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c¢) Brief description of the scientific goal and the results described in the publications constituting
scientific achievement

Catalytic olefin metathesis reaction was observed for the first time in late fifties of the XX
century, and is currently a powerful tool of organic synthesis used for the formation of carbon-carbon
double bonds. Over a number of years the methodology was gradually developed from high-
temperature heterogenic systems, to homogenous catalysts, active under ambient temperature; and
crowning of the remarkable progress was the Nobel Prize in chemistry awarded for Grubbs, Schrock,
and Chauvin in 2005.

R' RS
R‘l R3 \—/
catalyst
J + | — +
R? R4
RZ R*

general scheme of the olefin metathesis reaction

First important homogenous catalysts were well-defined complexes of molybdenum and
ruthenium, described by Schrock and Grubbs, respectively. However, only the latter were developed
in a number of studies, focused on mechanistic details, and revealing structure-activity relationships of
the complexes. One can say that presently the ruthenium Grubbs and Hoveyda-Grubbs complexes are
one of the best known catalytic systems described in scientific literature (Cy - cyclohexyl; Mes - 2,4,6-
trimethylphenyl).
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Schrock complex first generation second generation Hoveyda-Grubbs
Grubbs complex Grubbs complex complex

Numerous structural modifications at the ruthenium coordination sphere, as application of N-
heterocyclic carbenes (NHC) in second generation catalysts, and chelating ligands in the Hoveyda-
Grubbs complexes, enabled considerable stabilization of the structures with simultaneous increase of
the catalytic activity. The changes were milestones of development of the systems, and every
modification took advantage of optimized elements, and knowledge, concerning their mechanism of

! http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2005/ (access at 18th of May, 2015)
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action. In the end, over 100 derivatives of the Hoveyda-Grubbs complex were published, without
counting further analogs of the system.

By analyzing a classical mechanism of action of the complexes, consisting of stages of
initiation, propagation and termination of the catalytic cycle, one can notice that the chelating ligand
undergoes dissociation and exchange at the initiation step, whereas auxiliary ligands remain in the
coordination sphere of the ruthenium, controlling every of the stages. At the same time the initiation
process limits the rate of the catalyzed reaction, by release of the 14-electrons propagating species,
which undergo consecutive propagation cycles, according to the Chauvin model.?*
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according to Chauvin

At early stages of development of the Hoveyda-Grubbs complexes two alternative strategies
concerning increase of the catalytic activity were proposed. First was an electronic activation
suggested by Grela, and another a steric activation described by Blechert.> The first approach
concerned introduction of electron-withdrawing substituents in positions 4 and 5 of the benzylidene
ring, which decreased the electron density on the oxygen atom, and thus weakened the Ru---O bond. A
similar effect of weakening of the bond was achieved by introduction of phenyl group in position 3 of
the benzylidene ring, which caused out-of-plane distortion of the coordinating OiPr group. A more
detailed description of evolution of the structures was described in a review article.[H1]

2 X. Solans-Monfort, R. Pleixats, M. Sodupe, Chem. Eur. J. 2010, 16, 7331-7343
*T. Vorfalt, K.-J. Wannowius, H. Plenio, Angew. Chem. Int. Ed. 2010, 49, 5533-5536

* A. Michrowska, R. Bujok, S. Harutyunyan, V. Sashuk, G. Dolgonos, K. Grela, J. Am. Chem. Soc. 2004, 126,
9318-9325

® H. Wakamatsu, S. Blechert, Angew. Chem. Int. Ed. 2002, 41, 2403-2405
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An interesting observation, which may contribute to new effects controlling the catalytic
activity, was extraordinary difference between naphthalene analogs of the Hoveyda-Grubbs complex.®
As an explanation of the retarded initiation of angular (phenanthrene-like) isomer we postulated steric
effect of distant aromatic ring adjacent to the Ru=C bond, and electronic effect related to the
n-electron delocalization from the oxygen atom, through the ligand structure, to the ruthenium center.

[\ [\
NM NM I\ [\
Mes cl = Mestt cl e MesN_ _NMes MesN_ _NMes
RuS Ru= q el o el
5 i N U\e
CI/C:) QO CI/C:) O CI/| OEt CI/| —\OEt
~ 0
naphthalene compiex naphthalene compiex , . .
(inactive) (active) Fisher-type complex (inactive)

Due to the alternation of lengths and order of bonds in the naphthalene framework, electron
delocalization within the chelate ring was expectedly facilitated in the angular isomer, in which the
fragment linking the coordinating sites has a double bond character. According to the literature data
increase of the electron density on the ruthenium center substantially reduces the catalytic activity of
co-called Fisher-type complexes, which possess a donor substituent on the carbene carbon atom.’

At this stage of knowledge | commenced an independent research to verify factors, which
control catalytic activity of the metathesis catalysts. Considering influence of the electronic effects |
decided to apply structural analogies between naphthalene complexes and policyclic aromatic
hydrocarbons (PAHSs). As in phenanthrene the external aromatic rings display an increased electron
delocalization (aromaticity), in anthracene the effect is limited, whereas in isomeric pleiadiene the
diene fragment has an electronically isolated character, and undergoes addition reactions, typical for
olefins.[H2]

phenanthrene anthracene pleiadiene

isomeric Cy4H 1o hydrocarbons bearing different electronic properties

® M. Barbasiewicz, A. Szadkowska, A. Makal, K. Jarzembska, K. Wozniak, K. Grela, Chem. Eur. J. 2008, 14,
9330-9337

7J. Louie, R. H. Grubbs, Organometallics 2002, 21, 2153-2164
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| assumed that ruthenium complexes assembled on peri-substituted naphthalene framework (1) could
display a reduced electron delocalization within the chelate, and thus increased activity, as compared
with the parent Hoveyda-Grubbs complex. In consistency with the expectations the synthesized
catalyst appear to be an exceptionally fast initiator (faster even than the nitro-Grela catalyst), but of
reduced stability. However, unambiguous interpretation of the results was complicated by the fact that
chelate ring in 1 is six-membered (in contrast to five-membered structures of other isomers of the
naphthalene complexes), that caused structural distortions of the ruthenium coordination sphere, and
possibly accelerated the initiation process. Therefore, a definite recognition between structural (steric)
and electronic effects operating in the systems required further studies.

I\ \e® M\
MesN_ _NMes ) MesN_ _NMes

T cl w@‘ﬁi P
5“* ) °\“"‘*7@Q N
cI’i
N o Q
X ] @ I

An intersting opportunity to observe the m-electronic effects was synthesis of bimetallic
catalysts bearing two chelate rings assembled on the benzene core.[H3] In this case the systems also
were able to form angular (phenanthrene-like) or linear (anthracene-like) structures, depending on the
arrangement of the coordinating sites of the ligand. Of particular importance was the fact that such
structures should initiate stepwise, by a release of two propagating species, and rates of the individual
processes can differ from each other, and depend on subtle electronic effects. Although angular
bimetallic systems were expected to display increased electronic stabilization, their synthesis
witnessed pronounced problems concerning selectivity and stability of the products. However, we
succeeded in preparation of linear bimetallic complex 2, which displayed activity similar to related
monometallic catalysts. This meant that in the isomer the catalytic centers initiate roughly
independently, and thus no cooperativity of the initiation process is observed. A limited stabilization
effect was also supported by synthesis of naphthalene complex bearing two coordination sites (3). The
isolated product possessed a linear rings junction, while its angular isomer (of expected higher
stability) was not detected.

A quest of new catalysts with reduced electron delocalization within the chelate ring inspired
attempts at synthesis of quinonylidene complexes — unprecedented analogs of the Hoveyda-Grubbs
system with oxidized form of the chelating ligand (in the sense of quinone — hydroquinone redox pair;
Dipp - 2,6-diisopropylphenyl).[H4]

I\ I| and /—\ . /_\ .
ArN_ _NAr cross NDipp.__NDipp
Y cl conlugatlon Y‘\\\CI16 .
S Ru= : m
RU= R”] 7z . PP decomposition
a’l aI’ 7 (HNMR)
RO OR/OH o] o)
- s

Ar = Mes, Dipp uinonylidene complex B B
R = alkyl q 4 P plausible structure
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In such structures the coordinating sites would be linked by a so-called cross coniugation, which
substantially reduces the electron delocalization.? Additional features were the opportunity to control
the catalytic activity by ligand redox process, and the release of quinone on the course of the initiation
process, which may inhibit undesired isomerization processes.” Unfortunately, despite of numerous
attempts at oxidation of alkoxy- and hydroxy-substituted Hoveyda-Grubbs complexes we failed to
isolate the desired products. However, for the complexes we observed interesting structure-activity
correlations from the spectrum of steric activation, as described by Blechert. However, using *H NMR
spectroscopy we demonstrated formation of complex 5 in a ligand exchange reaction with
vinylquinone 4 (oxidized form of ligand). The product displayed a resonance peak characteristic for
carbene proton expected for quinonylidene complex. Unfortunately, the structure was unstable, and
easily decomposed to undefined by-products, making its isolation and characterization virtually
impossible.

Analogs of the Hoveyda-Grubbs complex varied by a type of coordinating heteroatom in the
chelating benzylidene ligand are represented in literature by derivatives of nitrogen, phosphorus, sulfur
and selenium. All of them feature with an increased stability of the Ru---heteroatom bond that limits
rate of the initiation, and, due to so-called trans effect of the NHC ligand, changes geometry of the
ruthenium coordination sphere (in this case a cis-Cl, geometry is preferred, in contrast to trans-Cl,
structure of the parent Hoveyda-Grubbs complex). Catalysts of this type are called latent, and are
applicable in e.g. Ring Opening Metathesis Polymerizations (ROMP), in which a mixture of monomer
and catalyst reacts only after heating.

An interesting variant of the above-mentioned heteroanalogs of ruthenium complexes were
derivatives of covalently bonded halogen atoms. It is worth to stress, that simple organic halides (e.g.
haloarenes) are useful substrates in transition metal catalyzed reactions, whereas their coordination
compounds (in which the halogen atoms act as c-donors) are rare and only moderately stable.® Our
studies begun from attempts at ligand exchange of ruthenium precursor with 2-halostyrenes.[H5]
Surprisingly, under these conditions 2-iodopropenylbenzene formed stable ruthenium complex 6a with
high yield, whereas synthesis of corresponding bromocomplexes required additional stabilization by
the presence of donating dimethylamino group (8a), or naphthalene ligand (9). It was a hint that
n-electronic effects may indeed control the stability of the systems, although quantitatively the effect
was comparable to the donor effect of the nitrogen atom. The new class of catalysts appeared to be
active in numerous metathesis reactions, while their simplicity of preparation, and stability toward
oxygen and moisture allowed a patent pending and commercialization of the invention.[P3]

MesN_ NMes MesN_ _NMes MesN_ _NMes MesN_ _NMes
CII,,\(/ Clu. Cll,ﬁ/ Clu,

Ru

/o

Cl

Ru Ru\/ = Ru=
o g o g
7 9

6a 8a

®N. F. Phelan, M. Orchin, J. Chem. Educ. 1968, 45, 633-637
°S. H. Hong, D. P. Sanders, C.W. Lee, R. H. Grubbs, J. Am. Chem. Soc. 2005, 127, 17160-17161

R, J. Kulawiec, R. H. Crabtree, Coord. Chem. Rev. 1990, 99, 89-115

10| Page



Mechanistic studies of the new class of catalysts resulted in unexpected observations. At the
beginning we tested the influence of substituents present in a position 5 of the benzylidene ring.[H6]
As known from the literature, in the parent Hoveyda-Grubbs complex presence of the nitro group at
this position substantially increases the catalytic activity,” whereas electron donors display an opposite
effect. Altogether, we prepared four substituted iodocomplexes 6b-e, bearing acceptor (NO,, and Br)
and donor substituents (NMe,, and OMe), and two bromocomplexes 8b-c (see the Supporting
Information for details).

MesN_ _NMes MesN_ NMes
Cln. 1 Cln.l
/Ru\ Q > /Ru\ 2 }
al | R al Br R
6b, R=NO, 8b, R=OMe
6¢c, R=Br 8c, R=Me
6d, R=OMe
6e, R=NMe,

Activity profiles of the catalysts indicated that introduction of the nitro group substantially
decreases the catalytic performance, however donors also decrease the activity, but to a lesser extent.
Looking for the explanation of the intriguing observation we carried out a ligand equilibration
experiment (6b + 10a $ 6a + 10b), in which a thermodynamic composition of the mixture suggested
a stronger binding of the unsubstituted ligand 10a. It was consistent with the expectations, as the
acceptor nitro group should decrease stability of the Ru---I-Ar bond.

™\ |
MesN_ _NMes ' fﬂ MesN_ _NMes Tﬁ
cin el . .
Ru= + —_ /RLi

19:81 ("H NMR) NO,
6b 10a thermodynamic ratio 6a 10b

The apparent contradiction between thermodynamic stabilization of unsubstituted complex 6b,
and its faster initiation (as compared with 6b) suggested that the Ru---I-Ar bond is not broken in the
rate-determining step of the reaction. As an alternative explanation we proposed two mechanisms of
the initiation process with the initial cisStrans-Cl, equilibration (and without breaking of the
Ru---I-Ar bond), or associative process with transient six-coordinated structure. In the light of further
research the two proposals seemed to be exceptionally accurate.

N\ /\ I\
MesN, __NMes MesN_ _NMes MesN_ _NMes
~iC| Clu, + = Cl,
Ru — Ru= R LJRu=
7 - /N Cl | N
CI™ | d | R | R

| R —
cisStrans-Cl, associative
equilibration mechanism

Unexpected effect was displayed also by the nitro group present in position 3 of the
benzylidene ring of iodocomplex 11.[H7] In this case the deactivating effect was even stronger that
for 5-isomer (6b), and so-formed catalyst displayed essentially no activity at 25 °C. So, again the
halogen complexes possessed disparate properties as compared with ether-chelated congeners, for
which substituents in position 3 increase the rate of initiation.” However, instead of out-of-plane
distortion of the coordinating site (according to the Blechert concept), the coordinating halogen atom
was rather polarized in a structurally congested NO,—I—Ru fragment, and thus resulted in
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stabilization of the Ru---I-Ar bond confirmed with ligand equilibration experiments. The influence of
the nitro group was observed also with **C NMR spectroscopy for carbon atoms bonded with iodine
(the peaks were detected in a characteristic range of the spectrum at 90-110 ppm, due to a so-called
heavy atom effect). Both, in a free ligand and its complexed form the nitro group present in a 5
position of the benzylidene ring caused deshielding, whereas at position 3 shielding of the ipso carbon
atom, as compared with the unsubstituted system. The shielding expectedly correlated with an
increased electron density at that site, and was consistent with trends of thermodynamic stabilization
of the chelates (6b < 6a < 11).

(0] | \R/
O |u MesNYNMes
o, 2N Clu.,
O"® |:> Ru=
/N
Cl
NO;
stabilizing

ortho effect "

Mechanistic studies focused on explanation of the naphthalene effect of benzylidene ligands
in heteroanalogs of the Hoveyda-Grubbs complex, led to further interesting observations.[H8]

J— MesN_ _NMes MesN_ NMes
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trans-13a

-
- [Ru] MesN_ _NMes
O — ) Cl ,,Y 18.45 ppm
kinetic trans-Cl, isomer ‘Ru= 6
4< was not observed C/I S v
12b /K

cis-13b

For sulfur analogs two isomeric naphthalene ligands (derivatives of 1,2-disubstituted
naphthalene) reacted with the ruthenium precursor in different manner. While ligand 12a reacted in a
way similar to the benzene ligand, giving a kinetic trans-Cl, complex; 12b, in which second aromatic
ring was adjacent with the vinyl substituent, led directly the thermodynamic product cis-13b. The data
suggested that isomeric naphthalene complexes 13a and 13b are formed by different mechanisms
despite both of them have angular phenanthrene-like structures, and thus similar electronic effects are
expected. So the key role was played by the second aromatic ring of the ligand present in a position
adjacent to the vinyl substituent, and its steric effect.

Similar correlations were observed for a series of isomeric naphthalene iodocomplexes.
Catalyst 14 was inactive in model metathesis reaction, and is synthesis required particularly harsh
reaction conditions (111 °C). In turn complex 7 differed only slightly from 6a and 15. Interestingly, in
the same way as for ether-chelated complexes a peri-substituted isomer 16 displayed an exceptionally
high catalytic activity in the series.
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In the same article[H8] the reader may find an explanation of differences of chemical shifts of
benzylidene protons observed for the complexes.

MesN_ NMes MesN_ _NMes MesN_ _NMes MesN_ NMes
Clu, 19.59 ppm Cl. 18.26 ppm Cl. 18.08 ppm Clo. 18.69 ppm
/Ru/ 6 /Ru/ /Ru/ /Ru/ ‘
N N A N
a ! y c ! 8 d TS o I
14, inactive 7, moderately active 15, active 16, very active

Initiation mechanism of the prepared bromo- and iodocomplexes was studied using spin-
exchange spectroscopy technique (EXSY *H NMR). Although *H and **C NMR spectra and X-ray
studies of the systems supported a predominant cis-Cl, form, at elevated temperature we detected also
presence of minor symmetrical equilibrium form trans-Cl,. This form, due to the trans effect of the
NHC ligand, was expected to easily open the chelate ring, and thus initiate faster in the catalytic cycle.

MesN_ _NM
es es
80 °C
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oy e N
g4 =< > H NMR

By correlation between contents of the minor trans-Cl, form, present in equilibrium, and catalytic
activities of the complexes, we assumed that first decisive step of the initiation mechanism consists of
cisStrans-Cl, isomerization (under these conditions distinguishing between effect of the equilibrium
contents, and rates of how fast they are established was difficult). Unfortunately numerous exceptions
complicated the mechanistic picture, and suggested the presence of at least one more factor controlling
the observed catalytic activity.

9

At the end we decided to study an effect of substitution at the 6 position of the benzylidene
ring on properties of S- and O-chelated Hoveyda-Grubbs-type complexes (catalysts 17-18).[H9]

[\
MesN_ _NMes MesN_ _NMes
MesN_ NMes al cl
Cl//I — R Rus R RS R
4 4 7
7 s cl’i cl’!
Me Me
R=H cis-17a R=H trans-17a R=H, 18a
R =SMe c¢is-17b R=0Me 18b
R=0OMe c¢is-17c R =0OMe trans-17c R=Me 18c

R =Me cis-17d

On the basis of mechanism of initiation of the ether-chelated complexes (see page 7), and course of the
formation of the ruthenium complexes 13a and 13b with sulfur-derived naphthalene ligands we
reckoned that substitution at the position adjacent to the vinyl group may influence equilibrium of
conformers of the chelating ligands (forms, which differ by the torsion angle around the =C-Cgrom
bond). Ligand unsubstituted at the 6 position (R=H) in the course of the exchange process may
achieve a nonchelating conformation (n-c), and thus behave as a simple styrene or other olefin
participating in the reaction. Then, after the cycle of metathesis structure C,.. is formed, but a steric
hindrance between the aromatic rings (shown as a grey arrow) prevents a direct cyclization of the
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chelate ring. Not until the conformation D, is achieved the cyclization leads to the kinetic trans-Cl,
isomer. In turn, when the substituent is present in 6 position of the benzylidene ring (R#H) chelating
conformation (c) is forced in the exchange process. In such a case both coordinating sites of the ligand
(the vinyl group and the heteroatom) interact with the ruthenium center, and in effect the cis-Cl,
structure is formed directly. The same mechanism can be applied for the analysis of the reverse
process of the catalysts initiation. Unsubstituted catalysts initiate by nonchelating conformation, but
when it is unachievable an alternative (high-energy) associative mechanism operates (by structure B).

Most likely the same scenario

remains valid for inactive isomer

N
MeS R of the naphthalene complexes,

—
-

for which a distant aromatic ring
adjacent to the carbene carbon

N

[Ru] [Ru]

s ; g X
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other substituents at the 6
o /o position of the benzylidene ring.
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The presented results describe an evolution of concept of the design of new Hoveyda-Grubbs-
type complexes, and their mechanism of action. It is worth to stress, that research studies of the
catalysts are carried out by numerous groups all over the world, and number of papers, new concepts,
and mechanistic details is continuously growing. Although a fraction of the effects is currently well-
understood, more detailed ideas lead to polemics and discussions, demonstrating how complexed the
systems are. As an example we can mention a so-called boomerang mechanism of release-return of the
benzylidene ligand postulated Barrett,"* excluded by Plenio,** and again supported by Fogg,®®
depending on the model under study, detection technique, and interpretation of the data. Following the
same, in my research experimental details described in a previous communication concerning the
naphthalene complexes® initially hided the interplay between electronic and conformational effects of
the naphthalene ligands. However, in the end the data inspired valuable studies - apart of mechanistic
issues presented in the dissertation, syntheses of new ligands were objectives for studies of
cooperating students, and some of the catalysts were tested in polymerization studies and
commercialized.

Main achievements of the dissertation are:
= synthesis of peri-substituted naphthalene complex 1 of exceptionally fast initaition,[H2]
= synthesis of bimetallic complex 2,[H3]

= synthesis of new class of ruthenium complexes, bearing covalently bonded halogen atoms 6-9
and 11 (Br, 1).[H5-H7] The accomplishment has consequences not only for catalysis, but for
metaloorganic chemistry as well, demonstrating formation of unprecedented stable complexes.
Moreover the metathesis catalysts were patented and are now commercially available.**

= observation of cisStrans-Cl, equilibrium for halogen-chelated complexes, and correlation of
contents of the minor trans-Cl, forms with the catalytic activities,[H8]

= formulation of mechanism of the exchange process of benzylidene ligand substituted in a 6
position of the benzylidene ring, supported by the formation of sulfur complexes, and
initiation of ether-chalated systems.[H9] In a future the postulated high-energy mechanism of
initaition of the catalysts can be applied for design of new catalysts active at elevated
temperatures.

1'M. Ahmed, A. G. M. Barrett, D. C. Braddock, S. M. Cramp, P. A. Procopiou, Tetrahedron Lett. 1999, 40,
8657-8662

127 vorfalt, K. J. Wannowius, V. Thiel, H. Plenio, Chem. Eur. J. 2010, 16, 12312-12315
133, M. Bates, J. A. M. Lummiss, G. A. Bailey, D. E. Fogg, ACS Catalysis 2014, 4, 2387-2394

" http://chemistry.umicore.com/Products/#tax_reactiontype_ms=Metathesis (M91-93; access at 19" of May
2015)
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5. Other scientific publications and achievements

Within the research projects to date | explored various areas of organic synthesis. As an
undergraduate student I carried out interships at the Institute of Organic Chemistry PAS (group of
Professor Mieczystaw Makosza) studying synthesis of alkyl nitrites (A1), and nitroindoles (A2),
whereas my Master thesis at the Warsaw University of Technology (group of Professor Michat
Fedorynski) concerned alkylation reactions, and generation and addition of difluorocarbene in a
catalytic two-phase system (A6). My Ph. D. thesis, and following one year employment at the 10C
PAS (group of Professor Mieczystaw Makosza) was focused on intermolecular reactions of y- and 8-
halocarbanions, and their analogs, which react by the Darzens mechanism (A3, A4, A5, A8, All,
Al4, Al16, A21). At the same time at 10C | informally cooperated with Professor Karol Grela in
projects concerning the olefin metathesis (A7, A9, A10, Al3). Post-doctoral research stay as a
Humboldt fellow took place at the group of Professor John Gladysz at Friedrich-Alexander Universitét
Erlangen-Niirnberg in Germany, and consisted of synthesis and conformational analysis of cage
diphosphines, and their complexes with platinum and borane (Al2, Al5, Al18, A22). Next | was
employed at the University of Warsaw, Faculty of Chemistry, where during my habilitation project |
explored synthesis of new Hoveyda-Grubbs complexes. Apart from the mechanistic studies described
in the dissertation (H1-H9) the complexes found practical applications in Ring Opening Metathesis
Polymerization (A19, A23), and as patented, commercially available olefin metathesis catalysts (P3).
Currently, under SONATA BIS grant of the National Science Center (2014-2019) | began studies
concerning new, completely different project concerning applications of sulfur and selenium
compounds in organic synthesis.

Up-to-date informations concerning list of papers, conference talks, research funding, and
professional curriculum vitae are available under:

www.aromaticity.pl
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