 6H), 2.55 (s, 6H), 1.66 (t, J = 7.0 Hz, 3H), 1.4. (s, 6H). *3C
NMR (75 MHz, ppm): & 298.0, 224.1, 218.4, 155.6, 151.8, 147.2, 142.6, 140.6,
140.3, 131.3, 131.1, 131.0, 128.8, 123.4, 122.1, 121.3, 120.2, 111.3, 74.0, 40.0,
15.8, 14.7, 14.6. IR (CH,Cl,): v 2048, 1911, 1579, 1543, 1521, 1473, 1408, 1371,
1308, 1198, 1157, 1089, 983, 669 cm™. HRMS (ESI): m/z calcd for C37H36BCrF,N406
[M + H] 733.2101, found 733.2091.

Complex 5g: A solution of 3g (33 mg, 0.08 mmol)
and BODIPY 4 (26 mg, 0.08 mmol) in 3.1 mL of
dry THF was stirred for 4 hours. The solvent was
removed under reduced pressure and the crude
was purified by flash chromatography to yield
complex 5g as a dark red solid (61 mg, 98%). ‘H
NMR (300 MHz, ppm): & 10.29 (s, 1H), 7.44 (d, J = 8.6 Hz, 2H), 7.22 (d, J = 8.6 Hz,
2H), 7.11 (d, J = 8.2 Hz, 2H), 6.84 (d, J = 8.2 Hz, 2H), 6.69 (s, 1H), 6.00 (s, 2H), 5.06
(9, J = 7.0 Hz, 2H), 2.55 (s, 6H), 1.73 (t, J = 7.0 Hz, 3H), 1.36 (s, 6H). 3C NMR (75
MHz, ppm): & 307.3, 223.9, 217.9, 155.8, 144.1, 142.5, 140.0, 139.1, 133.7, 132.1,
132.0, 131.2, 130.6, 129.1, 124.9, 123.8, 122.5, 121.4, 74.8, 15.8, 14.6. IR (CH,Cl,):
v 2049, 1911, 1537, 1468, 1409, 1374, 1305, 1193, 1083, 980, 664 cm™. HRMS
(ESI): m/z calcd for C3sH30BBrCrF,N3Og [M + H] 768.0784, found 768.0705.

(CO)sCr

Br

Complex 5h: A solution of 3h (62 mg, 0.15 mmol)
and BODIPY 4 (50 mg, 0.15 mmol) in 6.0 mL of
dry THF was stirred for 4 hours. The solvent was
removed under reduced pressure and the crude
was purified by flash chromatography to yield
complex 5h as a dark red solid (111 mg, 98%). 'H
NMR (300 MHz, ppm): 6 10.28 (s, 1H), 7.58 (d, J =
8.2 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.4 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H),
6.72 (s, 1H), 5.99 (s, 2H), 5.10 (q, J = 7.0 Hz, 2H), 2.54 (s, 6H), 1.75 (t, J = 7.0 Hz,
3H), 1.32 (s, 6H). °C NMR (75 MHz, ppm): & 309.0, 223.8, 217.7, 155.9, 143.5,
142.4, 139.9, 138.9, 138.6, 132.3, 132.2, 131.8, 131.2, 129.5, 129.2, 125.6 (q, J =
3.7 Hz), 124.0, 122.6, 121.4, 75.0, 15.8, 14.5, 14.5. IR (CH,Cl,): v 2051, 1909, 1584,
1541, 1513, 1471, 1414, 1375, 1309, 1194, 1157, 1087, 983, 667 cm™. HRMS (ESI):
m/z calcd for C3gH3oBCrFsNsOg [M + H] 758.1553, found 758.1583.

OFt
(CO)sCr HN

CF3

Complex 5i: A solution of 3i (135 mg, 0.29 mmol)
and BODIPY 4 (100 mg, 0.29 mmol) in 11.8 mL of
dry THF was stirred for 6 hours. The solvent was
removed under reduced pressure and the crude
QFe was purified by flash chromatography to yield
complex 5i as a dark red solid (108 mg, 46%). 'H

NMR (300 MHz, ppm): & 10.46 (s, 1H), 7.20 (s, 1H), 7.14 (d, J = 8.2 Hz, 2H), 6.93 (d,
J=8.2 Hz, 2H), 6.00 (s, 2H), 4.90 (q, J = 7.0 Hz, 2H), 4.37-4.32 (m, 4H), 4.28 (s, 5H),
2.55 (s, 6H), 1.61 (t, J = 7.0 Hz, 3H), 1.42 (s, 6H). *C NMR (75 MHz, ppm): & 293.2,

OEt
(CO)sCr HN
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223.9, 218.7, 155.7, 149.5, 142.6, 140.3, 139.6, 132.0, 131.3, 128.8, 124.1, 123.2,
121.4,78.4,73.9,71.3,71.2,70.4, 15.7, 14.7, 14.6. IR (CH,Cl,): v 2046, 1905, 1578,
1542, 1510, 1471, 1411, 1314, 1308, 1197, 1157, 1079, 983, 669 cm™. HRMS (ESI):
m/z calcd for C3gH3sBCrF,FeNsOg [M + H] 798.1342, found 798.1350.

Complex 5j: A solution of 3j (46 mg, 0.075 mmol)
and BODIPY 4 (50 mg, 0.15 mmol) in 6.0 mL of

(CO)sCr dry THF was stirred for 30 minutes. The solvent
was removed under reduced pressure and the
crude was purified by flash chromatography to
yield complex 5j as a dark red solid (68 mg, 70%).

(CO)sCr 'H NMR (300 MHz, ppm): & 10.24 (s, 2H), 7.46-

7.43 (m, 3H), 7.31 (d, J = 7.4 Hz, 1H), 7.09 (d, J =
8.3 Hz, 4H), 6.75 (d, J = 8.3 Hz, 4H), 6.71 (s, 2H),
5.91 (s, 4H), 5.10 (q, J = 6.9 Hz, 4H), 2.52 (s, 12H), 1.75 (t, J = 6. Hz, 6H), 1.28 (s,
12H). 3¢ NMR (75 MHz, ppm): 6 309.3, 223.8, 217.7, 155.9, 142.3, 142.2, 149.7,
139.0, 135.5, 131.8, 131.1, 131.0, 129.8, 129.4, 129.1, 123.0, 122.9, 121.4, 75.0,
15.8, 14.6, 14.4. IR (CH,Cl,): v 2051, 1913, 1586, 1542, 1512, 1467, 1410, 1374,
1308, 1194, 1157, 1089, 982, 667 cm™. HRMS (ESI): m/z calcd for
C54H54BzCF2F4N6N8012 [M + Na] 13232630, found 1323.2669.

Complex 5k: A solution of 3k (52 mg, 0.075
mmol) and BODIPY 4 (50 mg, 0.15 mmol) in 6.0
mL of dry THF was stirred for 3 hours. The
solvent was removed under reduced pressure
and the crude was purified by flash
chromatography to yield complex 5k as a dark
red solid (90 mg, 89%). *H NMR (300 MHz, ppm):
& 10.37 (s, 2H), 7.49 (d, J = 8.5 Hz, 4H), 7.44 (d, J
= 8.5 Hz, 4H), 7.10 (d, J = 8.4 Hz, 4H), 6.86 (d, J =
8.4 Hz, 4H), 6.77 (s, 2H), 5.95 (s, 4H), 5.07 (q, J =
7.0 Hz, 4H), 2.53 (s, 12H), 1.74 (t, J = 7.0 Hz, 6H),
1.37 (s, 12H). 3C NMR (75 MHz, ppm): 6 306.3, 223.9, 218.0, 155.9, 144.6, 142.4,
141.6, 140.1, 139.3, 134.4, 131.8, 131.2, 129.9, 129.0, 127.2, 123.6, 122.7, 121.4,
74.8, 15.8, 14.6, 14.5. IR (CH,Cl,): v 2049, 1906, 1579, 1540, 1521, 1470, 1409,
1374, 1308, 1193, 1156, 1089, 982, 667 cm™. HRMS (ESI): m/z calcd for
C7oHssB,CryF4NgNaO1; [M + Na] 1399.2943, found 1399.2964.

Oxidation of complex 5a into 6. In an open-air flask,
KF (7 mg, 0.11 mmol) was added to a solution of
complex 5a (50 mg, 0.075 mmol) in 2.3 mL of DME.
The reaction was carried out at room temperature for
24 hours (checked by TLC). Silica gel was added, the
solvent was removed under reduced pressure and the
crude was purified by flash chromatography to yield BODIPY 4 as an orange solid
(20 mg, 52%). *H NMR (300 MHz, ppm): & 10.36 (s, 1H), 7.35-7.26 (m, 5H), 6.99 (d,
J=8.4Hz, 2H), 6.79 (d, J = 8.4 Hz, 2H), 5.96 (s, 2H), 5.10 (s, 1H), 4.24 (g, / = 7.1 Hz,
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2H), 2.53 (s, 6H), 1.36 (s, 6H), 1.35 (t, J = 7.1 Hz, 3H). *C NMR (75 MHz, ppm): &
170.2, 158.7, 155.3, 142.9, 141.3, 141.2, 135.5, 131.5, 129.6, 129.5, 128.4, 128.3,
128.3, 123.4, 121.1, 91.9, 59.5, 14.6, 14.6, 14.5. IR (CH,Cl,): v 1659, 1605, 1546,
1512, 1471, 1409, 1368, 1285, 1188, 1082, 980, 705.6 cm™>. HRMS (ESI): m/z calcd
for C30H318F2N302 [|V| + H] 514.2477, found 514.2492.

Crystal data for compound 5b: C3sH30BF:N3OsW, M = 821.28, triclinic, a =
9.6685(19), b = 16.122(3), c = 22.139(4) A, o= 78.12(3), = 82.89(3), = 89.30(3)°,
V =3350.8(12) A%, space group P1, Z=4, T=120(2) K, > = 0.71073 A, Dcaicq = 1.628
g-cm'3, 1 =3.508 cm™, 38333 reflections measured, 19606 unique (Rint = 0.0183),
crystal structure was solved by direct methods and all non hydrogen atoms
refined anisotropically on F* using the programs SHELXT and SHELXL-2014,* N-H
hydrogen atoms were found in a Fourier difference map and refined with a
restrained N-H distance, methyl groups hydrogen atoms were included using a
rigid model and other hydrogen atoms as riding, R (Fo, | > 25(1)) = 0.0213, Ry (Fo2,
all data) = 0.0728.
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VI. CAPITULO 4






VI.1. Fluorescence Quenching in BODIPYs Having Ir- and Rh-Tethered
Complexes

Abstract: The effect of Rh- and Ir-centers on the optical properties of the
BODIPY core is studied. To this end, novel metal complexes tethered to BODIPY
have been prepared through an easy and versatile procedure using N-directed C—H
activation reactions. The organometallic moiety has a tremendous influence on the
emissive properties of the BODIPY fragment. A Photoinduced Electron Transfer
(PET) mechanism is suggested as the main mechanism responsible for the
suppression of the BODIPY fluorescence emission in the newly formed dyads. The
efficiency of the PET depends on both the distance between the chromophores in
the dyad and the nature of the transition metal (Rh vs Ir).

In press: Eur. J. Inorg. Chem., doi: 10.1002/ejic.201501283
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VI.2. Introduction

The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)1 core is arguably
one of the most versatile organic luminophore having useful applications in
different fields ranging from sensors to medicinal chemistry. The chemistry of
BODIPY derivatives and their applications have been profusely reviewed.? The
importance of BODIPYs is due to their photophysical properties that include
intense visible absorption, relatively sharp fluorescence combined with high
guantum vyield and good thermal and photochemical stabilities (including
reasonable stability to physiological conditions). As a consequence, a significant
number of synthetic methodologies have been developed allowing the access to

BODIPY derivatives with tunable properties.*

One additional feature of the BODIPY motif is its susceptibility to
experience drastic changes in its emission properties derived from subtle changes
in its structure. Therefore, attaching a transition metal complex to a BODIPY core
is particularly attractive, in terms of manipulation of the photophysical properties
of this system. In fact, the properties of transition metal complex—BODIPY dyads
can be drastically changed by modifying either the nature of the transition metal
or the surrounding ligands. Obviously, the distance between the metal center and
the BODIPY is an additional variable to play with. Therefore, it is not strange that
several metal-BODIPY systems have been prepared,® spanning from discrete
organometallic structures to complex metal-organic frameworks (MOFs).
Nevertheless, the versatile and efficient C-H activation/cyclometaIIation4
sequence has not been reported to prepare transition metal complex—BODIPY

dyads so far.

Work from our laboratories has shown that the attachment of a group 6
metal (Fischer) carbene complex to the pyrrole unit of the BODIPY core is able to
modulate the emission of the fluorophore by controlling the planarity and m-
conjugation of the system.ab Thus, whereas alkoxy-carbene complexes 1
containing a planar dyad are non-emissive, non-planar complexes 2 are emissive.

Interestingly, the related thio-carbene complexes 3 show an intermediate
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emission behavior, in concordance with the intermediate angle between the

BODIPY and the metal-carbene center compared to 1 and 2 (Figure 1).

Figure 1. BODIPY-metal (Fischer) carbene complexes previously studied.

Following these results we devised the possibility of tethering a metal
center to the BODIPY core by using a preformed all-organic fluorophore and
placing the metal moiety using a C—H activation/cyclometallation sequence in an
adequate tether.” In this way, by modifying the distance between the two
components of the dyad, the influence of the transition metal fragment on the
emission properties of the dyad will be studied. Different to the usual work in
which the proximity of the metal to the BODIPY is used to quench the
fluorescence of the emissive system (probe-off state),3h in this approach the
existence of fluorescence will be used as a probe for studying the effect of the

metal on the luminescence of the boron fluorophore.

VI.3. Results and Discussion

Compounds 7-9 (Scheme 1) were chosen for these studies. These
compounds share two common features, namely an easy, straightforward
synthetic route toward the carbon-boron framework and the structure required
for incorporating the transition metal fragment by N-directed C-H
activation/cyclometallation. Additionally, they are versatile in terms of being
suitable to place different tethers separating the boron fluorophore from the
transition metal moiety. In this regard, aldehydes 4 were reacted with pyrroles 5
to form dipyrromethanes 6, which upon treatment with DDQ and subsequent

reaction with EtsN and Et,O-BF; formed BODIPYs 7. Then, exposure of one
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equivalent of BODIPY derivatives 7 to 0.5 equivalents of [MCp*Cl,]; (M = Ir and
Rh) in the presence of NaOAc in CH,Cl, as solvent at room temperature affords
the organometallic dyads 8 and 9 in good to excellent yields (55 to 97%, Scheme
1).

1.DDQ, CH,Cl,
—_—_—

4bn= 2. Et3N, BF3.Et,0
R

R
R =H,n=0 (30 —H.n=0(329 8(n=0)
222-'&’” 2 o tcon TaR=H n=0(32%) 8a, R =H, M= Ir (75%)
= =Me, n =0 (80%) 7b R =Me, n=0 (87%) 8b R =Me M= Ir (55%
NN R T = 1(50%) feR=H n=1(29%) 8c. R= H i}l—F_ahr(éW;)
N = = 9 = = 0, , R= 1M, = (]
d H 6d R=Me, n=1(45%) 7d R=Me, n=1(18%) 80, R = Me, M < Rh (35%)
9(n=1)
S RW 9a, R=H, M =1Ir (86%)
SbR=Me 9b R =Me, M = Ir (91%)

9¢c, R = H, M = Rh (76%)
9d, R = Me, M = Rh (97%)

Scheme 1. The synthesis of the compounds used in this work.

Standard 1D- and 2D-NMR techniques were used to characterize the novel
BODIPY derivatives. The spectroscopical data are compatible with the formation
of the five-membered irida- and rhodacycles. For instance, the BC-NMR spectra of
metallated derivatives 8 and 9 clearly confirm the presence of the aromatic
carbon atom directly attached to the metal (6 = 167 and 180 ppm, for Ir and Rh,
respectively). In addition, single crystals of compounds 8b and 9d suitable for X-
ray diffraction analysis were grown. The resulting X-ray structures (Figure 2) fully
confirm that the novel dyads result from the N-directed C-H bond

activation/cyclometallation reaction in the 2-pyridylaryl moiety.6
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Figure 2. Ellipsoid plot (50% probability level) for compounds 8b (up) and 9d (bottom).
Selected bond lengths (fk) and angles (°): 8b. Ir(1)-C(12) 2.027(2), Ir(1)-N(1) 2.089(2), Ir(1)-
Cl(1) 2.4170(7), C(12)-Ir(1)-N(1) 78.27(9), C(12)-Ir(1)-CI(1) 85.27(7), N(1)-Ir(1)-Cl(1)
87.89(6), N(21)-B(1)-N(31) 106.6(2); 9d. Rh(1)-C(43) 2.0340(17), Rh(1)-N(51) 2.0869(15),
Rh(1)-Cl(1) 2.4025(5), C(43)-Rh(1)-N(51) 78.82(6), C(43)-Rh(1)-Cl(1) 90.17(5), N(51)-Rh(1)-
Cl(1) 87.50(4), N(1)-B(1)-N(11) 106.66(15).

The structure of the novel BODIPY derivatives 8 and 9 deserves further
discussion. As clearly seen in Figure 2, the organometallic fragment is nearly
orthogonal to the BODIPY core (C—C—C—C dihedral angle of 99.3° and 90.6° for 8b
and 9d, respectively). The lack of coplanarity between both moieties of the dyad is
mainly due to the steric hindrance of the indacene methyl groups as reported for
related non-organometallic BODIPY derivatives.”® Density Functional Theory (DFT)
calculations’ on 8a, lacking the indacene methyl groups, indicate that both
fragments are more planar in the gas-phase equilibrium geometry (dihedral angle
of —52.5°). This subtle structural difference makes 8a and the rest of hydrogen
substituted BODIPY’s non-emissive (see below) due to the unrestricted C8-aryl

rotation.®

The influence of the structure of compounds 8 and 9 on their
photophysical properties was studied next using a combination of experimental

and computational tools. Figure 3 shows the UV/Vis spectra of compounds 8a-d

133



Capitulo 4

together with non-metallated BODIPY’s 7a, and 7b recorded at 298 K in CH,Cl,
with a concentration of 1-10°mol-L™. Figure 4 shows the analogous spectra of
compounds 9a-d and the non-metallated BODIPY’s 7c and 7d. Table 1 compiles
the data in Figures 3 and 4. Clearly, the intense absorption of the parent BODIPYs
7a-d at Ana = 500 nm remains unaltered by the presence of the metallacycle
(compounds 8a-d and 9a-d). Interestingly, the additional aryl ring in compounds 9
has no effect on the position of the wavelength of absorption maxima. These
results suggest that the m-conjugation between the metallacycle and the BODIPY
moieties is not significant which allows us to tentatively assign this band to the

typical m-n* absorption involving exclusively the BODIPY core.

7a

8a
5 —8b
8c
— 8d

-10*

g/L-mol" cm’
w
|

04
¥ T y T k T T T : T b
300 350 400 450 500 550 600
r/nm

Figure 3. UV/Vis spectra of compounds 7a, 7b and 8a-d, recorded at 298 K in CH,Cl, with

a concentration of 1-10°mol-L™.
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Figure 4. UV/Vis spectra of compounds 7c, 7d and 9a-d, recorded at 298 K in CH,Cl, with a

concentration of 1-10°mol-L™.

Table 1. Spectral parameters of compounds 7-9.°

Compound Aabs / NM° g Aem / NM® OF
7a 502 3.94 517 0.002
7b 501 6.72 (0.61)° 511 0.452
7c 501 4.40 518 0.009
7d 501 7.47 510 0.557
8a 501 3.72 509 0.001
8c 501 3.75 514 0.001
8b 499 6.32 (0.54)° 510 0.001
8d 500 6.82 510 0.014
9a 500 5.01 511 0.003
9c 500 4.30 515 0.002
9 501 5.65 (0.59)° 510 0.062
9d 500 7.40 510 0.125

? Al of the samples were recorded at 298 K in CH,Cl, (concentration of 10°mol-L", optical density <
0.1). ® Maximum of the UV/Vis spectrum. ¢ Molar extinction coefficient € (L-mol™ -cm™ x10%). a
Calculated TD-DFT oscillator strength. ¢ Maximum of the emission spectrum using Aexc = 450 nm.

Time-dependent DFT (TD-DFT) calculations® were carried out on complexes
8b and 9b and BODIPY 7b to determine the nature of the vertical transitions
associated with the observed UV/Vis absorptions. Our (TD)-DFT calculations nicely
agree with the above tentative assignment. Thus, the band at ca. 500 nm in

compounds 8 and 9 is the result of the one-electron promotion from the HOMO-1
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to the LUMO, which can be viewed as © and ©*-molecular orbitals fully delocalized
within the indacene moiety (see Figure 5). Similar molecular orbitals are involved
in the HOMO - LUMO vertical transition in the parent BODIPY 7b, which further
supports the exclusive involvement of the indacene moiety in the observed
absorption. Moreover no orbital contribution coming from the aryl fragment
attached to the C8 position of the indacene into these molecular orbitals is
observed, thus confirming the spectator role of the metallacycle on the UV/Vis
properties of these BODIPY-derivatives. Again, data above fully support that the n-
conjugation between the Ir or Rh-centres and the BODIPY fragment is almost

negligible.

HOMOT i -5.53

HOMO-1 —5.64

Figure 5. Computed (B3LYP/def2-SVP level) molecular orbitals of 7b and 8a.

The emissive properties of these species were studied next. The emission
of the parent compounds 7b-d (Figure 6) shows the expected strong fluorescence
of the BODIPY core (around 515 nm, quantum vyields of 0.452 and 0.557,

respectively). As commented above, hydrogen substituted BODIPY’s 7a and 7c are
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non-emissive species due to the well-known effect of the unrestricted aryl

rotation attached to the C8-carbon atom.®

//a.u.

T T T T T T
480 500 520 540 560 580 600
A/ nm

Figure 6. Emission spectra of compounds 7. All of the measurements were recorded at

298 K in CH,Cl, with a concentration of 1:10°mol-L™ (Aex = 450 nm; optical density < 0.1).

The emission of complexes 8b, 8d, 9b and 9d is shown in Figure 7. It
becomes evident that the intense fluorescence emission of the BODIPY core in 7b
and 7d is completely quenched in compound 8b (M = Ir) and almost completely in
8d (M = Rh). Albeit in lesser extent, the fluorescence quenching is also strong in
complexes 9b (M = Ir) and 9d (M = Rh) having an additional aryl fragment
(quantum vyields of 0.062 and 0.125, respectively). Again the Rh-complex was less
efficient than the Ir-complex in quenching the BODIPY fluorescence. Obviously,
the introduction of a metal-fragment in non-emissive BODIPYs 7a and 7c provokes

no-changes in the emission of these species.
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/lau.
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Figure 7. Emission spectra of compounds 8b, 8d, 9b and 9d. All of the measurements
were recorded at 298 K in CH,Cl, with a concentration of 1-:10°mol-L™* (Aex = 450 nm;

optical density < 0.1).

In order to understand the origin of the quenching (namely, the origin of
the energy-transfer mechanism), the emission spectrum of the isolated donor
(BODIPY) and the absorption spectra of the acceptor (the transition metal
complex) was measured for the parent phenyl-substituted BODIPY 11 and
phenylpyridine iridium complex 12.'° Figure 8 shows the superimposition of both
spectra where there overlap between the emission of the donor 11 and the
absorption of the acceptor 12 is almost negligible, which makes the energy-
transfer by either a Forster (through space) or a Dexter (through skeleton)
mechanism unlikely for the observed fluorescence quenching in complexes 8b, 8d,

9b and 9d.™
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Figure 8. The emission spectra of the donor 11 and the absorption spectra of the acceptor

12.

Once the mechanisms for the quenching of the fluorescence were ruled
out, a photoinduced electron transfer (PET) quenching mechanism seems to be a
reasonable alternative to explain the experimental findings. DFT calculations were
carried out to investigate the mechanism responsible for the observed
fluorescence quenching in the newly prepared organometallic-dyads. In principle,
upon photoexcitation the BODIPY fragment can act as both electron donor and
electron acceptor. This can be roughly estimated by comparing the relative
energies of the frontier molecular orbitals (FMO) of the fragments present in the
dyads.'? As depicted in Figure 9, the HOMO of the metallacycle is slightly higher in
energy than that of the fluorophore BODIPY. Similarly, the LUMO of the transition-
metal fragment is also higher in energy than that of the BODIPY core. As a
consequence, when the BODIPY moiety is photoexcited, the intramolecular
electron transfer from the metallacyclic moiety to the BODIPY fragment is
energetically favorable (AE = 0.46 eV). Therefore, the BODIPY fragment behaves,

upon photoexcitation, as an electron acceptor. As a result, the fluorescence of the
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BODIPY moiety in dyads 8 is quenched through the so-called acceptor-excited PET
(a-PET) process (®s < 0.01).2 According to the relative FMO energies shown in
Figure 9, a similar a-PET mechanism should occur in dyads 9 which possess an
additional aryl fragment connecting both chromophores. However, the
corresponding fluorescence quantum yields are not negligible (see Table 1) which
suggests that the efficiency of the PET-quenching depends on both the relative
distance between the chromophores in the dyad and the nature of the transition
metal. Thus, the extent of the PET mechanism decreases when lengthening the
distance between the transition metal fragment and the BODIPY core and when

going up in the group 9 (Ir < Rh).**

Figure 9. Proposed photoinduced electron transfer mechanism between BODIPY and

metallacycles present in dyads 8 and 9.

Further experimental support to the above computed molecular orbital
levels is given by the electrochemical data recorded for compounds 7b, 8b and 12.
As readily seen in Figure 10, the oxidation potential of these species follow the
order 0.94 V (12) < 1.01 V (7b) < 1.36 V (8b). The observed electrochemical trend

nicely correlates with the computed energy of the corresponding HOMO: -5.15 eV
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(12) < -5.53 eV (7b) < -5.71 eV (8b) which indicates that a less stabilized (i.e., less

negative) HOMO is translated into a lower oxidation potential.

50

—12
40 —7b
—8b
30 4
<
b
o
i 20
k=
e
=
o 10 4
0
-10 T T T T T T T T
0,00 0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00
ElV

Figure 10. CVs of solutions of compounds 12, 7b and 8b in CH,Cl,/0.1 M [N(nBu),][ClO4]

on a glassy carbon-working electrode.

VI1.4. Conclusions

We have developed an efficient synthetic methodology based on N-
directed C-H bond activation/cyclometallation reaction which allows the efficient
access to novel BODIPY dyads containing irida- and rhodacycles in their structures.
This simple synthetic procedure makes it possible to produce organometallic
BODIPYs differing in the nature of the transition metal fragment, the distance
between the fluorophore and the metal, as well as the substitution of the pyrrole
framework. It is found that the organometallic moiety has little influence on the
position and extinction coefficient of the wavelength of the BODIPY absorption
maxima. On the contrary, the distance between the metal and the BODIPY
influences the emissive properties of irida- and rhoda-BODIPYs. Thus, dyads
having the metal-center and the BODIPY separated by a phenyl ring are non-
emissive, while a noticeable emission is observed when the metal and the BODIPY

are separated by two phenyl groups.
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Since the overlap between the emission of the donor fragment and the
absorption of the acceptor moiety is negligible, either an energy-transfer by
traditional Forster or Dexter mechanisms can be ruled out as responsible for the
observed fluorescence quenching. According to DFT calculations, the observed
complete suppression of the intense BODIPY fluorescence is due to an acceptor-
excited PET-quenching mechanism as a result of the donation of electron density
from the transition metal fragment to the photoexcited acceptor BODIPY moiety.
Our results also indicate that the efficiency of the PET depends on both the
distance between both chromophores in the dyad and the nature of the transition
metal fragment, which opens doors to the preparation of new BODIPY derivatives

having tailored photophysical properties.

142



Eur. J. Inorg. Chem.

VI.5. Experimental Section

All reactions were carried out under an argon atmosphere. All solvents
used in this work were purified by distillation and were freshly distilled
immediately before use. Triethylamine (EtsN), N,N-diisopropylethylamine (DIPEA)
and pyrrole were distilled from calcium hydride, whereas dichloromethane
(CH,Cl,) was purified using a Pure Solv PS-MD-5 system. Boron trifluoride diethyl
etherate (Et,0-BFs3) was distilled prior to use. Flame-dried glassware was used for
moisture-sensitive reactions. Silica gel (Merck: 230-400 mesh) were used as
stationary phases for purification of crude reaction mixtures by flash column
chromatography. Identification of products was made by thin-layer
chromatography (Kieselgel 60F-254). NMR spectra were recorded at 25 °C in
CDCls, on Bruker Avance 300 (300 MHz for *H and 75 MHz for *3C). Chemical shifts
are given in ppm relative to CDCl; (*H, 7.27 ppm and *3C, 77.0 ppm). IR spectra
were taken on a MIR (8000-400 cm™) spectrometer as solid films by slow
evaporation of the solvent using the ATR (attenuated total reflectance) technique.
MS spectra (HRMS) were acquired on a QTOF 6520: HP-1200 (Agilent
Technologies) mass spectrometer.

All commercially available products were used without further purification. 2-(4-
bromophenyl)pyridine> and  4-(2-pyridyl)benzaldehyde'® were prepared
according to literature.

Absorption and fluorescence spectroscopy. Experiments were carried out at 298
K, in CH,Cl, (concentration of ca. 10° mol-L?, optical density < 0.1), using quartz
cuvettes with optical paths of 1 cm. UV absorption spectra were registered using a
UVICON XL spectrophotometer (Bio-Tex Instruments). Steadystate fluorescence
spectra were recorded using an AMINCO Bowman Series 2 spectrofluorometer,
with 1.0 nm bandwidth for emission and excitation. The excitation wavelengths
were fixed at 450 nm and 500 nm in the measurement of the emission spectra.
The emission wavelength was fixed at 550 nm for the determination of all the
excitation spectra. The fluorescence quantum vyields (@) were determined using
the following equation:*’

where @, is the quantum vyield, / is the area from the integrated emission spectra,
A is the absorbance at the excitation wavelength (A = 496 nm) and n is the
refractive index. The subscript R represents the reference fluorophore and x
stands for the sample. The reference used was fluorescein in NaOH 0.1 M (@x=
0.95).18 The refractive indexes are n, = 1.42 for CH,Cl, and nz = 1.33 for the basic
solution. Quantum yields were calculated with an error of + 0.005.

General synthesis of dipyrromethane derivatives:'®> A mixture of the
corresponding pyrrole (3 mmol), the corresponding aldehyde (1 mmol) and
Amberlyst 15 (20 mg) was stirred at 80 °C. The mixture was stirred until total
disappearance of the starting material (checked by TLC). The reaction crude was
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cooled to room temperature, diluted with CH,Cl, and filtered. The solvent was
removed under reduced pressure and purified by flash chromatography on silica
gel (hexane/EtOAc).

| A Dipyrromethane 6a: Pyrrole (988 mg, 14.7 mmol), 4-(2-

N pyridin)benzaldehyde (900 mg, 4.9 mmol) and Amberlyst 15 (105
mg) was stirred at 80 °C for 1 hour. After completion of the reaction,
the mixture was cooled to room temperature, diluted with CH,Cl,
and filtered. The solvent was removed under reduced pressure and
purified by flash chromatography on silica gel to yield compound 6a
as a dark brown solid (435 mg, 30%). 'H NMR (300 MHz, ppm): &
8.62 (d, J = 4.9 Hz, 1H), 8.39 (bs, J = Hz, 2H), 7.93 (d, J = 8.0 Hz, 2H), 7.77-7.68 (m,
2H), 7.30 (d, J = 8.0 Hz, 2H), 7.22 (t, J = 5.8 Hz 1H), 6.66 (s, 2H), 6.22 (d, J = 2.9 Hz,
2H), 5.98 (s, 2H), 5.46 (s, 1H). **C NMR (75 MHz, ppm): & 156.8, 149.2, 143.0,
137.5, 136.7, 132.2, 128.6, 126.9, 121.9, 120.4, 117.2, 107.9, 107.0, 43.4. IR
(CH,Cl,): v 3348, 3100, 2922, 2850, 1703, 1590, 1566, 1468, 1433, 1403, 1265,
1119, 1094, 761, 725 cm™. HRMS (ESI): m/z calcd for CyoH1gN3 [M + H] 300.1501,
found 300.1502.

= —

N\ NH HN—7

Dipyrromethane 6b: 2,4-dimethylpyrrole (1.1 g, 11.5 mmol), 4-(2-
pyridin)benzaldehyde (700 mg, 3.8 mmol) and Amberlyst 15 (82
mg) was stirred at 80 °C for 1 hour. After completion of the
reaction, the mixture was cooled to room temperature, diluted
with CH,Cl, and filtered. The solvent was removed under reduced
pressure and purified by flash chromatography on silica gel to
yield compound 6b as a dark red solid (754 mg, 56%). ‘H NMR
Me Me (300 MHz, ppm): 6 8.69 (ddd, J = 4.8 Hz, J = 1.9 Hz, J = 1.6 Hz, 1H),
7.93 (AA'XX’ system, J = 8.3 Hz, 2H), 7.80-7.70 (m, 2H), 7.31-7.21 (m, 5H), 5.74 (s,
1H), 5.73 (s, 1H), 5.51 (s, 1H), 2.17 (s, 6H), 1.86 (s, 6H). 3¢ NMR (75 MHz, ppm): &
149.6, 143.2, 137.8, 136.8, 130.2, 128.7, 127.3, 125.8, 125.6, 122.0, 120.6, 115.0,
108.5, 40.3, 13.0, 11.0. IR (CH,Cl,): v 3322, 3055, 2921, 2861, 1696, 1587, 1513,
1466, 1435, 1399, 1286, 1215, 1152, 779, 742 cm™. HRMS (ESI): m/z calcd for
CasH26N3 [M + H] 356.2127, found 356.2096.

Dipyrromethane 6c¢: Pyrrole (543 mg, 8.1 mmol), 4-[4-phenyl-(2-
pyridin)]benzaldehyde 7 (700 mg, 2.7 mmol) and Amberlyst 15 (58
mg) was stirred at 80 °C for 1 hour. After completion of the reaction,
the mixture was cooled to room temperature, diluted with CH,Cl,
and filtered. The solvent was removed under reduced pressure and
purified by flash chromatography on silica gel to yield compound 6¢
as a brown solid (458 mg, 45%). 'H NMR (300 MHz, ppm): & 8.72
(ddd, J = 4.8 Hz, J = 1.8 Hz, J = 1.3 Hz, 1H), 8.08 (d, / = 8.5 Hz, 2H),
8.04 (bs, 2H), 7.90-7.86 (m, 2H), 7.71 (d, J/ = 8.5 Hz, 2H), 7.62 (d, J =
8.3 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 7.28-7.23 (m, 2H), 6.74 (dd, J=3.6 Hz, /= 2.6
Hz, 2H), 6.20 (dd, J = 6.6 Hz, J = 2.6 Hz, 2H), 5.99 (bs, 2H), 5.55 (s, 1H). **C NMR (75
MHz, ppm): 6 156.9, 149.6, 141.5, 141.2, 139.1, 138.1, 136.9, 132.3, 128.8, 127.4,
127.3, 127.2, 122.1, 120.5, 117.3, 108.4, 107.2, 43.7. IR (CH,Cl,): v 3375, 3098,
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3052, 2851, 1695, 1587, 1566, 1467, 1434, 1397, 1262, 1117, 1091, 1027, 838,
771, 722 cm™. HRMS (ESI): m/z calcd for CysH»N3 [M + H] 376.1814, found
376.1798.

Dipyrromethane 6d: 2,4-dimethylpyrrole (771 mg, 8.1 mmol), 4-[4-
phenyl-(2-pyridin)]benzaldehyde 7 (700 mg, 2.7 mmol) and
Amberlyst 15 (58 mg) was stirred at 80 °C for 1 hour. After
completion of the reaction, the mixture was cooled to room
temperature, diluted with CH,Cl, and filtered. The solvent was
removed under reduced pressure and purified by flash
chromatography on silica gel to yield compound 6d as a dark red
solid (960 mg, 82%). "H NMR (300 MHz, ppm): & 8.71 (d, J = 4.8 Hz,
1H), 8.10 (d, J = 8.3 Hz, 2H), 7.81-7.77 (m, 2H), 7.74 (d, J = 8.3 Hz,
Me Me 2H), 7.63 (d, J = 8.1 Hz, 2H), 7.40 (bs, 2H), 7.29-7.23 (m, 3H), 5.77
(s, 1H), 5.76 (s, 1H), 5.54 (s, 1H), 2.20 (s, 6H), 1.91 (s, 6H). 3C NMR (75 MHz, ppm):
o 156.1, 148.9, 141.6, 140.6, 137.7, 137.3, 136.4, 128.4, 126.8, 126.7, 126.6,
125.6, 125.0, 121.7,120.0, 114.4, 108.1, 39.6, 12.4, 10.7. IR (CH,Cl,): v 3279, 3053,
2976, 2922, 2864, 1688, 1587, 1504, 1465, 1435, 1376, 1290, 1151, 1120, 828,
780, 735, 700 cm™. HRMS (ESI): m/z calcd for C3oH,sNs [M + H] 430.2283, found
430.2275.%°

Synthesis of BODIPY derivatives, 7:

Compound 7a: A solution of dipyrromethane 6a (430 mg, 1.44
mmol) in CH,Cl, (169 mL) was oxidized with DDQ (393 mg, 1.7
mmol) for 30 min. Triethylamine (8.0 mL, 57.6 mmol) and Et,0-BF3
(8.9 mL, 72 mmol), was added to the mixture reaction and stirred at
room temperature for 1 h. The solvent was removed under reduced
pressure and purified by flash chromatography on silica gel to yield
compound 7a as an orange solid (160 mg, 32%). "H NMR (300 MHz,
ppm): 6 8.76 (ddd, / = 4.7 Hz, J = 1.8 Hz, J = 1.3 Hz, 1H), 8.17 (AA’XX’
system, J = 8.5 Hz, 2H), 7.97 (bs, 2H), 7.83 (m, 2H), 7.69 (AA’XX’ system, J = 8.5 Hz,
2H), 7.33 (m, 1H), 7.00 (d, J = 4.1 Hz, 2H), 6.57 (dd, J = 4.1 Hz, J = 1.3 Hz, 2H). °C
NMR (75 MHz, ppm): 6 156.0, 150.0, 146.9, 144.1, 141.8, 137.0, 134.8, 134.2,
131.5, 131.0, 126.9, 122.9, 120.8, 118.6. IR (CH,Cl,): v 1606, 1560, 1538, 1475,
1411, 1385, 1355, 1258, 1224, 1155, 1111, 1075, 1049, 980, 912, 787, 758, 741,
713 cm™. HRMS (ESI): m/z calcd for CyHi1sBFoNs [M + H] 346.1327, found
346.1324.

Compound 7b: A solution of dipyrromethane 6b (800 mg, 2.25
mmol) in CH,Cl; (265 mL) was oxidized with DDQ (613 mg, 2.7
mmol) at room temperature for 30 min. Triethylamine (12.6 mL,
90 mmol) and immediately Et,O-BF3 (13.9 mL, 113 mmol), was
added to the mixture reaction and stirred at room temperature
for 1 h. The solvent was removed under reduced pressure and
purified by flash chromatography on silica gel to yield compound
7b as an orange solid (790 mg, 87%). ‘H NMR (300 MHz, ppm): &
8.69 (ddd, J=4.8 Hz, J=1.7 Hz, J= 1.2 Hz, 1H), 8.17 (AA’XX’ system, J = 8.4 Hz, 2H),
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7.85-7.78 (m, 2H), 7.42 (AA’XX’ system, J = 8.4 Hz, 2H), 7.33-7.27 (m, 1H), 6.00 (s,
2H), 2.58 (s, 6H), 1.46 (s, 6H). *C NMR (75 MHz, ppm): & 156.2, 155.5, 149.8,
143.1, 141.2, 139.9, 136.9, 135.6, 131.3, 128.5, 127.5, 122.6, 121.2, 120.6, 14.6. IR
(CH,Cl,): v 1543, 1510, 1467, 1408, 1308, 1195, 1157, 1084, 982, 759 cm™. HRMS
(ESI): m/z calcd for Cy4H»3BF,;N3 [M + H] 402.1953, found 402.1947.

Compound 7c: A solution of dipyrromethane 6¢ (300 mg, 0.80
mmol) in CH,Cl, (31 mL) was oxidized with DDQ (363 mg, 1.6 mmol)
for 30 min. DIPEA (0.79 mL, 4.6 mmol) and Et,0-BF; (0.79 mL, 6.4
mmol), was added to the mixture reaction and stirred at for 1 h. The
solvent was removed under reduced pressure and purified by flash
chromatography on silica gel to yield compound 7c¢ as an orange
solid (91 mg, 29%). *H NMR (300 MHz, ppm): & 8.76 (d, J = 4.7 Hz,
1H), 8.16 (d, J = 8.4 Hz, 2H), 7.98 (bs, 2H), 7.85-7.80 (m, 6H), 7.70 (d,
J = 8.4 Hz, 2H), 7.35-7.28 (m, 1H), 7.04 (d, J = 4.1 Hz, 2H), 6.59 (dd, J
= 4.1 Hz, J = 1.3 Hz, 2H). ®C NMR (75 MHz, ppm): 8 156.6, 149.6,
144.1, 143.1, 140.2, 138.9, 137.1, 134.9, 133.0, 131.5, 131.2, 127.6,
127.5, 127.1, 122.5, 120.7, 118.6, 118.5. IR (CH,Cly): v 1605, 1557, 1538, 1467,
1413, 1388, 1260, 1225, 1156, 1114, 1077, 1050, 981, 913, 783, 762, 745 cm™.
HRMS (ESI): m/z calcd for Cy6H19BF,N3 [M + H] 422.1640, found 422.1660.

Compound 7d: A solution of dipyrromethane 6d (230 mg, 0.53
mmol) in CH,Cl; (21 mL) was oxidized with DDQ (241 mg, 1.06
mmol) for 30 min. DIPEA (0.53 mL, 3.0 mmol) and Et,0-BF; (0.52
mL, 4.2 mmol), was added to the mixture reaction and stirred at
room temperature for 1 h. The solvent was removed under
reduced pressure and purified by flash chromatography on silica
Me ve gel to yield compound 7d as an orange solid (45 mg, 18%). *H
NMR (300 MHz, ppm): 6 8.75 (ddd, J=4.8 Hz, J=1.8 Hz, J = 1.2 Hz,
1H), 8.15 (AA’XX’ system, J = 8.3 Hz, 2H), 7.84-7.79 (m, 6H), 7.39
Me & Y Me (AA’XX’ system, J = 8.3 Hz, 2H), 7.30-7.25 (m, 1H), 6.01 (s, 2H),
2.58 (s, 6H), 1.48 (s, 6H). *C NMR (75 MHz, ppm): & 156.8, 155.5, 149.8, 143.1,
141.4, 141.0, 140.4, 138.8, 136.9, 134.2, 128.6, 127.6, 127.4, 127.3, 122.3, 121.3,
121.2, 120.5, 14.6. IR (CH,Cly): v 1541, 1509, 1464, 1436, 1408, 1304, 1192, 1157,
1084, 1071, 1048, 981, 825, 765 cm™’. HRMS (ESI): m/z calcd for CsoH27BF,N3 [M +
H] 478.2266, found 478.2269.

General procedure for the synthesis of cyclometallated complexes, 8 and 9: A
mixture of [MCp*Cly]; (M = Ir, Rh) (1 pumol), NaOAc (4.7 umol) and the
corresponding BODIPY (2 pmol) in 0.1 mL of CH,Cl, was stirred at room
temperature until total disappearance of the starting material (checked by TLC).
The crude mixture was filtered through a short pad of Celite and evaporated to
dryness obtaining the pure complex.
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Complex 8a: BODIPY 7a (43 mg, 126 umol) was added to a
solution of [IrCp*Cl;]; (50 mg, 63 umol) and NaOAc (25 mg, 300
umol) in 6.3 mL of CH,Cl,. The reaction mixture was stirred for
16 h. The reaction mixture was filtered through a short pad of
Celite and the solvent was removed under reduced pressure to
yield complex 8a as an orange solid (67mg 75%). ‘*H NMR (300
MHz, ppm): & 8.78 (d, J = 5.8 Hz, 1H), 7.98-7.91 (m, 4H), 7.80 (d,
J=8.0 Hz, 1H), 7.76 (ddd, J = 8.6 Hz, J = 7.8 Hz, J/ = 1.5 Hz, 1H),
7.27 (dd, J=8.0 Hz, J = 1.8 Hz, 1H), 7.20 (ddd, /= 7.5 Hz, J = 5.6 Hz, J = 1.3 Hz, 1H),
7.13(d, J = 4.1 Hz, 2H), 6.55 (dd, J = 4.1 Hz, J = 1.7 Hz, 2H), 1.69 (s, 15H). *C NMR
(75 MHz, ppm): 6 166.0, 163.0, 151.5, 148.6, 147.1, 137.6, 137.3, 135.6, 135.1,
135.0, 125.0, 123.3, 123.2,121.9, 119.7, 118.2, 88.9, 8.9. IR (CH,Cl,): v 2921, 2852,
1605, 1555, 1473, 1411, 1391, 1261, 1221, 1156, 1116, 1076, 1046, 986, 925, 785,
759, 740 cm™. HRMS (ESI): m/z calcd for C3gH,sBF,IrNs [M - Cl] 672.1974, found
672.1971.

Complex 8b: BODIPY 7b (51 mg, 126 umol) was added to a
solution of [IrCp*Cl,]; (50 mg, 63 umol) and NaOAc (25 mg, 300
pmol) in 6.3 mL of CH,Cl,. The reaction mixture was stirred at
room temperature for 16 h. The reaction mixture was filtered
through a short pad of Celite and the solvent was removed
under reduced pressure to yield complex 8b as an orange solid
(53 mg, 55%). '"H NMR (300 MHz, ppm): & 8.75 (d, J = 5.6 Hz,
1H), 7.90 (d, J = 8.2 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.73 (m, 1H),
7.68 (d, J = 1.4 Hz, 1H), 7.15 (m, 1H), 6.97 (dd, J = 8.0 Hz, J = 1.5 Hz, 1H), 6.00 (s,
1H), 5.96 (s, 1H), 2.59 (s, 3H), 2.57 (s, 3H), 1.68 (s, 15H), 1.65 (s, 3H), 1.54 (s, 3H).
3¢ NMR (75 MHz, ppm): 4 166.4, 163.6, 155.8, 153.7, 151.3, 145.4, 144.9, 143.0,
141.8, 141.8, 137.2, 136.8, 134.3, 131.9, 130.9, 124.0, 122.8, 121.4 120.4, 119.3,
88.7, 15.1, 14.6, 14.5, 14.3, 8.9. IR (CH,Cl,): v 2963, 2921, 1605, 1542, 1509, 1472,
1408, 1307, 1195, 1156, 1086, 982, 759 cm™. HRMS (ESI): m/z calcd for
Ca4H36BF,IrN3 [M - Cl] 728.2600, found 728.2610.

Complex 8c: BODIPY 7a (56 mg, 162 umol) was added to a
solution of [RhCp*Cl,], (50 mg, 81 umol) and NaOAc (31 mg, 381
pmol) in 8.1 mL of CH,Cl,. The reaction mixture was stirred at
room temperature for 16 h. The reaction mixture was filtered
through a short pad of Celite and the solvent was removed under
reduced pressure to yield complex 8c as an orange solid (61 mg,
61%). *H NMR (300 MHz, ppm): & 8.82 (d, J = 5.5 Hz, 1H), 7.97-
7.88 (m, 4H), 7.81 (ddd, J = 8.5 Hz, J = 7.5 Hz, J = 1.4 Hz, 1H), 7.75
(d, J=8.0 Hz, 1H), 7.30 (dd, J = 7.9 Hz, J = 1.6 Hz, 1H), 7.26 (ddd, /= 7.7 Hz, /= 5.5
Hz, J=1.3 Hz, 1H), 7.15 (d, /= 4.0 Hz, 2H), 6.56 (dd, J = 4.0 Hz, J = 1.5 Hz, 2H), 1.64
(s, 15H). *C NMR (75 MHz, ppm): 8 178.2 (d, J = 32.9 Hz), 164.1, 151.4, 148.4,
146.4, 138.5, 137.4, 135.0, 131.0, 126.9, 125.7, 123.0, 122.7, 120.8, 119.8, 118.3,
96.2 (d, J = 6.6 Hz), 9.1. IR (CH,Cl,): v 2922, 2855, 1602, 1555, 1533, 1473, 1411,
1391, 1260, 1221, 1156, 1115, 1077, 1047, 985, 923, 786, 759, 740 cm™*. HRMS
(ESI): m/z calcd for C3gH,3BF,N3Rh [M - Cl] 582.1399, found 582.1403.
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Complex 8d BODIPY 7b (65 mg, 162 pumol) was added to a
solution of [RhCp*Cl,], (50 mg, 81 umol) and NaOAc (31 mg, 381
pmol) in 8.1 mL of CH,Cl,. The reaction mixture was stirred at
room temperature for 17 h. The reaction mixture was filtered
through a short pad of Celite and the solvent was removed under
reduced pressure to yield complex 8d as an orange solid (93 mg,
85%). "H NMR (300 MHz, ppm): & 8.78 (d, J = 5.5 Hz, 1H), 7.85 (d,
J=7.6 Hz, 1H), 7.81-7.69 (m, 3H), 7.21 (ddd, J = 7.6 Hz, J = 5.5 Hz,
J=1.4Hz, 1H),7.02 (dd, J=7.8 Hz, J= 1.6 Hz, 1H), 6.01 (s, 1H), 5.95 (s, 1H), 2.59 (s,
3H), 2.57 (s, 3H), 1.66 (s, 3H), 1.64 (s, 15H), 1.54 (s, 3H). **C NMR (75 MHz, ppm): &
178.7 (d, J=32.9 Hz), 164.6, 156.1, 153.8, 151.2, 145.7, 144.4, 142.9, 141.6, 137.3,
136.2,135.6, 131.9, 130.9, 123.5, 122.5, 122.3, 121.5, 120.4, 119.5,96.1 (d, J = 6.5
Hz), 15.3, 14.6, 14.5, 14.4, 9.2. IR (CH,Cl,): v 2961, 2921, 2856, 1601, 1541, 1508,
1471, 1407, 1371, 1307, 1255, 1193, 1156, 1085, 1056, 1026, 981, 806, 758, 740
cm™. HRMS (ESI): m/z calcd for CasH3¢BF,NsRh [M - Cl] 638.2025, found 638.2043.

Complex 9a: BODIPY 7c (40 mg, 95 umol) was added to a solution
of [IrCp*Cl;]; (37.8 mg, 48 umol) and NaOAc (18 mg, 220 umol) in
4.8 mL of CH,Cl,. The reaction mixture was stirred at room
temperature for 16 h. The reaction mixture was filtered through
a short pad of Celite and the solvent was removed under reduced
pressure to yield complex 9a as an orange solid (64mg, 86%). 'H
NMR (300 MHz, ppm): 6 8.75 (d, J = 5.8 Hz, 1H), 8.14 (d, J = 1.7
Hz, 1H), 7.97 (bs, 2H), 7.90-7.85 (m, 3H), 7.80 (d, J = 8.1 Hz, 1H),
7.74-7.66 (m, 3H), 7.37 (dd, J = 8.1 Hz, J = 1.8 Hz, 1H), 7.14 (ddd, J
=7.5Hz,J=5.8Hz, J=1.3 Hz, 1H), 7.06 (d, J = 4.1 Hz, 2H), 6.59
(dd, J = 4.1 Hz, J = 1.7 Hz, 2H), 1.75 (s, 15H). *C NMR (75 MHz,
ppm): 0 166.7, 151.5, 144.6, 144.5, 143.8, 141.3, 137.1, 134.9, 134.4, 132.5, 131.9,
131.6, 131.0, 127.3, 124.2, 122.6, 121.4, 119.2, 118.5, 118.4, 88.7, 9.0. IR (CH,Cl,):
v 2920, 1604, 1560, 1473, 1412, 1387, 1261, 1223, 1157, 1114, 1077, 1048, 982,
913, 781, 761, 745, 716 cm™. HRMS (ESI): m/z calcd for CszgH3,BF,IrNs [M - Cl]
748.2287, found 748.2295.

Complex 9b: BODIPY 7d (10 mg, 21 umol) was added to a
solution of [IrCp*Cl;]; (8.4 mg, 10.5 umol) and NaOAc (4 mg, 49
pmol) in 1.1 mL of CH,Cl,. The reaction mixture was stirred at
room temperature for 16 h. The reaction mixture was filtered
through a short pad of Celite and the solvent was removed
under reduced pressure to yield complex 9b as an orange solid
(16 mg, 91%). *H NMR (300 MHz, ppm): & 8.73 (d, J = 5.8 Hz, 1H),
8.17 (d, J = 1.7 Hz, 1H), 7.90-7.83 (m, 3H), 7.78 (d, J = 8.2 Hz,
1H), 7.71 (ddd, J = 8.2 Hz, J = 7.7 Hz, J = 1.3 Hz, 1H), 7.40-7.34
(m, 3H), 7.13 (ddd, J = 7.6 Hz, J = 5.6 Hz, J = 1.3 Hz, 1H), 6.01 (s,
2H), 2.59 (s, 6H), 1.75 (s, 15H), 1.50 (s, 6H). *C NMR (75 MHz,
ppm): 6 166.8, 163.7, 155.4, 151.5, 144.1, 143.3, 142.4, 141.8, 141.6, 137.1, 134.1,
133.6, 131.5, 128.3, 127.8, 124.1, 122.4, 121.2, 121.2, 119.1, 88.7, 14.7, 14.6, 9.1.
IR (CH,Cly): v 2961, 2921, 2854, 1605, 1543, 1510, 1472, 1409, 1372, 1261, 1195,
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1157, 1084, 1053, 1029, 982, 817, 766, 749, 712 cm™. HRMS (ESI): m/z calcd for
CaoH40BF,IrN3 [M - Cl] 804.2913, found 804.2943.

Complex 9c: BODIPY 7c (40 mg, 95 umol) was added to a
solution of [RhCp*Cl;]; (29.4 mg, 48 umol) and NaOAc (18 mg,
220 pumol) in 4.8 mL of CH,Cl,. The reaction mixture was stirred
at room temperature for 16 h. The reaction mixture was filtered
through a short pad of Celite and the solvent was removed
under reduced pressure to yield complex 9¢ as an orange solid
(50 mg, 76%). "H NMR (300 MHz, ppm): & 8.78 (d, J = 5.5 Hz,
1H), 8.13 (d, J = 1.4 Hz, 1H), 7.97 (bs, 2H), 7.89-7.81 (m, 3H),
7.79-7.66 (m, 4H), 7.38 (dd, J = 8.1 Hz, J = 1.4 Hz, 1H), 7.19 (ddd,
J=7.3Hz,/J=5.6 Hz, J=1.1 Hz, 1H), 7.07 (d, J = 4.1 Hz, 2H), 6.59
(dd, J = 4.1 Hz, J = 1.4 Hz, 2H), 1.69 (s, 15H). **C NMR (75 MHz,
ppm): & 179.2 (d, J = 32.4 Hz), 164.7, 151.4, 147.3, 144.5, 143.9, 143.8, 140.8,
137.2, 135.4, 134.8, 132.5, 131.6, 131.6, 131.0, 127.2, 123.7, 122.2, 122.1, 119.3,
118.5, 96.0 (d, J = 6.3 Hz), 9.3. IR (CH,Cl,): v 2914, 1602, 1561, 1473, 1412, 1387,
1355, 1260, 1223, 1156, 1114, 1077, 1048, 1025, 981, 912, 781, 762, 745, 715 cm’
! HRMS (ESI): m/z calcd for CagH3,BF;NsRh [M - Cl] 658.1712, found 658.1722.

Complex 9d: BODIPY 7d (30 mg, 63 umol) was added to a
solution of [RhCp*Cl;]; (19.2 mg, 31 umol) and NaOAc (12.1 mg,
148 umol) in 3.1 mL of CH,Cl,. The reaction mixture was stirred
at room temperature for 16 h. The reaction mixture was filtered
through a short pad of Celite and the solvent was removed
under reduced pressure to yield complex 9d as an orange solid
(46 mg, 97%). *H NMR (300 MHz, ppm): & 8.78 (d, J = 5.5 Hz, 1H),
8.16 (d, J = 1.6 Hz, 1H), 7.87-7.70 (m, 5H), 7.42-7.35 (m, 3H),
7.13 (ddd, J = 7.3 Hz, J = 5.4 Hz, J = 1.5 Hz, 1H), 6.01 (s, 2H), 2.59
(s, 6H), 1.70 (s, 15H), 1.50 (s, 6H). *C NMR (75 MHz, ppm): &
179.0 (d, J = 32.9 Hz), 164.9, 155.4, 151.4, 143.6, 143.3, 142.4,
141.7, 141.1, 137.1, 135.1, 133.7, 131.5, 128.3, 127.7, 123.6, 122.1, 122.0, 121.2,
119.3, 96.1 (d, J = 6.3 Hz), 14.7, 14.6, 9.3. IR (CH,Cl,): v 2961, 2922, 2856, 1603,
1582, 1544, 1510, 1471, 1437, 1410, 1372, 1306, 1262, 1195, 1157, 1121, 1085,
1053, 1025, 983, 820, 783, 766, 732, 712 cm™. HRMS (ESI): m/z calcd for
CaoH40BF;N3Rh [M - Cl] 714.2338, found 714.2335.
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VII.1. Control over the E/Z Selectivity of the Catalytic Dimerization of

Group 6 (Fischer) Metal Carbene Complexes

Abstract: The systematic investigation of the effect of different catalysts and
additives in the reaction of self-dimerization of alkoxychromium(0) (Fischer) carbene
complexes resulted in the selection of Pd(P'Bus), to effect this transformation with
good to excellent E selectivities and acceptable to excellent chemical yields. This
catalyst will allow the control of the geometry in the synthesis of polyconjugated

olefins, one emerging application of these catalytic reactions.

J. Org. Chem. 2013, 78, 865.
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VII.2. Introduction

Transmetalation processes from group 6 Fischer metal carbene complexes to
late transition metals (Pd, Pt, Cu, Ni, Rh, Au, etc.) lead to new carbene complexes,
exhibiting exceedingly different chemical behavior with respect to the starting metal
complex.! Thus, the new carbene complexes may show an enhanced reactivity
compared to the precursor complex’ or they may undergo different reaction
pathways, opening doors to the synthesis of new classes of compounds (Scheme 1).
This fascinating process has been profusely exploited since our original report on the
self-dimerization of chromium(0) and tungsten(0) carbene complexes promoted by Pd

catalysts.?

[TM] = Pd, Ni, Cu, Rh, Au, ...

[T™]

OR
Product (CO)5M=<
R
M =Cr, Mo, W
Reagent
"M(CO)s"

OR
M=
R

Enhanced reactivity
New reaction pathways

Scheme 1. Effect of transmetalation in the reactivity of group 6 metal carbene complexes.

The reaction mechanism for this transformation, which has been proposed on
the basis of experimental and theoretical studies,>* is summarized in Scheme 2.
Accordingly, a transmetalation reaction of the carbene ligand from complex 1 to the
palladium(0) catalyst leads to a new Pd-carbene complex such as 3, through a
heterobimetallic intermediate 2 that evolves to 3 by extrusion of the [M(CO)s] (M = Cr,
W) fragment, mediated by coordination of the solvent. Subsequent transmetalation
from a new molecule of the carbene complex 1 leads to the Pd(0) bis-carbene complex
4, which produces a mixture of the E/Z olefins 5 with concomitant regeneration of the

catalyst.
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Scheme 2. Catalytic cycle for the self-dimerization of group 6 carbene (Fischer) complexes in

the presence of Pd catalysts.

The key intermediates in this catalytic cycle are the monocarbene complexes 3
and bis-carbene complexes 4. Very recently,” Albéniz and Espinet isolated the first Pd
alkoxycarbene 7 from the reaction of the W(0) Fischer carbene complex 6 and
[PCl,(NCMe),].% In addition, related Cu(l)’ or Au(l)® mono-carbene complexes have
been isolated and fully characterized in similar transformations. Moreover, the
reaction of B-arylamino-substituted chromium(0) and tungsten(0) carbene complexes
8 with Pd reagents leads to the mononuclear Pd bis-carbene complexes 9,° the

putative second key intermediates shown in Scheme 2 (Scheme 3).

[W(CO)s(NCMe)]

/fMe
OMe
/ Ph Cl
(COpW=( + [PdCI(NCMe),] “Pd!
Ph NCMe Cl NCMe
6 7
OFEt ?r Tr
(CO)sM HN—Ar K,CO3, NCM
— + [PACL(NCMe);] 22— "€ _Ph _N_ N-_Ph
Ph PN
M=Cr, W
EtO  OFt
8

Scheme 3. Examples of isolation of mono- and bis-carbene Pd complexes by transmetalation of

group 6 Fischer carbene complexes.
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The main shortcoming of the catalytic self-dimerization of group 6 metal
carbene complexes is the lack of E/Z selectivity. This is highly important due to the
emerging applications of this process toward the synthesis of polyconjugated olefins,*
some of which have been patented as conjugated polymers and devices.!* Therefore,
the control of the E/Z selectivity is required for this method to become of full utility in

synthesis. Reported herein is a study to accomplish this challenging goal.

VII.3. Results and Discussion

According to the previously reported experimental and computational studies
of the transmetalation process (see above) and to the plethora of literature on the
influence of ligands in the outcome of Pd-catalyzed reactions,™ we hypothesized that
the ligand directly attached to the catalyst may play a fundamental role in the E/Z
selectivity of the self-dimerization reactions of group 6 metal (Fischer) carbenes. Thus,
series of phosphines differing in their steric volume were initially tested against the
self-dimerization of complex 10 (Scheme 4, Table 1) using PdCl,(MeCN), as the
catalyst. The E/Z ratio of olefins 11 in the absence of an external added phosphine was
1/1.3 in THF and was nearly independent of the reaction solvent (1/1.2 in MeCN,
entries 1 and 2 in Table 1). Addition of the bulky P'Bus results in a small decrease of the
selectivity (1/1.1, entry 3), while the best selectivities were observed for PPh; (1/4.4)
and PMe; (1/2.4), both showing a moderate selectivity. It is noteworthy that in all
cases the reaction was Z selective. Other sources of Pd were tested against the
addition of P'Bus. The use of Pd(OAc), proportionates a selectivity of 1/3.5, slightly
increased from that obtained without additive (1/2),>* while [Pd(allyl)Cl], gave

essentially the same selectivity as PdCl,(MeCN),.

Ph MeQ OMe

OMe catalyst MeQ
Coper= 2t A+ =

Ph Et3N, additive, Ph OMe Ph Ph

10 rt E-11 Z11

Scheme 4. Self-dimerization of carbene complex 10.
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Table 1. Self-dimerization reactions of complex 10 in the presence of phosphines and

phosphites.

Entry Catalyst® Solvent Additive” E/Z*
1 PdCl,(MeCN), THF none 1/1.3
2 PdCl,(MeCN), MeCN none 1/1.2
3 PdCl,(MeCN), MeCN P'Bu, 1/1.1
4 PdCly(MeCN), MeCN PPhs 1/4.4
5 PdCl,(MeCN), MeCN PMe; 1/2.4
6 Pd(OAc), MeCN none 1/2°°
7 Pd(OAc), MeCN P‘Bus 1/3.5
8 [Pd(allyl)Cl], MeCN none 1/1.5
9 [Pd(allyl)CI], MeCN P'Bus 1/1
10 PdCl,(MeCN), MeCN P(OMe); 1/1.5
11 PdCl,(MeCN), MeCN P(OEt); 1/1.3
12 Pd(OAc), MeCN P(OMe); 1/3.2

5% of catalyst was used in all cases. P Et;N (1 mmol/mmol carbene was used in all cases as co-additive).
° Determined by integration of the 'H NMR signals corresponding to MeO-groups in the reaction

mixtures. 3.61 ppm for Z isomer and 3.42 ppm for E isomer.'*

The use of phosphites follows the same pattern as that observed for

phosphines. Thus, while no changes were observed in the selectivity of the reactions

using PdCl,(MeCN), (entries 10 and 11), increased Z selectivity was observed when

Pd(OAc),was the catalyst (entry 12, Table 1).

N-heterocyclic carbene (NHC) species 12-15 (Figure 1) were also tested as

additives in the reaction of self-dimerization of carbene complex 10. However,

additives 12-14 did not produce changes in the E/Z selectivities of the reaction that

were equal to those obtained in the absence of additive (E/Z = 1/1.3), while NHC 15

proportionates a slight increase in selectivity (E/Z = 1/1.5).

Me Me
/_\
N\”/N
Me Me
Me Me
12

Pr Pr
-
N\“/N
Pr o ipr

13
Me Me Pr Pr
NN NN
Me Me ”
Me Me iPr iy
14 15

Figure 1. NHC additives used in this work.
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The self-dimerization reactions of pentacarbonyl-[ethoxyphenylcarbene]
chromium(0) 16 were examined next (Scheme 5) to determine the effect of the
substituent at the oxygen atom attached to the carbene carbon atom on the E/Z

selectivity of the corresponding olefins 17. The results are collected in Table 2.

OEt ... EO_ Ph Et0  OFt
Eoper=( TS )=+ )
Ph Et3N, additive, Ph OEt Ph Ph
16 rt EA7 z17

Scheme 5. Self-dimerization of ethoxycarbene complex 16.

Table 2. Self-dimerization reactions of complex 16 in the presence of phosphines and

phosphites.

Entry Catalyst® Solvent Additive® E/Z
1 PdCl,(MeCN), MeCN none 1.2/1
2 PdCl,(MeCN), MeCN P‘Bus 9.4/1
3 PdCl,(MeCN), MeCN PMes 1/1.4
4 Pd(OAc), MeCN none 1/1.7
5 Pd(OAc), MeCN P‘Bus 7/1
6 [Pd(allyl)Cl], MeCN none 1/1.3
7 [Pd(allyl)CI], MeCN P'Bus 2.7/1
8 Pd,(dba); MeCN none 1/2.4
9 Pd,(dba); MeCN P'Bus 1.7/1
10 Pd(dba), MeCN none 1/2.8
11 Pd(dba), MeCN P‘Bus 1/1.7
12 Pd(OAc), MeCN P(OMe); 1/1.8
13 PdCl,(MeCN), MeCN P(OEt); 1/1.1
14 PdCl,(MeCN), MeCN P(OMe); 1/1.3
15 [Pd(allyl)Cl], MeCN PPh, 1/1.1
16 [Pd(allyl)Cl], MeCN AsPh; 1/1.7
17 [Pd(allyl)CI], MeCN BiPhs 1/1.1

? 5% of catalyst was used in all cases. b EtsN (1 mmol/mmol carbene was used in all cases as co-additive).
° Determined by integration of the 'H NMR signals corresponding to CH,0-groups in the reaction
mixtures. 3.80 ppm for Z-isomer and 3.57 ppm for E isomer.*®

The results in Table 2 show a different trend than that obtained for complex 10.
In the absence of additives, the use of PdCl,(MeCN), as the catalyst affords the E
isomer as the major isomer (although still close to an equimolar ratio). Strikingly,
addition of P'Bus resulted in an excellent increase in the E selectivity for Pd(OAc), and

PdCl,(MeCN), catalysts (up to 9.4/1 when the latter catalyst was used). The use
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[Pd(allyl)Cl], leads to poorer but still noticeable E selectivities (E/Z = 2.7/1). Other
additives (phosphites, PPhs, AsPhs ,BiPh3,)3 give selectivities close to 1/1. In contrast to
complex 10, the use of NHCs carbenes 12-15 (Figure 1) in the self-dimerization
reaction proportionates low, albeit noticeable, changes in selectivities. Thus, NHC 12
was nearly unselective (E/Z = 1/1.1), NHCs 14 and 15 were slightly Z selective (E/Z =
1/1.4 and 1/1.3, respectively), and NHC 13 was slightly E selective (E/Z=1.3/1).

The use of Pd(0) catalysts having monodentate phosphine (PdCly(PPhs),,
Pd(PPhs)s, and Pd(P'Bus),) and bidentate diphosphine ligands (Pd(dppe),) was studied
next (the combination of PdCl,(PPhs),/P'Bus as the additive was also tested for
comparison reasons). The results of these reactions with complexes 10 and 16 are
collected in Table 3. For both complexes, the best results were obtained with
Pd(P'Bus), (which affords a remarkable 15.7/1 E/Z selectivity for carbene complex 16).
The use of Pd(PPhs)4 led also to an increased selectivity, but now favoring the Zisomer.
Pd(dppe), catalyst produces good E selectivities (5.7/1) with carbene complex 10 while
the selectivity decreases and inverts for complex 16 (1/2.2). The use of PdCl;(PPhs);
with added P'Bus reversed the selectivity observed in the absence of the additive
(1/1.2 vs 2.4/1), but the E selectivity is considerably lower than that obtained with
Pd(P'Bus),.

Table 3. Self-dimerization reactions of complex 10 and 16 in the presence of catalysts

incorporating phosphine ligands.

Entry Catalyst? Complex Additive® E/Z
1 Pd(PPhs), 10 none 1/4.1
2 PdCI,(PPhs), 10 none 1/1.8
3 Pd(P'Bus), 10 none 9.4/1
4 Pd(dppe), 10 none 5.7/1
5 Pd(PPhs), 16 none 1/2.6
6 PdCl,(PPhs), 16 none 1/1.2
7 PdCl,(PPhs3), 16 P'Bus 2.4/1
8 Pd(P'Bus), 16 none 15.7/1
9 Pd(dppe), 16 none 1/2.2

? 5% of catalyst was used in all cases. b EtsN (1 mmol/mmol carbene was used in all cases as co-
additive, except for Pd (0) catalysts). © Determined by integration of the 'H NMR signals in the
reaction mixtures.
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Results in Tables 1-3 pointed to P'Bus (as additive or directly as Pd(P'Bus),) and
the use of an ethoxy carbene instead of a methoxy carbene complex as the optimum
combination for obtaining high E selectivities. The influence of the amount of the
Pd(P'Bus), catalyst in the E/Z selectivity was tested next in the self-dimerization of
complex 16 (Table 4). The selectivity is maintained using higher loads of catalyst (up to
20%), while it steadily decreases with lower catalyst loads (reaching 1/1 ratio for
catalyst loads of 1%). Therefore, the optimum balance of catalyst load/selectivity was

5% mol of catalyst/mol of carbene complex.

Table 4. Self-dimerization reactions of complex 16 in the presence of different amounts of

Pd(P'Bus),

Entry Cat. load (%)° E/Z°
1 20 13.6/1
2 10 14.0/1
3 5 15.7/1
4 2.5 4.6/1
5 1 1.6/1
6 0.5 1/1

“ Referenced to carbene complex. ® Determined by integration of the 'H NMR signals in the reaction
mixtures.

To test these conclusions, different ethoxychromium(0) complexes 18-25 were
reacted with PdCl,(MeCN), in the absence of additives or in the presence of 5% of
P'Bus (Table 5). From the data in Table 4, it becomes obvious that the trend observed
in Tables 2 and 3 also holds in complexes 18-22, with the E isomer formation being the
main reaction product in the presence of P‘Bus (the exception is complex 23, forming a
1/2.2 E/Z mixture). To demonstrate the ability of Pd(P‘Bus), as catalyst for the selective
preparation of E olefins, the self-dimerization reaction was conducted in a preparative
scale using Pd(P'Bus), as the catalyst (Scheme 6). While yields were usually acceptable
(complexes 16, 19-21, and 23-25) in some cases (complexes 18 and 22) the
corresponding olefins were obtained together with variable amounts of the
corresponding esters due to oxidation of the starting materials** (probably as a
consequence of the instability of the intermediate Pd mono- or bis-carbene complexes
having bulky phosphine ligands). Despite that, it is clear in all cases that the use of

Pd(P'Bus), leads to the favored formation of the corresponding E olefin.
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Table 4. Catalytic self-dimerization reactions of Fischer carbene complexes 18-23.

Entry Catalyst® Complex Additive” E/Z*
1 PdCl,(MeCN), 18 none 1/1
2 PdCl,(MeCN), 18 P'Bus 5.8/1
3 Pd(P'Bus), 18 none 6.8/1
4 PdCl,(MeCN), 19 none 1/1.1
5 PdCl,(MeCN), 19 P'Bus 6/1
6 Pd(P'Bus), 19 none 8.1/1
7 PdCl,(MeCN), 20 none 1.5/1
8 PdCl,(MeCN), 20 P'Bus 1.5/1
9 Pd(P'Bus), 20 none 11/1
10 PdCl,(MeCN), 21 none 1/1.5
11 PdCl,(MeCN), 21 P'Bu, 7.6/1
12 Pd(P'Bus), 21 none 10.8/1
13 PdCl,(MeCN), 22 none 1/1.4
14 PdCl,(MeCN), 22 P'Bu, 1.7/1
15 Pd(P'Bus), 22 none 2.2/1
16 PdCl,(CH5CN), 23 none 1/2.5
17 PdCl,(CH5CN), 23 P'Bu, 1/2.2
18 Pd(P'Bus), 23 none 6/1

. b o
? 5% of catalyst was used in all cases. ” EtsN (1 mmol/mmol carbene was used in all cases as co-

additive, except for Pd(P'Bus), catalyst).

c

corresponding to CH,0-groups in the reaction mixtures.

Determined by integration of the ‘H NMR signals

OEt Pd(PBug), EtO OEt
oM~ —————> —

R MeCN, r.t. £ R
16 M =Cr; R=Ph 17 E/Z = 15.7:1 (99%)
18 M = Cr; R = p-BrCgH4 26 E/Z=6.8:1 (18%)
19 M =Cr; R = p-MeOCgH4 27 E/Z=8.1:1 (62%)
20 M = Cr; R = p-CF3CgH4 28 E/Z =111 (64%)
21 M =Cr; R = m-MeCgHy 29 £/Z=10.8:1 (45%)

22R= EBF

23R ='§©'O

Q

Br

24 M =W; R=Ph

25 M =Cr

. R = styryl

30 £/Z = 2.2:1 (20%)

31 E/Z = 6:1 (59%)

17 E/Z = 2.1:1 (T9%)
32 £/Z = 2:1 (51%)

Scheme 6. The self-dimerization of complexes 16, 18-25 catalyzed by Pd(P‘Bus)s.

Finally,

pentacarbonyl[(benzyloxy)(methyl)carbene]-chromium(0) (33) was

reacted in the presence of Pd(P'Bus), (5%) under the usual reaction conditions. The

self-dimerization product 34 was obtained in a 70% vyield as a 1/1.6 E/Z mixture

(Scheme 7). Although the selectivity of the reaction was low, it is worth noting that
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while complex 33 is prone to experience -elimination processes to yield enol ether 35
in the presence of several Pd(0) catalysts,3b Pd(P'Bus), behaves in this case as

Pd(PPhs)4, which gave 34 as a 1/1.1 E/Z mixture in 87% yield.3b

L2 w0
\—¢ L T

0 5% Pd(P'Bus)
(€0o)scr=< 2R TR
Me MeCN Me  Me
33 34 E/Z (1:1.6) 70% 35 not formed

Scheme 7. Self-dimerization of the aliphatic carbene complex 33.
VII.4. Conclusions

From the systematic investigation of the effects of different catalysts and
additives in the reaction of self-dimerization of alkoxychromium(0) (Fischer) carbene
complexes, it can be concluded that the E/Z selectivity of the process can be indeed
controlled with the proper selection of these variables. Thus, the use of Pd(P'Bus), and
chromium(0) ethoxycarbene complexes is recommended in order to obtain good to
excellent E selectivities and acceptable to excellent chemical yields in most cases. This
catalyst will allow the control of the geometry in the synthesis of polyconjugated

olefins, one of the main emerging applications of these reactions.
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VII.5. Experimental Section

General Procedures. All reactions were carried out under argon atmosphere.
All solvents used in this work were purified by distillation and were freshly distilled
immediately before use. Acetonitrile (MeCN) and triethylamine (EtsN) were distilled
from calcium hydride, whereas tetrahydrofuran (THF) and diethylether (Et,O) were
purified using a Pure Solv PS-MD-5 system. Flame-dried glassware was used for
moisture-sensitive reactions. Silica gel (Merck: 230-400 mesh) was used as stationary
phase for purification of crude reaction mixtures by flash column chromatography.
Identification of products was made by thin-layer chromatography (Kieselgel 60F-254).
UV light (A 254nm) and 5% phosphomolybdic acid solution in 95% EtOH were used to
develop the plates. NMR spectra were recorded at 25 °C in CDCls, on 300 (300 MHz for
'H and 75 MHz for *3C) spectrometers. Chemical shifts are given in ppm relative to
CDCl; (*H, 7.27 ppm and *3C, 77.0 ppm). IR spectra were taken on a MIR (8000-400
cm™) spectrometer as solid films by slow evaporation of the solvent using the ATR
(attenuated total reflectance) technique. MS spectra (HRMS) were acquired on a
QTOF: HP-1200 (Agilent Technologies) mass spectrometer.

All commercially available products were used without further purification. The
following metal-carbenes were prepared according to previously described methods:
pentacarbonyl[(methoxy)(phenyl)carbene]chromium(0),*
pentacarbonyl[(ethoxy)(phenyl)carbene]chromium(0)," pentacarbonyl[(p-
bromophenyl)(ethoxy)carbene]chromium(0),*® pentacarbonyl[(p-methoxyphenyl)-
(ethoxy)carbene]chromium(0),"’ pentacarbonyl[(m-tolyl)(ethoxy)carbene]-
chromium(0),*® pentacarbonyl[(ethoxy)(phenyl)carbene]tungsten(O),19
pentacarbonyl[(2E)-1-ethoxy-3-phenyl-2-propen-1-ylidene]chromium(0),%
pentacarbonyl[(benciloxy)(methyl)carbene]chromium(0).**

OFt Pentacarbonyl[(p-trifluoromethylphenyl)(ethoxy)carbene]
(CO)sCr chromium (0) (20). To a solution of 1-bromo-4-
(trifluoromethyl)benzene (0.77 g, 3.42 mmol) in 4 mL of dry Et,0 was
added 2.1 mL (3.42 mmol) of n-BulLi (1.6 M in hexanes) at -78 °C.
After stirring for 30 min, the solution was transferred via cannula at
0 °C to a suspension of Cr(CO)s (0.75 g, 3.42 mmol) in 8 mL of Et,0 at rt. The mixture
was refluxed for 3 h, the solvent was removed under reduced pressure and the residue
was dissolved in 6.3 mL of degassed water. Et3OBF; (1.13g, 5.95 mmol) was added
slowly to the solution at 0 °C and stirred for 10 min. The mixture was extracted with
EtOAc and dried over MgSQ,. The solvent was removed in vacuo. The crude product
was purified by flash chromatography (hexane) to yield 0.8 g (59%) of a dark red solid;
mp 46-48 °C. *H NMR (300 MHz, ppm): & 7.69 (d, J = 7.6 Hz, 2H), 7.26 (d, J = 7.6 Hz, 2H),
4.98 (br's, 2H), 1.69 (t, J = 6.7 Hz, 3H). *C NMR (75 MHz, ppm): & 348.4, 223.8, 215.7,
156.3, 131.2, 130.0, 125.4, 122.1, 77.5, 15.1. IR (ATR): v 2064, 1928 cm™. HRMS (ESI):
m/z calcd for C1sHoCrF30g [M + H]* 394.9840, found 394.9850.

CF;
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OEt Pentacarbonyl[(p-(p-bromophenyl)phenyl)(ethoxy)carbene]
(CO)Cr chromium (0) (22). To a solution of 4,4’-dibromobiphenyl (1.42 g,
O 4.54 mmol) in 5.4 mL of dry Et,0 was added 2.8 mL (4.54 mmol) of

n-Buli (1.6 M in hexanes) at -78 °C. After stirring for 30 min, the
O solution was transferred via cannula at 0 °C to a suspension of
Cr(CO)s (1 g, 4.54 mmol) in 2.7 mL of Et,0 at rt. The mixture was
refluxed for 3 h, the solvent was removed under reduced pressure
and the residue was dissolved in 5.4 mL of degassed water. Et30BF,4 (1.47g, 7.72 mmol)
was added slowly to the solution at 0 °C and stirred for 10 min. The mixture was
extracted with EtOAc and dried over MgSQO,. The solvent was removed in vacuo. The
crude product was purified by flash chromatography (hexane) to yield 570 mg (26%) of
a dark red solid; mp 108-110 °C. *H NMR (300 MHz, ppm): & 7.68-7.41 (m, 8H), 5.07 (q,
J=7.1Hz, 2H), 1.72 (t, J = 7.1 Hz, 3H). *C NMR (75 MHz, ppm): & 346.5, 224.0, 216.3,
152.5, 141.9, 138.6, 132.0, 128.6, 126.5, 124.5, 122.4, 77.2, 15.2. IR (ATR): v 2064,
1928 cmt. HRMS (ESI): m/z calcd for CyoH13BrCrOg [M + H]* 480.9384, found 480.9386.

Br

OEt Pentacarbonyl[(p-bromophenoxyphenyl)(ethoxy) carbene]
chromium(0) (23). To a solution of bis-(4-bromophenyl)-
ether (1.49 g, 4.54 mmol) in 5.4 mL of dry Et,O was added

OOBr 2.8 mL (4.54 mmol) of n-Buli (1.6 M in hexanes) at -78 °C.
After stirring for 30 min, the solution was transferred via

cannula at 0 °C to a suspension of Cr(CO)s (1 g, 4.54 mmol) in 2.7 mL of Et,0 at rt. The
mixture was refluxed for 3 h, the solvent was removed under reduced pressure and
the residue was dissolved in 5.4 mL of degassed water. Et;0BF4 (1.47 g, 7.72 mmol)
was added slowly to the solution at 0 °C and stirred for 10 min. The mixture was
extracted with EtOAc and dried over MgS0,. The solvent was removed in vacuo. The

crude product was purified by flash chromatography (hexane) to yield 1.1 g (47%) of a

dark red solid; mp 84-86 °C. 'H NMR (300 MHz, ppm): 6 7.59 (d, J = 8.8 Hz, 2H), 7.51 (d,

J = 8.8 Hz, 2H), 7.00-6.95 (m, 4H) 5.14 (g, J = 7.1 Hz, 2H), 1.72 (t, J = 7.1 Hz, 3H). 3C

NMR (75 MHz, ppm): & 342.0, 223.8, 216.5, 160.1, 154.8, 148.4, 133.0, 128.0, 121.7,

117.2, 117.0, 77.2, 17.9. IR (ATR): v 2059, 1926 cm™. HRMS (ESI): m/z calcd for

C0H13BrCrO; [M + H]" 496.9333, found 496.9335.

(CO)sCr

General Procedure for Carbene Ligand Dimerization.

Method A. To a solution of the corresponding alkoxycarbene complex (1 mmol)
in MeCN (6 mL/mmol carbene complex) were added the PdCl,(MeCN), catalyst (5%)
and the corresponding additive (0.1 mmol) and EtsN (1 mmol/mmol carbene complex).
The reaction mixture was stirred at room temperature until total disappearance of the
starting material (checked by TLC). The solvent was then removed under reduced
pressure. The residue was dissolved in EtOAc, the solution was filtered through a short
pad of Celite, and finally the solvent was removed again under reduced pressure. A £/Z
isomer mixtue was obtained. The crude product was then purified by flash column
chromatography (hexane/EtOAc 100/1). This method was used for characterizing both
E and Zisomers.
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Method B. To a solution of the corresponding alkoxycarbene complex (1 mmol)
in MeCN (6 mL/mmol carbene complex) was added Pd(P'Bus), (5%). The reaction
mixture was stirred at room temperature until total disappearance of the starting
material (checked by TLC). The solvent was then removed under reduced pressure. The
residue was dissolved in EtOAc, the solution was filtered through a short pad of Celite,
and finally the solvent was removed again under reduced pressure. A mixture of £ and
Z isomers was obtained, together with variable amounts of the corresponding ester
formed either by oxidation of the starting carbene complex or by oxidation of Pd
carbene intermediates.’* The crude product was then purified by flash column
chromatography (hexane/EtOAc 100/1).

Ot ‘ (2)- and (E)-o.,B-Diethoxystilbene (17)."*° Method A. Carbene complex

O A 16 (200 mg, 0.61 mmol), Pd catalyst (0.031 mmol) and EtsN (91 pL,

OFt 0.61 mmol) were reacted for 3 h, to yield compound 17 as a white

solid (70 mg, 82%, E/Z = 1.2/1). Z isomer: 'H-RMN (300 MHz): 6 8.1-7.1 (m, 10H), 3.80

(g, J = 7.2 Hz, 4H), 1.15 (t, J = 7.2 Hz, 6H). *C-RMN (75 MHz): & 144.1, 135.4, 129.8,

127.9, 127.5, 66.4, 15.2. IR (ATR): 1599, 1259 cm™. E isomer: .'H-RMN (300 MHz):

§8.1-7.1 (m, 10H), 3.57 (g, J = 7.1 Hz, 4H), 1.15 (t, J = 7.1 Hz, 6H). *C-RMN (75 MHz):
0 142.6,134.7,128.3,127.8,127.3, 65.9, 15.2. IR (ATR): 1665, 1351 cm™.

Method B. Carbene complex 16 (200 mg, 0.61 mmol) and Pd(P'Bus), (16 mg,
0.03 mmol) were reacted for 7 h, to yield compound 17 as a white solid (80 mg, 99%,
E/Z =15.7/1).

Method B. Carbene complex 24 (50 mg, 0.11 mmol) and Pd(P'Bus), (3 mg, 0.006
mmol) were reacted for 28 h, to yield compound 17 as a white solid (12 mg, 79%, E/Z =
2.1/1).

g (Z)-and (E)-1,2-Bis(p-bromophenyl)-1,2-diethoxyethylene (26).
Method A. Carbene complex 18 (200 mg, 0.49 mmol), Pd
O = catalyst (0.025 mmol) and EtsN (70 pL, 0.49 mmol) were

Br OFt reacted for 6 h, to yield compound 26 as a white solid (100 mg,

96%, E/Z = 1/1); mp = 77-79 °C. Z isomer: *H NMR (300 MHz): & 7.32 (d, J = 8.7 Hz, 4H),

7.05 (d, J = 8.7 Hz, 4H), 3.77 (q, J = 7.0 Hz, 4H), 1.32 (t, / = 7.0 Hz, 6H). 3¢ NMR (75

MHz): 6 142.1, 134.1, 131.6, 131.1, 121.5, 66.1, 15.5. IR (ATR): @ 1274, 1107, 1013, 820.

E isomer: 'H NMR (300 MHz): 6 7.65 (d, J = 8.7 Hz, 4H), 7.53 (d, J = 8.7 Hz, 4H), 3.52 (q,

J=7.1Hz, 4H), 1.13 (t, J = 7.1 Hz, 6H). 3¢ NMR (75 MHz): 6 143.8, 133.5, 131.2, 130.0,

121.5, 66.6, 15.3. IR (ATR): v 1150, 1105, 1014, 834 cm™. HRMS (ESI): m/z calcd for

CagH19Br,0, [M + H]* 425.9780, found 425.9776.

OEt

Method B: Carbene complex 18 (200 mg, 0.49 mmol) and Pd(P'Bus), (13 mg,
0.025 mmol) were reacted for 18 h, to yield compound 26 as a white solid (18 mg,
18%, E/Z = 6.8/1).

omve (2)- and (E)-1,2-Diethoxy-1,2-bis(p-methoxyphenyl)

QFt O ethylene (27). Method A. Carbene complex 19 (50 mg, 0.14

O = mmol), Pd catalyst (0.007 mmol) and EtsN (20 pL, 0.14

MeO OFEt mmol) were reacted for 4 h, to yield compound 27 as a pale
yellow solid (20 mg, 89%, E/Z = 1/1.1); mp = 78-80 °C. Z isomer: ‘H NMR (300 MHz):
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§7.12 (d, J = 8.7 Hz, 4H), 6.71 (d, J = 8.7 Hz, 4H), 3.77 (s, 6H), 3.76 (q, J = 7.0 Hz, 4H),
1.31 (t, J= 7.0 Hz, 6H). E isomer: 'H NMR (300 MHz): 6 7.69 (d, J = 8.7 Hz, 4H), 6.93 (d, J
= 8.7 Hz, 4H), 3.85 (s, 6H), 3.54 (q, J = 7.0 Hz, 4H), 1.14 (t, J = 7.0 Hz, 6H). *C NMR (75
MHz): 6 159.0, 143.6, 142.0, 132.0, 131.3, 129.9, 128.3, 113.9, 113.7, 110.0, 66.6, 66.1,
55.6, 55.5, 16.0, 15.7. IR (ATR): v 1271, 1106, 1073, 815, 759 cm™. Exact mass data
could not be collected for this compound in any of the conditions tested. The reasons
for this anomalous result are not known.

Method B. Carbene complex 19 (200 mg, 0.56 mmol) and Pd(P'Bus), (7 mg,
0.014 mmol) were reacted for 18 h, to yield compound 27 as a pale yellow solid (57
mg, 62%, E/Z = 8.1/1).

CFs (Z)- and (E)-1,2-Diethoxy-1,2-bis(p-trifluoromethyl phenyl)

QFt O ethylene (28). Method A. Carbene complex 20 (50 mg, 0.17

O o mmol), Pd catalyst (0.085 mmol) and Et3N (24 pL, 0.17 mmol)

FsC OFt were reacted for 2 h, to yield compound 28 as a pale yellow

solid (11 mg, 33%, £/Z = 1.5/1); mp = 112-114 °C. Z isomer: *H NMR (300 MHz): § 7.54

(d, J = 8.1 Hz, 4H), 7.29 (d, J = 8.1 Hz, 4H), 3.80 (q, J = 7.0 Hz, 4H), 1.35 (t, J = 7.0 Hz,

6H). *C NMR (75 MHz): & 142.8, 138.8, 130.0, 129.9, 128.7, 125.1 (q, J = 3.9Hz), 66.5,

15.6. E isomer: 'H NMR (300 MHz): 8 7.90 (d, J = 8.1 Hz, 4H), 7.67 (d, J = 8.1 Hz, 4H),

3.54 (q,J = 7.0 Hz, 4H), 1.14 (t, J = 7.0 Hz, 6H). **C NMR (75 MHz): & 144.3, 137.9, 129.6

(g,/=32.2 Hz), 129.5, 126.0, 125.0 (q, / = 3.8 Hz), 66.9, 15.2. IR (ATR): v 1327, 1116 cm’
! HRMS (ESI): m/z calcd for CyoH1gF60, [M + H]" 405.1284, found 405.1301.

Method B: Carbene complex 20 (200 mg, 0.51 mmol) and Pd(P'Bus), (13 mg,
0.026 mmol) were reacted for 24 h, to yield compound 28 as a pale yellow solid (66
mg, 64%, E/Z = 11/1).

ve (2)- and (E)-1,2-Diethoxy-1,2-bis(m-tolyl)ethylene (29).

QFt O Method A. Carbene complex 21 (100 mg, 0.29 mmol), Pd

O = catalyst (0.014 mmol) and EtsN (40 pL, 0.29 mmol) were

Me OFt reacted for 16 h, to yield compound 29 as a yellow oil (40 mg,

94%, E/Z = 1/1.5). Z isomer: *H NMR (300 MHz): 8 7.57-6.93 (m, 16H, Z+ E), 3.79 (q, J =

7.0 Hz, 4H), 2.23 (s, 6H), 1.33 (t, J = 7.0 Hz, 6H). E isomer: *H NMR (300 MHz): & 7.56 (s,

2H), 7.53 (d, J = 7.8 Hz, 2H), 7.29 (dd, J = 7.8, 7.4 Hz, 2H), 7.11 (d, J = 7.4 Hz, 2H), 3.57

(9, J = 7.0 Hz, 4H), 2.40 (s, 6H), 1.16 (t, J = 7.0 Hz, 6H). *C NMR (75 MHz): & 142.6,

137.3, 137.2, 135.3, 130.1, 130.0, 128.9, 128.2, 128.0, 127.8, 127.6, 127.0, 126.6,

125.4, 66.4, 65.8, 21.6, 21.3, 15.6, 15.2. IR (ATR): v 1280, 1105 cm™ . HRMS (ESI): m/z
calcd for CyoH»50, [M + H]* 297.1849, found 297.1860.

Method B: Carbene complex 21 (200 mg, 0.59 mmol) and Pd(P'Bus), (15 mg,
0.03 mmol) were reacted for 5 h, to yield compound 29 as a pale yellow oil (39 mg,
45%, E/Z = 10.8/1).

Br (Z)- and (E)-1,2-Bis[(p-bromophenyl)p-phenyl]-1,2-
diethoxyethylene (30). Method A. Carbene
complex 22 (100 mg, 0.21 mmol), Pd catalyst
(0.011 mmol) and Et3N (29 pL, 0.21 mmol) were
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reacted for 16 h, to yield compound 30 as a pale yellow solid (19 mg, 32%, E/Z = 1/1.4);
mp = 63-65 °C. Z + E isomers: ‘*H NMR (300 MHz): & 7.89-7.30 (m, 32H, Z + E) 3.88 (q, J
=7.0Hz 4H, 2),3.66 (q,/=7.0 Hz, 4H, E), 1.39 (t, /= 7.0 Hz, 6H, Z), 1.23 (t, J = 7.0 Hz,
6H, E). >°C NMR (75 MHz): & 144.4, 139.7, 138.9, 134.2, 132.1, 132.0, 131.9, 130.3,
130.0, 129.0, 128.9, 128.7, 128.6, 128.5, 126.9, 126.5, 126.4, 121.6, 66.7, 66.2, 15.7,
15.4. IR (ATR): v 1480, 1263, 1115, 1073, 816 cm™. HRMS (ESI): m/z calcd for
C30H27Br202 [M + H]+ 5790354, found 579.0359.

Method B: Carbene complex 22 (200 mg, 0.42 mmol) and Pd(P'Bus), (11 mg,
0.021 mmol) were reacted for 6 h, to yield compound 30 as a pale yellow solid (36 mg,
30%, E/Z=2.2/1).

(2)- and (E)-1,2-Bis[(p-bromophenyl ether)p-

o)
N OEt O \©\ phenyl]-1,2-diethoxy ethylene (31). Method A.
\©\ O = Br Carbene complex 23 (200 mg, 0.4 mmol), Pd
0 OFEt catalyst (0.02 mmol) and EtzN (56 pl, 0.4

mmol) were reacted for 16 h, to yield compound 31 as a yellow oil (33 mg, 28%, E/Z =
1/2.5). Z isomer: "H NMR (300 MHz): § 7.44 (d, J = 8.9 Hz, 2H), 7.17 (d, J = 8.9 Hz, 2H),
6.88 (d, J = 8.9 Hz, 2H), 6.81 (d, J = 8.9 Hz, 2H), 3.83 (q, /= 7.1 Hz, 4H), 1.35 (t, /= 7.1
Hz, 6H). E isomer: *H NMR (300 MHz): 8 7.74 (d, J = 8.9 Hz, 2H), 7.47 (d, J = 8.9 Hz, 2H),
7.02 (d, J = 8.9 Hz, 2H), 6.96 (d, J = 8.9 Hz, 2H), 3.59 (q, /= 7.1 Hz, 4H), 1.18 (t,J = 7.1
Hz, 6H). *C NMR (75 MHz): & 156.3, 156.1, 143.4, 133.1, 132.8, 131.7, 131.3, 130.1,
129.9, 128.8, 122.0, 120.8, 120.7, 118.9, 118.3, 118.2, 117.2, 115.9, 66.5, 66.1, 15.7,
15.3. IR (ATR): v 1487, 1240 cm™. HRMS (ESI): m/z calcd for C3oH»704Br; [M + H]"
609.0271, found 609.0304.

Method B. Carbene complex 23 (200 mg, 0.4 mmol) and Pd(P'Bus), (2.6 mg,
0.005 mmol) were reacted for 22 h, to yield compound 31 as a white solid (72 mg,
59%, E/Z = 6/1).

OEt O (E,Z,E)- and (E,E,E)-3,4-Diethoxy-1,6-diphenyl-1,3,5-

O AR hexatrienes, (32).>° Method B. Carbene complex 25 (100 mg,

OEt 0.28 mmol) and Pd(P'Bus), (0.005 mmol) were reacted for 16

h, to yield compound 32 as a dark brown solid (23 mg, 51%, E/Z = 2/1). Z + E isomers:

'H NMR (300 MHz): § 7.42 (d, J = 7.6 Hz, 8H,), 7.31-7.16 (m, 12H), 7.07 (d, J = 16.1 Hz,

2H), 6.99 (d, J = 15.5 Hz, 2H), 6.81(d, J = 15.5 Hz, 2H), 6.72 (d, J = 16.1 Hz, 2H), 3.97 (q, J
=7.0 Hz, 4H), 3.84 (q, J = 7.0 Hz, 4H), 1.36 (t, J = 7.0 Hz, 6H), 1.34 (t, J = 7.0 Hz, 6H).

OBn (2)- and (E)- 1,2-Dibenzyloxy-1,2-dimethyethene, (34).>® Method B.

Me M Carbene complex 33 (50 mg, 0.15 mmol) and Pd(P'Bus), (0.002 mmol) were

OBn reacted for 22 h, to yield compound 34 as a mixture of isomers (14 mg,

70%, E/Z = 1/1.6). Compound 34 was unstable for further purification. Z + E isomers:

'H NMR (300 MHz): & 7.40-7.23 (m, 20H), 4.71 (s, 4H), 4.56 (s, 4H), 1.77 (s, 6H), 1.71 (s,
6H).
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Discusion general

En este apartado se discutiran los aspectos mas relevantes de los distintos
capitulos anteriormente tratados y se valorardn de forma critica los resultados

obtenidos y la consecucién de los objetivos propuestos.

VIII.1. Sintesis, estructura y propiedades electronicas de complejos

alcoxi-biscarbeno de Fischer con conjugacidon-n extendida.

Estudios previos realizados en nuestro grupo de investigacion sobre
sistemas push-pull (D-n-A) basados en complejos alcoxi-carbeno a,p-insaturados
de tipo Fischer proporcionaron un amplio conocimiento sobre la naturaleza
electrénica de dichas especies.”® Se demostré que estas especies presentan dos
absorciones principales de naturaleza m-n* en sus correspondientes espectros de
UV-vis, las bandas LF y MLCT, respectivamente. La primera transicion se encuentra
a mayor energia y se ve influenciada tanto por grupos m-dadores como 7-
aceptores. En cambio, la banda MLCT (que aparece en el visible y es responsable
del color de los complejos) apenas se ve afectada por la presencia de

sustituyentes con diferente naturaleza electrénica.

A la vista de estos resultados, disefiamos nuevos complejos push-pull de
tipo Fischer de estructura general 23 con el objeto Ultimo de modular la posicidn
de la banda MLCT en funcion del tipo de espaciador arilo que conecta ambos
fragmentos carbénicos. Para ello se sintetizd y caracterizé la serie de complejos

push-pull (A-t-D-m-A) 23 (Figura 37).%2

%2 Chu, G. M.; Fernandez, I.; Sierra, M. A Chem. Eur. J. 2013, 19, 5899.
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Figura 37. Complejos push-pull (A-w-D-nt-A) estudiados.

Estos sistemas A-n-D-m-A presentan un efecto cooperativo entre los dos

fragmentos metal-pentacarbonilo que, junto a la alta planaridad del sistema,

amplifican la conjugacion-t entre el espaciador y los dos fragmentos metalicos.

Como resultado, se observa un desplazamiento batocrémico significativo en la

posicion de la banda MLCT con respecto a los andlogos monocarbeno descritos

previamente en nuestro grupo de investigacion (Figura 38).%°
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Figura 38. Comparacion de espectros de absorcidon de los sistemas D-n-A y A-n-D-m-A

basados en complejos metal-carbeno de tipo Fischer.
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Los calculos TD-DFT llevados a cabo indican que las bandas de absorcién LF
y MLCT presentan un marcado cardcter n-n* y se pueden asignar a las transiciones

HOMO-6 - LUMO y HOMO - LUMO, respectivamente (Figura 39).

i.

oo thost L i b F

HOMO-6 (23a) HOMO (23a) LUMO (23a)

%J»‘_.ﬁg

HOMO -6 (23f) HOMO (23f)

LUMO (23f)

Figura 39. Orbitales moleculares calculados para los complejos 23a y 23f.

La amplificacién de la conjugaciéon-m en los sistemas push-pull 23 se refleja
claramente en sus geometrias de equilibrio (Esquema 6). Asi, la forma resonante Il
contribuye en mayor medida en aquellos complejos que exhiben mayor
conjugacién, es decir, en los complejos cuya banda MLCT se encuentra mas
desplazada batocrémicamente. Como consecuencia directa de la elevada
contribucién de dicha forma resonante se produce un acortamiento significativo
de la distancia de los enlaces C1-C2 y C3—C4 y un alargamiento de los enlaces
C2=C3 (como confirman tanto la estructura de rayos-X del complejo 23f (Figura

40) como los valores calculados para los complejos 23a,b,e,f).

Eto_ J| G Ot <—>Eto S\ 0Bt < O s
I

(CO)sCr Cr(CO)5 (CO)SCr Cr(CO)5 (CO)5Cr Cr(CO)s

d(C1-C2) se acorta
d(C2=C3) se alarga

| \ d(C3-C4) se acorta
(CO)sCr Cr(CO)s

Esquema 1. Posibles formas resonantes del complejo 23f.
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H22C‘_H22A

Figura 40. Estructura cristalina del biscarbeno 23f.

Asimismo, se estudid la influencia de la naturaleza del metal sobre las
propiedades electrénicas de los complejos 23. Con este fin, se sintetizaron vy
caracterizaron los biscarbenos de la Figura 41. Asi, la banda MLCT del complejo
23a aparece a una mayor longitud de onda que la banda MLCT del complejo 23n.
Este resultado indica claramente que el biscarbeno de wolframio presenta una
conjugacién-n extendida menor que 23a, lo que se puede atribuir a la menor
capacidad m-aceptora del fragmento W(CO)s. El valor intermedio encontrado para
la posicion de la banda MLCT del complejo mixto 23m apoya la hipdtesis del
efecto cooperativo entre los dos fragmentos metal-pentacarbonilo mencionado

anteriormente.

(CO)sCr, OEt  (CO)sCr OEt  (CO)W.__OFEt

X X X

=z = =

(CO)sCr”” ~OEt (CO)W™ OEt  (CcO)W” “OEt

23a 23m 23n
MLCT = 523 nm MLCT =511 nm  MLCT =489 nm

Figura 41. Complejos biscarbenos con distintos metales de transicion estudiados.

Finalmente, la posicién de la banda MLCT de los sistemas A-n-D-m-A de
tipo Fischer es modulable a través de diversos cambios en el fragmento arilo. Asi,
un fragmento con mayor densidad electrénica provoca un desplazamiento
batocrémico, mientras que un espaciador que interrumpe la conjugacién entre los

dos fragmentos metdlicos provoca que la posicion de la banda MLCT sea andloga a
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la de un sistema push-pull mono-carbeno de tipo Fischer. De esta manera, no sélo
hemos logrado el objetivo principal de modular la posicion de la banda MLCT sino
gue ademas se ha obtenido el valor mas alto (Amax = 580 nm) de la posicion de

dicha banda en complejos metal-carbeno de tipo Fischer descrito hasta la fecha.

VIIl.2. Moléculas BODIPY con propiedades fotofisicas modulables
mediante conjugacion-t con complejos metal-carbeno de tipo

Fischer.

El disefio de nuevos sistemas metal-BODIPY donde el fragmento metdlico
se une tanto a la periferia como directamente al nicleo del BODIPY, tiene interés
debido al gran nimero de modificaciones posibles que permiten, en principio,

modular facilmente las propiedades dpticas y electrénicas de estos compuestos.

A fin de estudiar la interaccidon electrénica entre el fluoréforo y el
fragmento metalico se disefiaron nuevas diadas BODIPY-carbeno de tipo Fischer
unidas por conjugacién-rt a través de un espaciador etileno (Figura 42). En estas
especies, el fragmento metalico se encuentra, por tanto, directamente conjugado

al ntcleo del fluoréforo BODIPY.*

24a, M=Cr;R=H 25a,M=Cr;R=H
24b, M =Cr; R = Me 25b, M =Cr; R=Me
24c, M =Cr; R = OMe 25¢c, M=W;R=H

24d, M=W;R=H
Figura 42. Diadas BODIPY-metal-carbeno de tipo Fischer estudiadas.

Estos nuevos sistemas push-pull 24 (D-mn-A) presentan una banda de
absorcién cuyo maximo aparece a Amax = 570 nm, atribuible a la transicion MLCT.

Este fuerte desplazamiento batocromico es aproximadamente de unos 100 nm

% Chu, G. M.; Guerrero-Martinez, A.; Fernandez, |.; Sierra, M. A. Chem. Eur. J. 2014, 20, 1367.
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con respecto a los complejos monocarbeno andlogos (Amax = 475 nm)°® (Figura 43)
y es comparable al observado en los sistemas A-n-D-m-A descritos en el capitulo
VIII1.1.22 Por tanto, nos encontramos de nuevo ante sistemas con conjugacion m-
extendida con elevada planaridad (como se observa en la Figura 44). Cabe
destacar que la modificacién del sustituyente R sobre el anillo bencénico no
modifica las propiedades de absorcion de la diada ya que se sitla

perpendicularmente al plano de la diada metal-BODIPY.

D-n-A

1,2 1 Nuevos sistemas D-7-A

Abs

0,0 T i—. - .
350 400 450 500 550 600 650 700
Afnm

Figura 43. Comparaciéon de espectros de absorcion entre los sistemas D-n-A y las diadas

24.

Figura 44. Estructura cristalina de la diada 24d.
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Los cdlculos TD-DFT llevados a cabo para las diadas 24a,c indican que la
banda MLCT resulta de la promocién de un electrén desde el HOMO al LUMO,
mientras que la banda LF corresponde a la transicion HOMO-2 - LUMO. Ambas

transiciones poseen un marcado caracter m-n* como se observa en la Figura 45.

~ # ?} o § o

HOMO-2 (24a) HOMO (24a) LUMO (24a)

¢ —a &

< ¥ ; i {' .
d \ -

HOMO-2 (24c) HOMO (24c) LUMO (24c)

Figura 45. Orbitales moleculares calculados para los complejos 24a y 24c.

El efecto de la conjugacién-nt extendida se puede apreciar en las
geometrias de equilibrio de las especies 24 (Esquema 7). Asi, la forma resonante |
describe fundamentalmente la situacion de enlace en las diadas alcoxicarbeno,
mientras que la forma resonante Il es mas representativa en los complejos
aminocarbeno. Este hecho se hace evidente cuando se comparan los indices de
enlace de Wiberg de C1-C2 y C2=C3 de las diadas 24 y 25 (1.21 y 1.61 frente a

1.12y 1.71, respectivamente).
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X = OEt Me 4=  Me Cr(CO)s

X =NMey

Esquema 7. Posibles formas resonantes de los complejos 24 y 25.

Tanto los calculos tedricos como la estructura de rayos-X para el complejo
24d indican claramente que las diadas 24 se encuentran totalmente conjugadas y
presentan una alta planaridad. En cambio, los complejos aminocarbeno 25 no
presentan tal planaridad (Figura 46) y, como consecuencia, las propiedades
fotofisicas son completamente diferentes. El mayor cardcter n-dador del grupo
amino con respecto al grupo alcoxi interrumpe la comunicacion electrénica entre
el fragmento BODIPY y la especie metalica, aislando de esta manera al fluoréforo.
Asi, las diadas 25 presentan propiedades fotofisicas caracteristicas de las unidades
BODIPY, mientras que en los complejos 24 se observa por el contrario una

completa supresion de la fluorescencia (Figura 47).

24a(Cr-C-C-C=0.0%) 25a(Cr-C-C-C =55.8°)

Figura 46. Geometrias optimizadas para los complejos 24a y 25a.
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24a
25a

/fua.

0.0

4 T H T k: T * T & T 3 1
500 525 550 575 600 625 650
Afnm

Figura 47. Espectro de emision de las diadas 24a y 25a.

Adicionalmente, la modulacién de las propiedades fotofisicas del BODIPY
es posible mediante la modificacion del caracter n-dador del heterodtomo unido
directamente al carbono carbénico del complejo de Fischer. Asi, se sintetizd y
estudié la diada con un grupo -SEt 26 (Figura 42). Como cabia esperar, dicha diada
mostré propiedades geométricas y fotofisicas intermedias entre las diadas 24 y 25
debido a que el dtomo de azufre es menos n-dador que el nitrégeno y menos

electronegativo que el oxigeno.

Por lo tanto, hemos logrado modular de manera eficaz las propiedades
fotofisicas del fluoréforo BODIPY mediante la simple modificacién de las
propiedades electrénicas del heteroatomo del complejo metal-carbeno de tipo

Fischer.

VIII.3. Nuevas diadas BODIPY-carbeno de Fischer con control de las

propiedades de emisidn mediante conjugacion-nt remota.

Teniendo en cuenta los resultados descritos anteriormente con
propiedades fotofisicas modulables a través de la conjugacion-n,” se disefié una

nueva familia de diadas metal-BODIPY. Para ello, se sintetizaron los complejos 26
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(Figura 48)** donde el complejo metal-carbeno se une al BODIPY a través de un

grupo 4-aminofenilo situado en C8.

26a,M =Cr,R=Ph

26b, M =W, R =Ph

26c, M =Cr,R="Bu

26d, M =Cr, R = 4-Me-CgH,
26e, M = Cr, R = 4-OMe-C gHy4
26f, M = Cr,R = 4-NMe,-CgH,
269, M =Cr, R = 4-Br-CgH,
26h, M =Cr, R = 4-CF3-CgHa
26i,M=Cr,R =Fc

Figura 48. Diadas BODIPY-carbeno de Fischer estudiadas.

Estos nuevos sistemas push-pull 26 presentan dos bandas de absorcién
principales: una en torno a 500 nm y otra, a 475 nm. Estas transiciones se pueden
asignar en base a calculos TD-DFT a la transicién n-n* del BODIPY (HOMO -
LUMO) y a la banda MLCT del complejo metdlico (HOMO-1 - LUMO+1) (Figura
49).

\ 1

HOMO-1 LUMO+1

Figura 49. Orbitales moleculares calculados para la diada 26a.

Las propiedades de absorcion de las diadas son practicamente la suma de

las absorciones del fragmento BODIPY y del complejo metalico por separado. Esto

o Chu, G. M.; Guerrero-Martinez, A.; Ramirez de Arellano, C.; Fernandez, |.; Sierra. M. A. Enviado.
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es esperable ya que ambos croméforos no son coplanares como indica la
estructura de rayos-X de la diada 26b (Figura 50). Por lo tanto, la union del BODIPY
con el fragmento metdlico no altera significativamente las propiedades

electronicas del fluoroforo BODIPY.

054

Figura 50. Estructura cristalina de la diada 26b.

Por otro lado, la intensidad de la emisién de fluorescencia del éster 27,
generado mediante la oxidacion de la diada 26a, es mucho mayor que la del
BODIPY 28 (Figura 51). Esto se debe a que el grupo carbonilo es capaz de aceptar
densidad electronica del par de electrones libre del atomo de nitrégeno de la
anilina. Por tanto, dicho par de electrones se encuentra menos deslocalizado
sobre el nucleo del BODIPY y, como consecuencia, la emision de fluorescencia del
sistema es mayor. Un efecto similar se deberia observar en las diadas BODIPY-
carbeno debido al gran caracter -aceptor del fragmento metal-pentacarbonilo.*
Sin embargo, en estos sistemas se observa una disminucion significativa de la

intensidad de emisidn del BODIPY.

0]

27 28
Figura 51. Estructura de la diada oxidada 27 y del BODIPY 28.

Considerando el solapamiento existente entre la emisidon del BODIPY y la
absorcién del complejo metal-carbeno de tipo Fischer y la distancia relativa entre

los dos croméforos (en torno a 10 A), una interaccién Dexter cobra fuerza como
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mecanismo responsable de la reduccién de la emisidon de fluorescencia en las
especies 26.”° Ademas, el célculo de las energias relativas de los orbitales frontera
de los croméforos por separado indica una posible desactivacion desde el LUMO
del BODIPY excitado al LUMO del complejo metal-carbeno, lo que también apoya
al mecanismo de desactivacidon Dexter (Figura 52). Sin embargo, tal desactivacién
no es posible si el aceptor es un grupo éster ya que el LUMO de éste se encuentra

mas alto en energia, lo que estd de acuerdo con el hecho experimental observado.

Figura 52. Orbitales frontera calculados para los croméforos aislados.

A pesar de la baja emisiéon de las diadas 26 se aprecia una clara
dependencia de la misma en funcidn de la sustitucion en la posicion 3 del carbono
carbénico (Figura 53). Asi, los complejos con sustituyentes m-dadores sobre el
anillo bencénico (26e,f) muestran una emision mayor que aquellos con
sustituyentes m-aceptores (26g,h), a excepciéon de 26i donde la emisidn se
encuentra totalmente desactivada debido a un mecanismo PET inducido por el

grupo ferrocenilo.”

% Este efecto ha sido observado previamente en sistemas analogos, véase: (a) Rao, M. R.; Kumar, K. V. P.;
Ravikanth, M. J. Organomet. Chem. 2010, 695, 863. (b) Liu, J.-Y.; El-Khouly, M. E.; Fukuzumi, S.; Ng, D. K. P.
ChemPhysChem 2012, 13, 2030.
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Grupos
1,0 5 n-dadores
0,9 +
0,84 c
1 ©
0,7 - a
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Figura 53. Comparacion del espectro de emisiéon de las diadas 5 con diferentes

sustituyentes en el grupo arilo.

Por otro lado, se han encontrado claras correlaciones lineales entre la
intensidad de la emisién y los pardmetros c," de Hammet, asi como con el
desplazamiento quimico de *C-RMN del carbono carbénico (Figura 54). Estas
correlaciones confirman inequivocamente que la emisidn del fluoréforo BODIPY
en las diadas 26 se puede modular eficazmente mediante la conjugacion-nt
ejercida por los correspondientes sustituyentes situados en posiciones remotas al

fluoréforo BODIPY.

(a) 7 ‘ (b} 27 s R'=098
R' =098
1.0 1.04
084 5e LER Se
o [ L] .
3 5a =
= . = * . Sa
6
a8 54 ° 59 e L sg
- -
04~ 044
- L]
02 Sh 024 sh
40 08 08 04 92 00 02 04 O 2 30 32 W4 06 N8 30
o (Hammet) 5°C/ppm

Figura 54. Representacion grafica de la intensidad de emision frente al parametro o, (a)

y al desplazamiento quimico de **C-RMN del carbono carbénico (b).
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La geometria de equilibrio de estas diadas se encuentra influenciada, por
tanto, por la naturaleza de los sustituyentes del grupo R (Figura 48) y, a su vez, por
el par de electrones libre del nitrégeno de la anilina unido al BODIPY en posicidn
C8. Asi, las formas resonantes Il y lll contribuyen en gran medida a la descripcion
de los complejos con grupos m-dadores 26e,f (Esquema 8).En cambio, las diadas
con grupos electroaceptores 26g,h, junto a la especie con el resto butilo 26c, se
describen mejor mediante la forma resonante IV. En consecuencia, la emisién del
BODIPY se encuentra mas desactivada en las diadas que presentan grupos 7-

aceptores que en aquellas con grupos n-dadores.

OEt ..
(CO)sM=—  HN

Esquema 8. Posibles formas resonantes de los complejos 26.

Podemos concluir, por tanto, que se han logrado disefiar las primeras
diadas metal-BODIPY donde el complejo metal-carbeno de tipo Fischer se
encuentra unido a la periferia del BODIPY. Dichas especies presentan propiedades
emisivas modulables a través de la conjugacién-t remota del fragmento metalico
y no de una conjugacién-n directa con el fluoréforo BODIPY similar a la descrita en

el capitulo VIII.2.
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VIIl.4. Complejos metal-BODIPY de Ir (lIl)y Rh (lll) con desactivacion

de la fluorescencia.

Con el fin de evaluar el mecanismo de desactivacién de la fluorescencia en
sistemas metal-BODIPY no coplanares, se disefaron, sintetizaron y caracterizaron
nuevos complejos de rodio (Ill) e iridio (lll) 30 y 32 mediante reaccidon de
activacion C-H/ciclometalacién desde [MCp*Cl,], y los cromoforos BODIPY 29 y

31, respectivamente (Figura 55).%°

30aa,R=H,M=1Ir 31a, R=H, 32aa, R=H,M=1r
30ba. R=Me M=Ir 31b,R=Me, 32ba,R=Me M=Ir
30ab’R=H M=Rh 32ab, R=H, M = Rh
30bb. R = Me, M = Rh 32bb, R = Me, M = Rh

Figura 55. Especies BODIPY 29 y 31 y diadas metal-BODIPY 30 y 32 estudiadas.

Las estructuras de rayos-X de las diadas 30ba y 33bb (Figura 56) revelan
gue el dngulo diedro entre el nucleo del BODIPY y el grupo fenilo es practicamente
ortogonal (99.3° y 90.6°, respectivamente). En cambio, calculos DFT sobre la diada
sin grupos metilo 30aa indican un valor del angulo diedro de -52.5°. Esta sutil
diferencia estructural en las moléculas BODIPY sin sustituir hace que dichos
sistemas presenten una total desactivacion de la emisién debida a la rotacion libre

del grupo arilo en posicién C8 al BODIPY.

% Chu, G. M.; Fernandez, |.; Guerrero-Martinez, A.; Ramirez de Arellano, C.; Sierra. M. A. En prensa: Eur. J.
Inorg. Chem.
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Figura 56. Representacion cristalina de las diadas 30ba y 32bb.

Con respecto a las propiedades de absorcidn, la posicion de la banda del
BODIPY de los complejos 30 y 32 permanece practicamente inalterada (Amax = 500
nm) a pesar de la presencia del metalaciclo en la diada y de la inclusién de un
grupo arilo adicional. Esto es consecuencia de la falta de conjugacion-rt directa
entre el fluordoforo y el fragmento metdlico, lo cual nos permite asignar
inequivocamente la banda de absorcidn a una transicién n-n* en la que solamente
participa el fragmento BODIPY. Adicionalmente, calculos TD-DFT confirman que
dicha banda se debe a la promocién de un electrén desde el orbital HOMO-1 al
orbital LUMO (ambos orbitales centrados casi exclusivamente en el fluoréforo,

Figura 57).
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HOMOH —5.53

-

HOMO-1 —5.64

Figura 57. Orbitales moleculares calculados para los complejos 29a y 30ba.

Por otro lado, la presencia del metal provoca cambios muy significativos en
la emisidon de las diadas 30 y 32. Asi, el rendimiento cuantico de fluorescencia de
los complejos metal-BODIPY 30ba y 30bb (0.001 y 0.014, respectivamente)
disminuye drasticamente con respecto al BODIPY sin metalar 29b (0.452). La
presencia de un grupo arilo adicional influye ligeramente sobre el rendimiento
cuantico de las especies 31b, 32ba y 32bb (0.557, 0.062 y 0.125,
respectivamente). Aunque la emisidén se encuentra practicamente desactivada, no
se observa una completa supresion de la sefial de fluorescencia debido a que el
fragmento metdlico se encuentra relativamente alejado del nicleo del BODIPY en
los complejos 32. Asimismo, se aprecia claramente que los complejos de iridio (lIl)
30ba y 32ba presentan una desactivacion mas eficiente con respecto a los

complejos de rodio (l11) 30bb y 32bb.

Los mecanismos de transferencia de energia Forster y la interacciéon de
Dexter como responsables de |la desactivacion de la emision de fluorescencia de

las diadas 30b y 32b son muy improbables debido al practicamente nulo

191



Discusion general

solapamiento entre la banda de emisién del dador y la banda de absorcién del
aceptor. En cambio, un mecanismo de transferencia electrdonica fotoinducida
constituye una alternativa razonable para explicar los hechos experimentales. Asi,
los calculos DFT de las energias relativas de los orbitales frontera muestran que
tras la fotoexcitacién del BODIPY se puede producir una transferencia electrdnica
desde el fragmento metalico al fluoréforo en un mecanismo a-PET (Figura 58),

responsable de la supresién de la fluorescencia observada experimentalmente.

Figura 58. Mecanismo PET propuesto para las diadas 30 y 32.

Por tanto, se ha realizado el estudio sistematico de complejos metal-
BODIPY no coplanares, donde hemos controlado las propiedades de emision
mediante la modulacion de la distancia entre el fragmento metalico y el fluoréforo
BODIPY y la naturaleza del metal de transicion. Estos factores son cruciales en el

control de la eficiencia del mecanismo a-PET de las diadas metal-BODIPY 30 y 32.

VIII.5. Control sobre la selectividad E/Z en la dimerizacién catalitica

de complejos metal-carbeno de tipo Fischer.

Estudios experimentales y computacionales previos sobre la dimerizacion

de complejos metal-carbeno de tipo Fischer catalizada por reactivos de paladio
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(Esquema 9) confirmaron que el ligando unido al catalizador influye sobre la

relacion de isémeros E/Z del producto de reaccion.>

RO OR

OR 0
Pd®/ ta.
(CO)sCr LI ol N
° :<Ph

Aditivo Ph Ph
R = Me (33), Et (34) E/iZ

Esquema 9. Dimerizacién catalizada por paladio de los complejos 33 y 34.

Con el objeto de controlar dicha relaciéon E/Z y lograr procesos
estereoselectivos se estudio el efecto de distintos aditivos sobre la relacion de

isémeros en los complejos metal-carbeno de tipo Fischer 33 y 34.%

Asi, en ausencia de aditivos se obtiene una relacion de isémeros
practicamente equivalente para ambos complejos (relacién £/Z 1/1.2 y 1.2/1 para
los complejos 33 y 34, respectivamente). De entre todos los aditivos ensayados
(desde fosfinas mono- y bidentadas, fosfitos, arsina, bismutina, hasta carbenos N-
heterociclicos) para ambos complejos, Unicamente la adicion de fosfinas
voluminosas (P'Bus) provocé un considerable aumento de la proporcion del
isdmero E (hasta una relacion E/Z 9.4/1 para el complejo 34). Por otro lado, un
ligero aumento en la proporcion del isémero Z se consiguid mediante la aidicidn

de PPhs3 (E/Z 1/4.4 para el complejo 33).

Basandonos en estos resultados, decidimos evaluar el efecto de los
ligandos unidos directamente al catalizador sobre la relacion de isomeros. De esta
manera, el complejo Pd(P'Bus), aumentd significativamente la relacién E/Z del
proceso (hasta 15.7/1 para el complejo 34) mientras que catalizadores con
ligandos menos voluminosos como Pd(PPhs)s; provocaron una clara disminucion

(relacién E/Z de 1/2.6).

Es importante destacar que la maxima relacion E/Z para la especie
Pd(P'Bus), se obtuvo con cargas de catalizador del 5% mol. Tanto cargas
superiores como cargas inferiores provocaron drasticas reducciones de dicha

relacion de isdmeros.

%7 Chu, G. M.; Fernandez, |.; Sierra, M. A. J. Org. Chem. 2013, 78, 865.
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Estos resultados apuntan al uso de un complejo etoxicarbeno de tipo
Fischer y un 5% del catalizador Pd(P'Bus), como combinacién éptima para
aumentar la selectividad E en las reacciones de dimerizacidn. Para confirmar esta
hipotesis, dichas condiciones se emplearon en la dimerizaciéon de distintos
complejos metal-carbeno (Esquema 10). En todos los casos, se observa un notable

incremento en la produccién del isémero E.

OEt  pd(PBuj), EtO  OEt
Ccopcr= =
R

MeCN, rt R R
M=Cr,R=Ph E/Z=15.7:1
M = Cr, R = p-BrCgH4 E/Z=6.81
M = Cr, R = p-MeOCgH,4 E/Z=8.1:1
M= Cr, R= p-CF3CSH4 E/Z=11:1
M = Cr, R = m-MeCgH4 E/Z=10.8:1

M=Cr,R= -§Br E/z=2.2:1

M=Cr,R= §@-b E/Z =61

Br
W, R =Ph E/Z
Cr, R = estirilo E/Z

o
N

M
M
Esquema 10. Dimerizacién catalitica de diversos complejos metal-carbeno de tipo Fischer.

Por lo tanto, podemos concluir que la selectividad de la reaccion de
dimerizacion catalitica de complejos metal-carbeno de tipo Fischer se puede
controlar eficazmente (hacia la produccion del isémero E) mediante el uso del
catalizador voluminoso Pd(P'Bus), o a la adiciéon de P'Bus como aditivo. Este
resultado podria ser de utilidad en la sintesis de polienos conjugados con

potenciales aplicaciones en el campo de los materiales organicos.

194



IX. CONCLUSIONES






Conclusiones

En el presente trabajo, hemos disefiado y sintetizado nuevos sistemas push-
pull basados en metales de transicion con propiedades fotofisicas modulables. Asi,
se ha llevado a cabo la sintesis de nuevos sistemas de tipo A-n-D-1-A cuyos grupos
electroaceptores son complejos metal-carbeno de tipo Fischer. Estos complejos
bis-carbeno presentan una comunicacion-t amplificada que depende de la alta
planaridad del sistema y del efecto cooperativo entre los dos fragmentos metal-
pentacarbonilo. La amplificacién de la conjugacion-t se refleja en wun
desplazamiento batocromico de la banda MLCT de mas de 100 nm con respecto a

los andlogos D-7t-A.

Asimismo, se han sintetizado por primera vez complejos organometadlicos
push-pull metal-BODIPY, de cromo y wolframio. Estos complejos presentan una
extraordinaria conjugacién-n extendida analoga a los sistemas A-n-D-m-A,
descritos anteriormente. La modificacién del heteroatomo (O, S, y N) unido
directamente al carbono carbénico de los complejos de Fischer altera la
conjugacién-r existente entre la diada y, por tanto, sus propiedades fotofisicas. La
desactivacion de la emision del fluoréforo se puede atribuir a un mecanismo

Dexter.

Por otro lado, se han estudiado otras diadas metal-BODIPY basados en
complejos metal-carbeno de tipo Fischer con conjugacion-t remota. Estas diadas
presentan propiedades fotofisicas modulables en funcién del sustituyente unido al
carbeno a,B-insaturado. Asi, grupos m-dadores provocan un aumento en la
emisiéon del BODIPY mientras que grupos m-aceptores desactivan la fluorescencia.

La disminucién de la emision se atribuye también a una interaccién Dexter.

Ademas, se han caracterizado complejos metal-BODIPY de rodio e iridio
sintetizados mediante reacciones de activacion C-H/ciclometalacion. En este caso
la desactivacion de la fluorescencia en estas diadas se produce principalmente
como consecuencia de un mecanismo PET. Se ha demostrado que las propiedades
emisivas dependen de la naturaleza del metal y de la distancia entre el fluoréforo

y el fragmento metalico.
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Conclusiones

Ademas, en todos los casos anteriores se ha realizado un extenso estudio
computacional sobre la estructura electrénica de los distintos complejos que ha
permitido asignar adecuadamente las transiciones electrénicas asociadas a las
bandas de absorcién observadas experimentalmente. Dichos calculos tedricos han
contribuido enormemente a la hora de evaluar los distintos mecanismos de

desactivacion de la fluorescencia.

Por ultimo, se han optimizado las condiciones de reaccidn de la dimerizacion
catalizada por paladio de complejos metal-carbeno de tipo Fischer para obtener la
mejor relacién E/Z. La especie Pd(P'Bus), (5% mol) se ha identificado como el
catalizador éptimo para obtener mayoritariamente el isémero E en este tipo de

reacciones.
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Resumen en inglés

Synthesis, structure and electronic properties of new push-pull systems

based on transition metal complexes.

The present work is aimed at designing novel organometallic push-pull species.
To this end, different transition metal complexes, mainly based on Fischer type
carbene complexes, have been synthesized and fully characterized. Their associated

photophysical properties have been analysed in detail by means of experimental and

computational tools.

In this regard, A-m-D-m-A push-pull systems (where A = Fischer carbene
complex) with enhanced n-conjugation have been prepared (Chapter 1)." In addition,
Fischer carbene complexes have been attached to the BODIPY core (Chapter 2)? or to
its periphery (Chapter 3)® to modulate the photophysical properties of the
fluorophore. Novel transition metal-BODIPY complexes having tunable emissive
properties were prepared through N-directed C-H activation/cyclometallation reaction
(Chapter 4).* Finally, a systematic investigation of the influence of the bulkiness of the
ligands on the Pd-catalyzed self-dimerization reaction of alkoxychromium(0) (Fischer)

carbene complexes has been carried out (Chapter 5).”

Chapter 1.

Chapter 1 describes the preparation of novel m-extended alkoxy Fischer
bis(carbene) complexes A-n-D-w-A by the reaction of the corresponding dialdehydes
with alkoxychromium(0) and alkoxytungsten(0) carbene complexes following the

standard conditions reported by Aumann (Scheme 1).°

! Chu, G. M.; Fernandez, |.; Sierra, M. A Chem. Eur. J. 2013, 19, 5899.
2 Chu, G. M.; Guerrero-Martinez, A.; Fernandez, |.; Sierra, M. A. Chem. Eur. J. 2014, 20, 1367.
3 Chu, G. M.; Guerrero-Martinez, A.; Ramirez de Arellano, C.; Fernandez, I.; Sierra. M. A. Submitted to: Inorg. Chem.

4 Chu, G. M.; Fernandez, |.; Guerrero-Martinez, A.; Ramirez de Arellano, C.; Sierra. M. A. Just accepted: Eur. J. Inorg.
Chem.

> Chu, G. M.; Fernandez, |.; Sierra, M. A. J. Org. Chem. 2013, 78, 865.
6 Aumann, R.; Heinen, H. Chem. Ber. 1987, 120, 537.
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OEt
cosm=  * oHc—_Ayl_|-cro
Me

EtsN/TMSCI EtQ Vi \ OEt

rt.,24 h
(CO)sM M(CO)s

Scheme 1.

The UV/Vis spectra of these species display two main absorptions at

approximately 350 and 550 nm attributable to ligand-field (LF) and metal-to-ligand

charge transfer (MLCT) transitions, respectively. According to TD-DFT quantum

chemical calculations at the B3LYP/def2-SVP level, these absorptions are ascribed to

the HOMO-6 - LUMO (LF) and the HOMO - LUMO (MLCT) vertical transitions and

possess a remarkable m-nt* character. The planarity of the system and the cooperative

effect of both pentacarbonyl metal moieties greatly enhance the conjugation between

the tether and the metal carbene fragment, which is reflected in dramatic changes in

the LF and MLCT absorptions. This behavior is markedly different to that observed for

the monocarbene counterparts (Figure 1), whose MLCT band remains unaltered

regardless the nature of the substituent attached to the aryl fragment.
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Figure 1.

This study shows that the MLCT absorption maxima can be efficiently tuned by

means of subtle modifications of the electronic nature of the central aryl fragment

connecting both metal moieties in the novel A-n-D-n-A systems. As a consequence of

7 Lage, M. L.; Fernandez, I.; Manchefio, M. J.; Sierra, M. A. Inorg. Chem. 2008, 47, 5253.
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the extended m-conjugation, a strong correlation between the equilibrium geometries
of these bis(carbene) complexes and their optical properties is observed. The
experimental electrochemical data (the first oxidation potential, 1st E,) also correlates
with the computed HOMO energies of the different complexes. The ability of tuning up
the electronic properties of the compounds studied herein may be of future use in

material chemistry.

Chapter 2.

The synthesis, structure, and photophysical properties of novel BODIPY—Fischer
alkoxy-, thio- and aminocarbene dyads are described in the second chapter. Alkoxy-
and thio-BODIPY—Fischer carbene complexes were prepared according to the reaction
conditions reported by Aumann,® whereas aminocarbenes dyads were prepared from

alkoxycarbene complexes by an aminolysis reaction at -100°C (Scheme 2).

NHMe, THF
_—
-100°C, 10 min

\ XEt X=0

Scheme 2.

In these species, the BODIPY chromophore is directly attached to the carbene
ligand by an ethylene spacer. The extension of the m-conjugation in these push-pull D-
m-A systems is decisive in altering their equilibrium geometries, and consequently,
modifies the corresponding photophysical properties of the BODIPY chromophore.
Thus, when an alkoxycarbene complex is present in the BODIPY—metal carbene dyad,
the m-conjugation is maximized. This is reflected in a significant bathochromic shift of
the corresponding MLCT band, which is the result of the m-donor behavior of the

BODIPY moiety.
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In contrast, m-conjugation is strongly diminished when an aminocarbene
complex is present in the dyad. As a consequence, the BODIPY moiety is mainly
isolated in these compounds which exhibit a similar fluorescence than that observed
for the parent formyl-BODIPY derivatives. In contrast, as the electronic structure of the
BODIPY fragment is strongly altered by m-conjugation with the alkoxycarbene moiety,
these complexes exhibit a complete suppression of the fluorescence associated with

the BODIPY chromophore (Figure 2).

.

(Cr-C-C-C =0.0° (Cr-C-C-C =55.8%
MLCT = 568 nm MLCT =524 nm
Planar, nan-emissive Non-planar, emissive

Figure 2.

An intermediate situation is found in BODIPY-thiocarbene complex dyads
owing to the lower electronegativity (compared to oxygen) and m-donor ability
(compared to nitrogen) of the sulfur atom, which confirms the importance of =-
conjugation in controlling the properties of the BODIPY units. From our joint
experimental-computational study, it becomes obvious that the photophysical
properties of the BODIPY chromophore can be modified, in principle at will, by means
of direct m-conjugation with Fischer carbene complexes. It is expected that the present
study will be of future use in materials chemistry owing to the ease of tuning the
photophysical properties of BODIPY units by subtle modifications on the metal-

carbene moiety.

Chapter 3.

In this chapter, the synthesis, structure and complete characterization of novel
mono- and bimetallic dyads joining Fischer carbene complexes and BODIPY

chromophores are described. These complexes attached to a BODIPY moiety through a
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p-aminophenyl group linked at the C8 carbon atom of the BODIPY core were prepared

according to Scheme 3.

OEt
(CO)sM +

Scheme 3.

It is found that the metal fragment does not alter significantly the absorption
properties of the BODIPY. In all cases, the UV-Vis spectra of the novel organometallic
dyads are characterized by three main absorptions in the range of 350-550 nm, where
the more intense band (located at Amax = 500 nm) can be assigned to the typical m-7*
transition involving the BODIPY fragment. Despite that, the fluorescence emission
properties of the BODIPY moiety is dramatically reduced by the corresponding
pentacarbonyl-metal fragment. This is very likely the result of a Dexter-type energy
transfer mechanism, as inferred by the noticeable influence on the emission intensity
of substituents placed at the 4-position of the aryl group attached to the B-carbon

atom of the carbene complexes (Figure 3).
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Figure 3.
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Further support to this finding is provided by DFT-calculations and by the good
linear relationships observed when plotting the emission intensity versus the
Hammett-parameters and BC-NMR chemical shifts of the carbene carbon atom.
Therefore, it can be concluded that the emissive properties of the BODIPY core can be
controlled by means of m-conjugation even by remote substituents placed at the C8

position.
Chapter 4.

An efficient synthetic methodology based on N-directed C-H bond
activation/cyclometallation reaction, which allows the efficient access to novel BODIPY
dyads containing irida- and rhodacycles in their structures, has been developed

(Scheme 4).

[MCp*Cly]

) NaOAc, CH20|2 <
n

R

Scheme 4.

This simple synthetic procedure makes it possible to produce organometallic
BODIPYs differing in the nature of the transition metal fragment, the distance between
the fluorophore and the transition metal, as well as the substitution of the pyrrole
framework. It is found that the organometallic moiety has little influence on the
extinction coefficient and the position of the wavelength of the BODIPY absorption
maxima. On the contrary, the distance between the metal and the BODIPY influences
the emissive properties of irida- and rhoda-BODIPYs. Thus, dyads having the metal-
center and the BODIPY separated by a phenyl ring are non-emissive, while a noticeable
emission is observed when the metal and the BODIPY are separated by two phenyl

groups (Figure 4).
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Figure 4.

As the overlap between the emission of the donor fragment and the absorption
of the acceptor moiety is almost negligible, energy-transfer by Forster or Dexter
mechanisms can be ruled out as responsible for the observed fluorescence quenching.
According to DFT calculations, the observed complete suppression of the intense
BODIPY fluorescence can be attributed to an acceptor-excited PET-quenching
mechanism as a result of the donation of electron density from the transition metal
fragment to the photoexcited acceptor BODIPY moiety. The efficiency of the PET
depends on both the distance between the chromophores in the dyad and the nature
of the transition metal fragment, which opens doors to the preparation of new BODIPY

derivatives having tailored photophysical properties.

Chapter 5.

Lastly, a systematic investigation of the factors (i.e., additives, catalyst)
controlling the Pd-catalyzed self-dimerization reaction of alkoxychromium(0) (Fischer)

carbene complexes was carried out (Scheme 5).

OR 0 RO  OR
(coycr= _Pdi/nmt —
Ph Additive Ph Ph

R = Me, Et EIZ
Scheme 5.
The use of Pd(P'Bus), and chromium(0) ethoxycarbene complexes is identified

as the optimal combination to obtain good to excellent E selectivities (Scheme 6).
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OEt  Ppd(PBus), EtO  OFEt
o)M= ————— =
R

MeCN, rt R R
M=Cr,R=Ph E/Z=15.71
M = Cr, R = p-BrCgH, E/Z=6.8:1
M = Cr, R = p-MeOCgH, E/Z=8.11
M = Cr, R = p-CF3CgH, E/Z=111
M = Cr, R = m-MeCgHg4 E/Z=10.8:1

M=CrR= ) )  EZ=221
M=Cr,R= _§_< >_O E/Z=6:1

Ph E/Z=21:1
styryl E/Z =21

Scheme 6.

This catalyst might allow the control of the geometry in the synthesis of
polyconjugated olefins, one of the main emerging applications of these catalytic

reactions.
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Abstract: The synthesis, structure and
electronic properties of novel Group 6
Fischer alkoxy-bis(carbene) complexes
are reported. The UV/Vis spectra of
these species display two main absorp-
tions at approximately 350 and 550 nm
attributable to a ligand-field (LF) and
metal-to-ligand charge-transfer
(MLCT) transitions, respectively. The
planarity of the system and the cooper-
ative effect of both pentacarbonyl
metal moieties greatly enhance the
conjugation between the group at the

changes in the LF and MLCT absorp-
tions. This is in contrast to related
push-pull  Fischer = monocarbenes,
where the position of the MLCT band
remains mostly unaltered regardless
the substituent attached to the donor
fragment. In addition, the MLCT
maxima can be tuned with subtle modi-
fications of the electronic nature of the
central aryl fragment in the novel A-n-

Keywords: carbenes - conjugation -
DFT calculations - electrochemis-

D-n-A (A =acceptor, D =donor) sys-
tems. DFT and time-dependent (TD)
DFT quantum chemical calculations at
the B3LYP/def2-SVP level have also
been performed to determine the mini-
mum-energy molecular structure of this
family of compounds and to analyse
the nature of the vertical one-electron
excitations associated to the observed
UV/Vis absorptions as well as to ra-
tionalise their electrochemical behav-
iour. The ability of tuning up the elec-
tronic properties of the compounds

end of the spacer and the metal car-
bene fragment provoking dramatic

Introduction

Fischer carbene complexes are attractive synthetic inter-
mediates that are able to carry out a wide variety of organic
transformations under mild reaction conditions.") Represen-
tative examples of the rich and versatile chemistry of this
family of organometallic complexes are the useful Dotz
benzannulation reaction,”” which produces substituted phe-
nols by reaction of the carbene with alkynes and carbon
monoxide, different cycloaddition reactions,’l the catalytic
transmetalation to late transition metals,) which enhances
the reactivity of the carbene complexes and the photochemi-
cal transformations!!"™ (mainly the photocarbonylation re-
action®! but also photo-dyotropic rearrangements!”).
Although these species have been mainly applied to or-
ganic and organometallic synthesis, nowadays their applica-
tions have been extended to other fields like bioorganome-
tallics,®l sugar-derived metal-<carbene gelators,*l and materi-
als chemistry."¥In the latter field, the well-known electron-

[a] G. M. Chu, Dr. 1. Fernandez, Prof. Dr. M. A. Sierra
Departamento de Quimica Orgénica
Facultad de Quimica, Universidad Complutense
28040 Madrid (Spain)
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‘g Supporting information for this article (containing copies of the
"H NMR and *C NMR specira of the new species prepared, Fig-
ure 18 as well as Cartesian coordinates and total energies of all com-
puted stationary points) is available on the WWW under http://
dx.doi.org/10.1002/chem.201204512.
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try - UV/Vis spectroscopy
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studied herein may be of future use in
material chemistry.

withdrawing ability of the pentacarbonyl(metal) carbene
moiety, which behaves similar to a Lewis acid complexed
carbonyl function,!"'l has been used in new push—pull mole-
cules with interesting non-linear optical (NLO) properties.
The good NLO behaviour of these complexes has been at-
tributed to the polarisation of the s-electron system of the
spacer connecting the carbene complex and the donor frag-
ment produced by the strong electron-accepting character of
the (CO)sM=C group.!"*"!

On the other hand, we have
studied the electronic structure

. OFt
of e,@-unsaturated Fischer car- (OC)sCr
benes 1, where the(CO);Cr=C A
group is connected to aryl
groups, which have different a
substituents, through the sim-

. . 1: R=H, Me, OMe, C|, CN
plest s-spacer moiety (ie., fury), styryl, Fc

HC=CH, Scheme 1)."} It was
found that n-donor groups lead
to significant red shifts of the
ligand-field (LF) band whereas
m-acceptor groups provoke the
opposite effect (4., ranging from 307 to 360 nm). However,
this effect is not observed in the corresponding metal-ligand
charge-transfer (MLCT) band, whose absorption maximum
remains practically constant (A, ranging from 468 to
484 nm) and, therefore, it does not depend on the electronic
nature of the substituent. Moreover, the corresponding Cr—
C bond lengths remain nearly constant as well, indicating
that m conjugation between the metal fragment and the

Scheme 1. &,3-Unsaturated
Fischer carbenes studied previ-
ously (see Ref. [12]).
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Abstract: The synthesis, structure, and photophysical prop-
erties of novel BODIPY-Fischer alkoxy-, thio-, and aminocar-
bene dyads are reported. The BODIPY chromophore is di-
rectly attached to the carbene ligand by an ethylenic spacer,
thus forming donor-bridge-acceptor m-extended systems.
The extension of the m-conjugation is decisive in the equilib-
rium geometries of the dyads and is clearly reflected in the
corresponding absorption and emission spectra. Whereas
the BODIPY fragment is mainly isolated in aminocarbene
complexes, it is fully conjugated in alkoxycarbene deriva-

Introduction

Since the synthesis of the first 4,4-difluoro-4-borata-3a-azonia-
4a-aza-s-indacene in 1968 by Treibs and Kreuzer," boradiazain-
dacenes {BODIPYs) have become highly useful molecular enti-
ties in fields such as materials science or medicinal chemistry.?
This is mainly due to the fascinating optical properties associ-
ated with this family of compounds. Thus, their excellent ther-
mal and photochemical stabilities, high fluorescence quantum
yields, negligible triplet-state formation, and intense absorp-
tion profiles have transformed BODIPY species into quite at-
tractive materials with applications in, for instance, biomole-
cules labeling, ion sensing and signaling, energy transfer cas-
settes, or light harvesting systems.” For these reasons, it is not
surprising that numerous synthetic methods have been devel-
oped to produce new BODIPY derivatives with interesting and
tunable photophysical properties.?? In this sense, the attach-
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tives. The former thus exhibit the characteristic photophysi-\
cal properties of BODIPY units, whereas complete suppres-
sion of the BODIPY fluorescence emission is observed in the
latter, as a direct consequence of the strong electron-accept-
ing character of the (CO)sM=C moiety. As the m-acceptor
character of the metal-carbene group can be modified, the
electronic properties of the conjugated BODIPY can be
tuned. Density functional calculations have been carried out
to gain insight into the photophysical properties.

&

ment of BODIPY units to a transition-metal center to prepare
a dyad is highly attractive. The great number of possible modi-
fications (that is, variation of the transition metal and/or its co-
ordination sphere) that can be effected in these systems may,
in principle, allow the properties of the BODIPY-transition-
metal dyad to be tuned. However, in most of the reported
dyads the metal centers were attached onto the peripheral
moieties of the BODIPY fragment™*® rather than to its m-conju-
gated core.”® As a result, the impact of the transition-metal
fragment on the properties associated with the BODIPY chro-
mophore is not that remarkable.

At this point, we turned our attraction to Group 6 Fischer
carbene complexes because of their exceptional properties as
electron-withdrawing groups.!” The m-acceptor ability of these
species has resulted not only in their wide use in organic syn-
thesis (that is, Fischer carbene complexes behaving similarly to
a Lewis acid complexed carbonyl function),"” but also in their
emerging role as building blocks in the field of new materi-
als.™

As the modification of the electronic properties of the car-
bene ligand has proved to be relatively easy,” we hypothe-
sized that the direct attachment by mn-conjugation of
a Group 6 Fischer carbene complex to the m-core of BODIPY
could have a significant impact on the photophysical proper-
ties of the BODIPY moiety. Herein we report the successful ac-
complishment of such hypothesis, which allows the prepara-
tion of new organometallic compound-BODIPY dyads possess-
ing tunable photophysical properties.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Abstract: The effect of Rh- and Ir-centers on the optical properties
of the BODIPY core is studied. To this end, novel metal complexes-
tethered to BODIPY have been prepared through an easy and
versatile procedure using N-directed C-H activation reactions. The
organometallic moiety has a tremendous influence on the emissive
properties of the BODIPY fragment. A Photoinduced Electron
Transfer (PET) mechanism is suggested as the main mechanism
responsible for the suppression of the BODIPY fluorescence
emission in the newly formed dyads. The efficiency of the PET
depends on both the distance between the chromophores in the
dyad and the nature of the transition metal (Rh vs Ir).

Introduction

The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene  (BODIPY)!"
core is arguably one of the most versatile organic luminophore
having useful applications in different fields ranging from
sensors to medicinal chemistry. The chemistry of BODBIPY
derivatives and their applications have been profusely
reviewed.” The importance of BODIPYs is due to their
photophysical properties that include intense visible absorption,
relatively sharp fluorescence combined with high quantum yield
and good thermal and photochemical stabilities (including
reasonable stability to physiological conditions). As a
consequence, a significant number of synthetic methodologies
have been developed allowing the access to BODIPY
derivatives with tunable propenies,m}

One additional feature of the BODIPY motif is its susceptibility to
experience drastic changes in its emission properties derived
from subtle changes in its structure. Therefore, attaching a
transition metal complex to a BODIPY core is particularly
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attractive, in terms of manipulation of the photophysical
properties of this system. In fact, the properties of transition
metal complex—-BODIPY dyads can be drastically changed by
modifying either the nature of the transition metal or the
surrounding ligands. Obviously, the distance between the metal
center and the BODIPY is an additional variable to play with.
Therefore, it is not strange that several metal-BODIPY systems
have been prepared,”® spanning from discrete organometallic
structures to complex metal-organic frameworks (MOFs).
Nevertheless, the versatile and efficient C-H
activation/cyclometallation® sequence has not been reported to
prepare transition metal complex-BODIPY dyads so far.

Work from our laboratories has shown that the attachment of a
group 6 metal (Fischer) carbene complex to the pyrrole unit of
the BODIPY core is able to modulate the emission of the
fluorophore by controlling the planarity and n-conjugation of the
systern.m] Thus, whereas alkoxy-carbene complexes 1
containing a planar dyad are non-emissive, non-planar
complexes 2 are emissive. Interestingly, the related thio-carbene
complexes 3 show an intermediate emission behavior, in
concordance with the intermediate angle between the BODIPY
and the metal-carbene center compared to 1 and 2 (Figure 1).

2 M=Cr,W

1M=Cr,W; X=0
3M=Cr; X=8

Figure 1. BODIPY-metal (Fischer) carbene complexes previously studied.

Following these results we devised the possibility of tethering a
metal center to the BODIPY core by using a preformed all-
organic fluorophore and placing the metal moiety using a C-H
activation/cyclometallation sequence in an adequate tether.® In
this way, by modifying the distance between the two
components of the dyad, the influence of the transition metal
fragment on the emission properties of the dyad will be studied.
Different to the usual work in which the proximity of the metal to
the BODIPY is used to quench the fluorescence of the emissive
system (probe-off state),®™ in this approach the existence of
fluorescence will be used as a probe for studying the effect of
the metal on the luminescence of the boron fluorophore.


http://dx.doi.org/10.1002/ejic.201501283

Anexo

|
]O C The Journal of Organic Chemistry

pubs.acs.org/joc

Control over the E/Z Selectivity of the Catalytic Dimerization of
Group 6 (Fischer) Metal Carbene Complexes

Gong M. Chu, Israel Fernandez,* and Miguel A. Sierra*

Departamento de Quimica Organica, Facultad de Ciencias Quimicas, Universidad Complutense, 28040 Madrid, Spain

© Supporting Information

ABSTRACT: The systematic investigation of the effect of different OR catalyst RO R RO~ OR
=

catalysts and additives in the reaction of self-dimerization of (CO)Cr <R, E— R'> (OR 4 R'> iR,

alkoxychromium(0) (Fischer) carbene complexes resulted in the = 2

selection of Pd(P'Bus), to effect this transformation with good to
excellent E selectivities and acceptable to excellent chemical yields.

CONTROL OF E-Z SELECTIVITY

This catalyst will allow the control of the geometry in the synthesis of
polyconjugated olefins, one emerging application of these catalytic reactions.

B INTRODUCTION

Transmetalation processes from group 6 Fischer metal carbene
complexes to late transition metals (Pd, Pt, Cu, Ni, Rh, Auy,
etc.) lead to new carbene complexes, exhibiting exceedingly
different chemical behavior with respect to the starting metal
complex.1 Thus, the new carbene complexes may show an
enhanced reactivity compared to the precursor complex® or
they may undergo different reaction pathways, opening doors
to the synthesis of new classes of compounds (Scheme 1). This

Scheme 1. Effect of Transmetalation in the Reactivity of
Group 6 Metal Carbene Complexes

[TM] = Pd, Ni, Cu, Rh, Ay, ...

[TM] OR

Product / 2\

(CO)sM R
M= Cr, Mo, W

/

OR
=~
R

Enhanced reactivity
New reaction pathways

Reagent " M(CO)s"

fascinating process has been profusely exploited since our
original report on the self dimerization of chromium(0) and
tungsten(0) carbene complexes promoted by Pd catalysts.®
The reaction mechanism for this transformation, which has
been proposed on the basis of experimental and theoretical
studies,>* is summarized in Scheme 2. Accordingly, a
transmetalation reaction of the carbene ligand from complex
1 to the palladium(0) catalyst leads to a new Pd—carbene
complex such as 3, through a heterobimetallic intermediate 2
that evolves to 3 by extrusion of the [M(CO);] (M = Cr, W)
fragment, mediated by coordination of the solvent. Subsequent
transmetalation from a new molecule of the carbene complex 1
leads to the Pd(0) bis-carbene complex 4, which produces a

- 4 ACS Publications — © 2013 American Chemical Society

mixture of the Z/E olefins § with concomitant regeneration of
the catalyst.

The key intermediates in this catalytic cycle are the mono-
carbene complexes 3 and bis-carbene complexes 4. Very
recently,® Albéniz and Espinet isolated the first Pd
alkoxycarbene 7 from the reaction of the W(0) Fischer carbene
complex 6 and [PdCL,(NCMe),].° In addition, related Cu(1)’

Scheme 2. Catalytic Cycle for the Self-Dimerization of
Group 6 Carbene (Fischer) Complexes in the Presence of
Pd Catalysts
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