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Abstract

HE MECHANISM OF THE RUTHENIUM-CATALYZED dehydrogenative synthesis

of amides from alcohols and amines was studied in detail by employing
the combination of experimental and theoretical techniques. The Hammett
study revealed that a small positive charge is formed at the benzylic position
in the transition state of the turnover-determining step. The value of the
kinetic isotope effect of 2.2940.15 indicated that the C—H bond breakage is
not the rate-determining step, but that it is one of several slow steps in the
catalytic cycle. Experiments with deuterium-labeled alcohols and amines
revealed that ruthenium-dihydride species are involved in the catalytic cycle.
These experimental results were used in the DFT/M06 computational study
and a plausible catalytic cycle was proposed. Both cis-dihydride and trans-
dihydride intermediates were considered, but when the theoretical turnover
frequencies were obtained from the calculated energies, it was found that
only the trans-dihydride pathway was in agreement with the experimentally
determined frequencies.
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The proposed catalytic cycle was used for an in silico search for more
effective carbene ligands. The study showed that the ruthenium complexes
with dimethoxyisopropylidene and pyridilidene ligands could be more active
than RuCl,(IiPr)(p-cymene) used in the mechanistic investigation. Two analogs
of the calculated complexes were synthesized but were not isolated in a
pure form. The amidation reaction catalyzed by a mixture containing the
N-ethyl pyridilidene-substituted ruthenium complex afforded the amide in
38% yield. It indicated that in silico ligand screening might be used for catalyst
optimization if it is combined with a more comprehensive experimental study.

An improved protocol was developed for the ruthenium-catalyzed dehy-
drogenative self-coupling of primary alcohols to give esters. Addition of
16.7 mol% of MgzN, to the reaction mixture gave esters from aliphatic alcohols
in similar yields but at lower temperature as compared with previously a re-
ported catalytic system. This additive also suppressed the decarbonylation of
aromatic alcohols. A previously unknown ruthenium-catalyzed dehydrogena-
tive Guerbet reaction with secondary alcohols to give ketones was discovered.
The reaction conditions were optimized and the scope and the limitations
were studied. It was found that only acyclic 2-methyl carbinols and simple
cyclic alcohols underwent this transformation. It was shown that the reaction
proceeded via the oxidation—aldol condensation-reduction pathway and that
the active ruthenium species was a dihydride.

—\ —\
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R'= Me KOtBu, MgsN» R'=H

During the external stay at Haldor Topsee A/S, the transformation of
acetaldehyde over zeolite-type heterogeneous catalysts was studied. It was
shown that tin-Beta zeolite was only capable of producing crotonaldehyde
in low yields. Several other heterogeneous catalysts were tested (Al-Beta,
Ti-Beta, Sn-MCM-41, TS-1) but none of them demonstrated substantially
higher activity in the studied transformation.
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Resumeé

EKANISMEN FOR DEN RUTHENIUM-KATALYSEREDE dehydrogenative frem-
Mstilling af amider fra alkoholer og aminer er blevet studeret indgaende
ved at anvende en kombination af eksperimentelle og teoretiske teknikker.
Hammett studier viste, at der opbygges en lille positiv ladning pa den ben-
zyliske position i overgangstilstanden tilherende det turn-over bestemmende
trin. En kinetisk isotop effekt pa 2.2940.15 indikerer, at klovningen af C-H
bindingen ikke er det hastighedsbestemmende trin, men at det blot er et
blandt adskillige langsomme trin i den katalytiske cyklus. Eksperimenter
med deuteriummeerkede alkoholer og aminer viste, at ruthenium-dihydrid
forbindelser er indblandet i den katalytiske cyklus. Disse eksperimentelle
resultater blev anvendt i DFT/Mo06 beregninger og en plausibel katalytisk
cyklus er blevet fremsat. Bdde cis-dihydrid og trans-dihydrid intermediater
blev overvejet, men med fastseettelsen af de teoretiske turn-over frekvenser ud
fra de beregnede energier star det klart, at kun trans-dihydrid ruten stemmer
overens med de eksperimentelt bestemte frekvenser.
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Den fremsatte katalytiske cyklus blev anvendt som grundlag for en in silico
sogning efter mere effektive carben ligander. Undersogelsen viste, at rutheni-
um komplekser med dimethoxyisopropyliden og pyriliden ligander kunne
vaere mere aktive end RuCl,(IiPr)(p-cymene), som blev anvendt i de mekanisti-
ske undersogelser. To analoger til de beregnede komplekser blev syntetiseret,
men blev ikke isoleret som rene forbindelser. Amiderings reaktionen blev
gentaget med en blanding indeholdende det N-ethylpyriliden-substituerede
ruthenium kompleks som katalysator, hvilket resulterede i dannelse af amidet
i 38% udbytte. Ud fra dette kan man antage, at in silico ligand screening for-
mentlig kan anvendes til at optimere katalysatoren, hvis metoden kombineres
med et mere omfattende eksperimentelt studium.

En forbedret metode til fremstilling af estre ved ruthenium-katalyseret de-
hydrogenativ selvkobling af primeere alkoholer blev udviklet. Tilseetning af
16.7 mol% Mg;N, til reaktionsblandingen gav estre fra primeere alkoholer i til-
svarende udbytter, men ved lavere temperatur, ssmmenlignet med de tidligere
rapporterede betingelser. Dette additiv undertrykte ydermere decarbonylering
som sidereaktion ved kobling en af benzyliske alkoholer. En hidtil ukendt
ruthenium-katalyseret dehydrogenativ Guerbet reaktion med fremstilling af
ketoner fra sekundeere alkoholer blev opdaget. Reaktionsbetingelserne blev
optimeret og spaendvidden og begraensningerne for metoden blev undersogt.
Det viste sig, at kun acykliske 2-methylcarbinoler og simple cykliske alko-
holer gennemgik denne omdannelse. Det blev vist, at reaktionen forleb via
en oxidation—aldol kondensation-reduktion rute og at det katalytisk aktive
ruthenium kompleks er et dihydrid.

N g N N g N
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Ru\ /Cl Ru\-',C|
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o) )\ \/ Cl OH \/ cl 10
PN N N P A
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Under opholdet hos Haldor Topsee A/S blev omdannelsen af acetaldehyd
over zeolit-type katalysatorer undersogt. Det blev vist, at tin-beta-zeolit kun
er i stand til at producere crotonaldehyd i lavt udbytte. Adskillige andre
heterogene katalysatorer blev testet (Al-Beta, Ti-Beta, Sn-MCM-41, TS-1), men
ingen af dem udviste storre aktivitet i den studerede reaktion.
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1 Ruthenium-N-Heterocyclic Carbene
Catalyzed Coupling of Primary
Alcohols with Amines. Mechanistic
Investigation.

HIS PART OF THE DISSERTATION discusses the mechanistic investigation of

the ruthenium-catalyzed dehydrogenative coupling of primary alcohols
with amines to form amides which was recently discovered in the Madsen
group (Scheme 1.1)! The aim of this work is to understand how the amidation
reaction works and to create a plausible model which can be used to improve
the reaction and to find better conditions based on in silico screening. The
investigation is divided into two parts: an experimental study (which includes
a Hammett study, determination of the reaction orders, determination of the
kinetic isotope effect and some others) and a theoretical study (which includes
density functional theory calculations).

i_\
/Pr/N N\/Pr

>\Q/>R\u\"'CI
I
\ Y, cl 1 o

phosphine, base
toluene, reflux

RSOH + R NH

Scheme 1.1: Ruthenium-catalyzed dehydrogenative coupling of primary alcohols with
amines to form amides.

INorpsTROM, L. U.; Vogt, H.; MADSEN, R. J. Am. Chem. Soc. 2008, 130, 17672-17673.


http://dx.doi.org/10.1021/ja808129p

1.1 Introduction

1.1 Introduction

1.1.1 Metal-Catalyzed Amide Synthesis

The amide bond is one of the key linkages in organic chemistry. It is found in
peptides, artificial polymers, drugs and biologically-active compounds. For
example, 9 out of 53 small molecule drugs, whose sales in 2003 exceeded
$1billion, contained an amide? Not surprisingly, a great variety of methods
for the synthesis of amides have been discovered over past 150 years>* There
are examples of coupling reactions (mostly based on the reaction between
an amine and a carboxylic acid derivative), rearrangements (e.g. Curtius,
Beckmann)>® and some others. Most of these reactions have the same problem:
they are performed in a non-atom-economical fashion, i.e. require additional
reagents which do not end up in the products. In 2007, the ACcs and Green
Chemistry Institute together with several global pharmaceutical corporations
ranked “Amide formation avoiding poor atom economy reagents” as a number
one transformation for which they would prefer better reagents’”

This is a point where enzymatic and catalytic procedures come into play.
Both of these methods are considered “green” and atom-economic because
only small amount of catalyst or enzyme are needed to make the reaction
work efficiently. We will leave the enzymes to enzymologists and focus on
catalytic procedures.

There are several possibilities to obtain amides with the help of metal
catalysis. Most of these methods employ alcohols or aldehydes as starting
materials but nitriles, esters and the corresponding carboxylic acids can be
used as well. A noteworthy example of the transformation of esters to amides
was published by Gupta and coworkers® They reported that benzoyl esters
can be converted to amides in high yields with only 1 mol% of zinc dust as

2CAREY, J. S.; LaFFaN, D.; THoMsoN, C.; WiLLiams, M. T. Org. Biomol. Chem. 2006, 4, 2337-
2347.

3The Amide Linkage: Structural Significance in Chemistry, Biochemistry, and Materials Science;
GREENBERG, A., BRENEMAN, C. M., LieBmaN, ]. F, Eds.; Wiley-Interscience: New York,
2000.

4PATTABIRAMAN, V. R.; Bopg, ]J. W. Nature 2011, 480, 471-479.

58mrTH, P. A. S. In Organic reactions, 1946; Vol. 3.

6GAwLEY, R. E. In Organic reactions, 1988; Vol. 35.

7CONSTABLE, D. J. C.; DunN, P. J.; HAYLER, J. D.; HUMPHREY, G. R.; LEAZER, JR., J. L.; LINDER-
MAN, R. J.; LoreNz, K.; MANLEY, ]J.; PEARLMAN, B. A.; WELLS, A.; ZAKks, A.; ZHANG, T. Y.
Green Chem. 2007, 9, 411-420.

8 ARORA, R; Paut, S.; Gurta, R. Can. J. Chem. 2005, 83, 1137-1140.


http://dx.doi.org/10.1039/b602413k
http://dx.doi.org/10.1038/nature10702
http://dx.doi.org/10.1039/b703488c
http://dx.doi.org/10.1139/v05-134

1.1.1 Metal-Catalyzed Amide Synthesis

MI<q
[M] R—NH,
e TR - R Xg R)\N’R‘ —~ _J r
H

oxidation oxidation R H'

Scheme 1.2: Metal-catalyzed amide synthesis from an alcohol or an aldehyde and an
amine.

a catalyst under microwave irradiation in 2-8 min. Moreover, the batch of
the catalyst can be reused 6times after washing with aqueous solution of
HCI. Rhodium-catalyzed hydrolysis of nitriles gives access to primary amides
and allows to conduct this reaction at ambient temperature and without use
of strong acids or bases as opposed to a non-catalytic variants? Nitriles can
also react with amines to give amides. In 1986, Murahashi and coworkers
published the first example of this transformation catalyzed by RuH,(PPhy),
(3 mol%) 1 0

Several oxidation steps are involved in the synthesis of amides from an
alcohol or an aldehyde (Scheme 1.2). The alcohol is first oxidized to the
aldehyde which then reacts with the amine and the resulting hemiaminal
is oxidized further to the amide. The oxidation steps may require external
oxidants but in some cases these reactions may proceed with the liberation of
hydrogen gas.

Examples of the catalyst systems used in various amidation reactions are
listed in Figure 1.1. The system a was successfully applied to the amidation
of aldehydes with amine salts. In this case tBuOOH was used as an external
oxidant!! Neodymium complex b catalyzed the coupling of aldehydes with
amines to give amides at room temperature with a catalyst loading of only
1 mol%!? However, the aldehyde was used in excess because it also played
the role of the oxidant. Another example with amidation of aldehydes was
reported by Williams et al!® They used 5mol% of NiCl,-6 H,O (system ¢) and
one equivalent of hydroxylamine (which may be considered as an oxidant) to
first convert an aldehyde to a nitrile which then reacted with an amine and
water to give an amide.

In 1991, Murahashi and coworkers published the first example of the de-
hydrogenative coupling of an alcohol with an amine to give an amide. They

9Goto, A.; Enpo, K.; SarTo, S. Angew. Chem. Int. Ed. 2008, 47, 3607-3609.
OMuraHASHI, S.-I; Naota, T.; Sarto, E. J. Am. Chem. Soc. 1986, 108, 7846-7847.
NExoue-Kovr, K.; WoLr, C. Chem. Eur. J. 2008, 14, 6302—6315.
12Qian, C.; ZHANG, X.; ZHANG, Y.; SHEN, Q. J. Organomet. Chem. 2010, 695, 747-752.
1BALLEN, C. L,; DavuLcy, S.; WiLLiams, J. M. J. Org. Lett. 2010, 12, 5096-5099.
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1.1 Introduction

A
Cul (1 mol%), AglO3 (1 mol%) Li—N ' NH,OH-HCI (1 eq.), NaOH (1 eq.)
{BuOOH/H.0 (1.1 eq.) LiPr NiClo-6H20 (5 mol%)
a ’|\l PTG c
Pr—N... I N :
’Pr NI >N
RuH>(PPh3)4 (5 mol%) o ‘ NPr Ar Au/DNA or Au/M,
benzalacetone (2eq.) N\ O, balloon, base
H20 (2 eq.) AN P M = Fe, Co, Ni
d Li b e
/
cl ,NO
Gl
-PI'BUQ R Ru-- Cl
2 ( U
N Ru co VS PhoP | N B\Q/>\
PPh
NEt2 5 mol% 2
(0.1 mol%) PCy3 (5 mol%) (2.5 mol%) (5 mol%)
base (10 mol%) KOH (7 mol%) Na H (20 mol%)
f g h i

Figure 1.1: Examples of catalyst systems used in various amidation reactions.

reported the synthesis of lactams catalyzed by system d from aminoalcohols
in the presence of benzalacetone as a hydrogen acceptor!* Not only homo-
geneous catalytic systems can be used for the amidation of alcohols, but
also several bimetallic gold-based heterogeneous catalysts as well as Au/fish
sperm DNA were shown to successfully produce amides from alcohols and
amines in the oxidative atmosphere (systems e)!>16

The most “green” and wasteless, and consequently attractive, way of syn-
thesizing amides from an alcohol and an amine is an acceptorless coupling,
i.e. a reaction which produces hydrogen gas as the only by-product.

Both homogeneous and heterogeneous variants of this transformation have
been discovered over the past several years. The first report, published by
the Milstein group in 2007, introduced PNN-pincer complex f as an effective
catalyst for the amide synthesis from alcohols and amines with the libera-
tion of dihydrogen!” One year later, the Madsen group reported a similar
amidation procedure catalyzed by N-heterocyclic carbene-based ruthenium

14N aota, T.; MURAHASHI, S.-I. Synlett 1991, 1991, 693-694.

BWang, Y.; Znu, D.; TANG, L.; WANG, S.; WANG, Z. Angew. Chem. Int. Ed. 2011, 50, 8917-8921.
1650uLE, J.-F; MiyaMURA, H.; KoBayasHI, S. J. Am. Chem. Soc. 2011, 133, 18550-18553.
17GunanataaN, C.; BEN-Davip, Y.; MILsTEIN, D. Science 2007, 317, 790-792.
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1.1.2 Ruthenium-Catalyzed Amidation Reactions

complexes (one of them is shown in Figure 1.1, complex g)! The amidation
with ruthenium-NHC complexes was subsequently studied in more detail in
the following years!®! Other examples of complexes that can catalyze cou-
pling of a primary alcohol and an amine are compounds h and i which were
reported to catalyze formation of lactams?’ and amides?!, respectively. There
have also been published several examples of heterogeneous catalysts for
the acceptorless amidation reaction, such as Ag/Al,O; and Au/hydrotalcite

catalytic systems?22

1.1.2 Ruthenium-Catalyzed Amidation Reactions

The complexes f and g are very much alike in terms of the substrate scope but
have pronounced differences in reactivity. The systems h and i have not been
studied in much detail, since it was only shown that complex h was able to
catalyze the dehydrogenative cyclization of aminoalcohols to give lactams®
and the amidation with the compound i was exemplified only by coupling of
benzylamine with 2-phenylethanol?! For that reason these complexes will be
excluded from the discussion.

Both complex f and g perform best in the coupling of primary aliphatic and
aromatic alcohols with primary amines to give amides in almost quantitative
yields. The reaction is sensitive to steric parameters of the reactants: branching
in either the 3-position of the alcohol or the 3-position of the amine leads to
lower yields. The reactions with secondary amines as well as aniline require
higher temperature and give the corresponding amides in lower yields in
comparison with primary amines. Additional heteroatoms, such as oxygen
or nitrogen, do not influence the reactivity unless they are incorporated in a
bulky group. Unsaturated alcohol hex-5-en-1-ol was converted to the saturated
amide in the coupling catalyzed by system g in high yield, which shows that
the complex is also active in a hydrogenation reaction. Aminoalcohols with
the relatively distant OH and NH, groups are converted into lactams in

INorpsTrROM, L. U.; Vogt, H.; MADSEN, R. J. Am. Chem. Soc. 2008, 130, 17672-17673.

18GrosH, S. C.; MUTHAIAH, S.; ZHANG, Y.; XU, X;; Hong, S. H. Adv. Synth. Catal. 2009, 351,
2643-2649.

YDawm, J. H.; OszTrOVSZKY, G.; NORDSTROM, L. U.; MADSEN, R. Chem. Eur. J. 2010, 16, 6820—
6827.

20Nova, A.; BaLcELLs, D.; ScHLEY, N. D.; DOBEREINER, G. E.; CRABTREE, R. H.; EISENSTEIN, O.
Organometallics 2010, 29, 6548-6558.

21PrADES, A.; PERis, E.; ALBRECHT, M. Organometallics 2011, 30, 1162-1167.

228p1MmIzU, K.-1.; OHSHIMA, K.; ATSUSHI, S.; SATSUMA, A. Chem. Eur. ]. 2009, 15, 9977-9980.

27nu, J.; ZHANG, Y.; SHI, F; DENG, Y. Tetrahedron Lett. 2012, 53, 3178-3180.
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Scheme 1.3: Peptide synthesis catalyzed by complex f.

good yields}”!® whereas B-aminoalcohols are self-coupled in the presence

of complex f to give either polypeptides or cyclic dipeptide depending on
the size of the substituent in the aminoalcohol (Scheme 1.3)** Attempts to
self-couple glycine derivatives using complex g failed.

The scope of these complexes is not limited to substrates with one OH
and NH, group. Diamines are successfully acylated with primary alcohols to
give diamides in high to excellent yields!” Complex f catalyzes formation of
polyamides from diols and diamines. This reaction was reported to proceed
with > 99% conversion and give polyamides with 30-50 repeated units and a
polydispersity index of approximately 22°

The only type of amide which cannot be synthesized with use of these
complexes is the primary amide. Attempts to couple NHj or its equivalents
with primary alcohols in the presence of catalyst g did not lead to formation
of an amide and resulted only in self-coupling of the alcohol to give the
corresponding ester!® Primary amides can be obtained by metal-catalyzed
coupling of alcohols with ammonia in the presence of manganese oxide based
octahedral molecular sieves (KMngO;4, OMS-2)2

In some cases the amidation reaction does not perform well and by-
products are formed. If the reaction catalyzed by pincer complex f occurs
in a moderate yield then the remaining alcohol is self-coupled to the ester.
Phenethyl 2-phenylacetate was also a major by-product in the coupling of

17GUNANATHAN, C.; BEN-DaviD, Y.; MiLsTEIN, D. Science 2007, 317, 790-792.

¥Dawm, J. H.; OsztrOVszKY, G.; NORDSTRoM, L. U.; MADSEN, R. Chem. Eur. J. 2010, 16, 6820
6827.

24GNANAPRAKASAM, B.; BALARAMAN, E.; BEN-DavID, Y.; MILSTEIN, D. Angew. Chem. Int. Ed.
2011, 50, 12240-12244.

257gNG, H.; GUaN, Z. J. Am. Chem. Soc. 2011, 133, 1159-1161.

26Yamacuchi, K.; Kosavasur, H.; Orsni, T.; Mizuno, N. Angew. Chem. Int. Ed. 2012, 51,
544-547.
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2-phenylethanol with aniline and BnNHMe catalyzed by complex g (yields
of the amide were 35 and 65%, correspondingly), however, in other cases no
major by-product was detected.

From a mechanistic point of view, the amidation proceeds via 3-hydride
elimination, amine addition and a second 3-hydride elimination (Scheme 1.1).
It was shown that neither esters nor imines are intermediates in this trans-
formation!® An aldehyde formed after the first -hydride elimination stays
coordinated to the ruthenium atom as was demonstrated by a cross-over ex-
periment. The coupling of p-methylbenzyl alcohol and hexylamine with ben-
zaldehyde added after 3h yielded N-hexyl-p-methylbenzamide and N-hexyl-
benzamide in a ratio of 10:1 and the rest of benzaldehyde was converted to the
corresponding imine!® More likely, benzaldehyde is first reduced to benzyl
alcohol which then is coupled with the amine to give the amide. In 2010, Hong
and coworkers reported that the mixture of an alcohol and an aldehyde can
be converted to two amides under the conditions which are similar to those
used in the cross-over experiment (ruthenium-NHC complex was formed
in situ from RuH,(PPhs),, di-iso-propylimidazolium salt and NaH)?” In our
laboratory, the reaction with system g was not reproducible, so we have no
explanation for this observation.

After an aldehyde is formed, it is attacked by an amine to form a zwitterionic
intermediate which can either stay coordinated, eliminate H, providing a free
site for the second B-hydride elimination or dissociate from the ruthenium
center to give an imine. The latter is possible to achieve by slightly changing
the amidation catalytic systems. Replacing the NEt, group in complex f with
the PtBu, group and replacing PCy; with DABCO and removing the base from
system g transform these complexes into good catalysts for the imination
reaction (Scheme 1.4)%%°

Finally, a few remarks about the physical properties of the catalysts and
their activity are appropriate. Complex f is sensitive to air, hence, requires
conducting all the operations connected with the catalyst (synthesis, storing,
amidation reaction) in inert atmosphere, i.e. in a glove-box. This is not always
desirable. Complex g is air-stable, can be prepared on gram-scale and does
not require special handling but is less active than complex f. Comparable

YDawm, J. H.; OszTrROVSZKY, G.; NORDSTROM, L. U.; MADSEN, R. Chem. Eur. ]. 2010, 16, 6820—
6827.

2’MurtHAIAH, S.; GHOSH, S. C.; JEE, ].-E.; CHEN, C.; ZHANG, J.; HONG, S. H. J. Org. Chem. 2010,
75, 3002-3006.

28 GNANAPRAKASAM, B.; ZHANG, J.; MILSTEIN, D. Angew. Chem. Int. Ed. 2010, 49, 1468-1471.

YMacar, A.; MADSEN, R. Organometallics 2012, 31, 451-455.
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Scheme 1.4: Formation of an imine or an amide from the same zwitterionic intermediate.

yields are achieved with 0.1 mol% of complex f after 8-12h and 5mol% of
complex g after 24 h. It seems obvious that the former catalyst is much more
active than the latter, but this comparison is not completely correct because the
reactant concentrations are not taken into account. In the case of the Milstein
catalyst f, the alcohol and the amine concentration is 3.3 M and in the case of
catalyst g only 0.5m. This fact means that, in theory, if the reaction is first
order in both alcohol and amine, then just conducting the amidation reaction
with complex g under the conditions identical to those reported in the Milstein
paper)” will make complex g almost 50 times more “active”. We will return
to the comparison of the reactivities of these catalysts later (Section 1.2.6 on

page 33).

1.1.3 Hammett Study

More than 75 years ago Louis Hammett published a paper where he quantified
the relationship between the substituents in the meta or the para position in a
benzene ring and the rates of the reactions which take place in a side chain of
a benzene ring?® He separated the effect of the substituents into two constants:
o which depends only on the substituent and p which depends only on the
reaction conditions. Thus, the difference in the reactivity of a substituted
compound X and a non-substituted compound H is:

Ig (Kx) —lg (Ku) = op (1.1)

Which can be transformed to:

Ig (2) =0p (1.2)

17GunanathaN, C.; BEN-Davip, Y.; MILSTEIN, D. Science 2007, 317, 790-792.
30HAMMETT, L. P. J. Am. Chem. Soc. 1937, 59, 96-103.
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1.1.3 Hammett Study

Equation 1.2 is now known as the Hammett equation. This equation de-
scribes a linear free-energy relationship between equilibrium constants K of
the reactions with substituted and non-substituents benzene derivatives. It
holds not only for K but also for rate constants k. In practice, the Hammett
equation is used, for example, to determine the charge built-up in the rate-
determining step (RDS) in the reaction which takes place in a side chain of the
benzene ring. One can measure the rate of the reactions with substrates fea-
turing electron-donating or electron-withdrawing groups and plot the relative

Kx

reactivities Ig <@) versus substituent constants ¢. The slope of the graph

(which is also called the Hammett plot) yields the reaction constant p which
can be:

1. positive (p > 0). This means that the substrates with electron-withdraw-
ing groups react faster than the non-substituted compound and that a
negative charge is built up during the reaction.

2. negative (o0 < 0). This is the opposite case to the previous one. The
substrates with electron-donating groups react faster and a positive
charge is built up.

3. neutral (0 = 0). This means that no charge is built up in RDS. This case
is rare.

The magnitude of p indicates the sensitivity of the reaction to the electronic
nature of the substituent and how large the charge built-up is in the transition
state: the larger the absolute value the more pronounced is the charge that is
formed in RDS.

Hammett plots are not always linear. Usually, a sharp change in the p value
is associated with a change in the mechanism or in the geometry of the transi-
tion state in the RDS?! Another reason for a non-linearity could be that the
Hammett equation does not account for strong resonance interactions between
a substituent and a reaction center, for steric effects of a substituent. This
led to the modification of the Hammett equation and the development of the
new equations: Swain-Lupton (Equation 1.3)?? Yukawa-Tsuno (Equations 1.4
and 1.5)3 Taft (Equation 1.6)** and some others.

3'WiLLiams, A., Free Energy Relationships in Organic and Bio-Organic Chemistry; Royal Society
of Chemistry: Cambridge, 2003.

325waIN, C. G.; LurtoN, E. C. J. Am. Chem. Soc. 1968, 90, 4328-4337.

3Yukawa, Y.; TsuNo, Y. Bull. Chem. Soc. Jpn. 1959, 32, 965-971.

34TaFT, R. W. J. Am. Chem. Soc. 1952, 74, 3120-3128.
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=o0p where 0= f§F+ R (1.3)

=p(e+r(c —0)) (1.5)

)
lg <kH> =p(c+r(ct—0)) (1.4)
kx)

1g (X5 = pro + oE, (1.6)
kcn

These equations introduce different empirical parameters which account
for one or another aspect of the reaction. Out of all the parameters only those
of the Yukawa-Tsuno equation (¢ and ¢~) are widely used because it was
shown many times that they give better correlation than the Swain § and 3.
Parameters ¢ and ¢~ also “often afford insight into the reaction mechanism
which is lost when the normalized Swain constants are used.”*> One of the
reasons is that o was designed and measured specifically for reactions which
are known to proceed with the formation of a positive charge (and ¢~ for
reactions with a negative charge), whereas Swain constants are more general
and less specific.

There are several methods for determining the relative reactivity. The classical
one is to conduct a reaction with each substituted substrate separately and then
find the relative reactivity by dividing a rate (or an equilibrium) constant of the
reaction by the value for a non-substituted substrate. This method has several
drawbacks. First, it is hard to ascertain that all the reactions are conducted
under exactly the same conditions (the same concentration of the reactants,
same temperature, same pressure, etc.). Second, the rate constants are usually
measured under the conditions which are far from those used for the normal
reaction. For example, if one wants to keep the concentration of a reactant
constant and measure a pseudo first-order rate constant, a large excess of this
reactant should be used. This widely used technique can cause problems in
metal-catalyzed reactions since under such conditions absolutely different
catalytically active species can be formed. Finally, measuring a rate for the
separated reactions usually require at least three experiments for each substrate
to get reliable and statistically significant results.

Another method for measuring the relative reactivities is to conduct competi-
tion experiments: equimolar mixture of a substituted (X) and a non-substituted

35HanscH, C.; Lo, A.; TAFT, R. W. Chem. Rev. 1991, 91, 165-195.
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reactant (H) is introduced into the reaction and then the concentration of these
two compounds is followed during the reaction. Relative reactivity can be
derived assuming that both of the compounds react according to the same
mechanism. The rates of the two reactions are:

d[X]
dt
d[H]
dt
dividing Equation 1.7 by Equation 1.8 gives:
dX] _ kx[X]"
dH] ~ ku [H)"
for the first order reaction (n = 1), it can be written as:
diX] _ kx[X]

d[H] — ky [H]
after the separation of variables and integration:

(XJo _ kx ., [H]o

X] = EIHW (1.9)

Equation 1.9 demonstrates that relative reactivities can be obtained as the
slope of the line when In % is plotted against In %

The method of the competition experiments has several advantages in com-
parison with the classical method. Two reactions are conducted in the same
reaction flask which guarantees exactly the same conditions. The reactions can
be conducted with normal amounts of the reactants and they do not require
any specific treatment. In addition, the total number of experiments can be
slightly reduced because there is no need to do the measurements with the
non-substituted compound alone.

In summary, the Hammett study is a powerful tool which is extensively

used in mechanistic investigations>*-4

= kx [X]" [other reactants]" (1.7)

= kg [H]" [other reactants])™ (1.8)

In

36RASMUSSEN, T.; JENSEN, J. F; OsTERGAARD, N.; TANNER, D.; Z1EGLER, T.; NoRRBY, P.-O. Chem.
Eur. J. 2002, 8, 177-184.

S7KEINICKE, L.; FrRisTRUP, P,; NORRBY, P.-O.; MADSEN, R. J. Am. Chem. Soc. 2005, 127, 15756—
15761.

38FrisTrUP, P; KREIS, M.; PALMELUND, A.; NORRBY, P-O.; MADSEN, R. J. Am. Chem. Soc. 2008,
130, 5206-5215.

39DEPREZ, N. R.; SANFORD, M. S. J. Am. Chem. Soc. 2009, 11234-11241.

“0LgE, D.-H.; Kwon, K.-H.; Y1, C. S. Science 2011, 333, 1613-1616.
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1.1.4 Kinetic Isotope Effect

The kinetic isotope effect (KIE) shows how the isotope substitution changes
the reaction rate. This is a useful tool for studying reaction mechanisms
and allows to ascertain whether a specific bond is broken during the rate-
determining step. Usually in organic chemistry, the KIE is measured for
compounds in which a hydrogen atom in the bond under consideration is
replaced with a deuterium atom. In such a case, the KIE is calculated as a
ratio of two rate constants ki /kp. There are several classifications of the KIE,
such as: primary or secondary, normal or inverse. To explain an origin of
the kinetic isotope effect, the primary the KIE will be discussed, i.e. when the
C-H/C-D bond breakage occurs in the rate-determining step.

Consider a homolytic dissociation of a C—H and a C-D bond. The activation
energy for this process is a difference between the dissociation limit and the
lowest energy state (Figure 1.2), which is the zeroth (n = 0 in Equation 1.10)
for up to 99% of C-H bonds at 300K and is called the zero-point energy (ZPE).

1
E, = (n + 2) hv where n =0,1,2,... (1.10)

Any chemical bond can be described as a spring with a mass attached
at both ends, and consequently, a stretching vibrational frequency of this
bond can be modeled by the classic equation for the stretching of a spring
(Equation 1.11). Combining Equation 1.10 and Equation 1.11, we can see that
ZPE is inversely proportional to the square root of the reduced mass (). Since
m, for a C-D bond is larger than for a C-H bond (erH = 1.08, erD =1.71),
ZPE for the former is lower. This also means that the activation energy (E,) is
higher for a C-D bond and its dissociation proceeds slower making the KIE
greater than 1.

1 k My
= —4/— where m, = ———— (1.11)
2\ m, my + my

Assuming that the bond is completely broken in the transition state, the
maximum value of the KIE can be estimated using Equation 1.12. At 300K
the KIE for a C-H bond with a vibrational frequency at 3000 cm~! is approxi-
mately 6.5.

12



1.1.4 Kinetic Isotope Effect
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Figure 1.2: Complete dissociation of C—H and C-D bonds.

k ECH _ ECD
KIEf = -H exp (—aa>

kp RT
—exp (- Ejim — ZPE“? — (Ejjp, — ZPEP)
RT
=ex ZPET" — ZPETP = ex AZPEreact (1.12)
P RT P\ TRT '

Examples of the complete breakage of a bond at the transition state are
rare and the value of a primary KIE is normally lower than 6.5. Usually, the
bond is only partially broken or another bond starts forming simultaneously
at the transition state. If a bond is not completely broken, then it has different
zero-point energies for the C—H and C-D cases (like in the ground state) but
the bond in the transition state is weaker, which is why the zPE difference is
smaller (Figure 1.3). The activation energy is still higher for the deuterated
substrate than for the non-deuterated counterpart but the difference in the
activation energies is lower than in the case of the complete dissociation which
results in smaller values of the kinetic isotope effect (Equation 1.13).

13
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Figure 1.3: Partial dissociation of C—H and C-D bonds.
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RT

ZPECH — 7PECP — (ZPESH —ZPE%E))

RT

AZPEreact AZPEqg
RT

_exp < KIEfull (1.13)
Equation 1.13 helps to connect and compare an experimental KIE with a
theoretical one by using zero-point energies from the calculations.
There are three common ways of measuring the kinetic isotope effect:

1. Conducting two experiments, one for the substrate with a C-H bond and
one for the substrate with a C-D bond, and measuring rate constants
for each of them

2. Conducting a competition experiment between a deuterated and non-
deuterated substrates and measuring the KIE based on the relative

14
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amount of products formed from each of the substrates or based on
disappearance of the starting materials

3. Conducting an intramolecular competition experiment with a substrate
which has hydrogen and deuterium atoms in the identical positions. In
this case the KIE can also be calculated based on relative amount of
product resulting from functionalization of the C-H or the C-D bonds.

These methods could give different values of KIE for the same reaction
depending on the relative position of the rate-determining step (RDS) and the
C-H breakage step. Comparing KIE values obtained by two or three of the
methods, valuable information about the mechanism of the reaction and the
position of the elemetary steps relative to each other can be obtained. For
example, if these two steps coincide, then the KIE will be observed in all three
experiments. However, if RDS precedes a C—H cleavage step and the substrate
with the bond of interest is not involved in this step, then the KIE will be
observed only with the second and third methods. This is due to the fact that
the product distribution is defined by the difference in rates of a C-H bond
cleavage regardless of whether this is the RDS or not. In the first method,
the rate of the reactions will be identical for deuterated and non-deuterated
substrates resulting in the absence of a KIE. More details and analysis of other
possible reaction scenarios can be found in a recent publication by Simmons
and Hartwig#!

In summary, the kinetic isotope effect is a simple yet powerful method for
studying reaction mechanisms which provides important information about
which bond is broken during the reaction and when?

1.1.5 Energetic Span Model

For our study we need a tool which could link experimental kinetic data with
theoretically-obtained parameters, for example, energy and also could be used
for predicting reactivity of certain catalytic systems. In the Section 1.1.4
there was derived an equation which allows to calculate kinetic isotope
effect based on theoretical zero-point energy of reactants and transition state.
Unfortunately, it is useful only for verifying a proposed catalytic cycle but
not for predicting reactivity. Fortunately, there have been developed several

415rmmons, E. M.; HARTwIG, J. F. Angew. Chem. Int. Ed. 2012, 51, 3066-3072.
42G6MEZ-GALLEGO, M.; SIERRA, M. A. Chem. Rev. 2011, 111, 4857-4963.

15


http://dx.doi.org/10.1002/anie.201107334
http://dx.doi.org/10.1021/cr100436k

1.1 Introduction

C TS2

Reaction Coordinate Reaction Coordinate Reaction Coordinate

Figure 1.4: Energy profiles for one- or two-step transformations.

methods for such a prediction. One of them, the so-called “energetic span
model”, will be discussed in this section.

In 1884, Svante Arrhenius, based on his experimental observations, pro-
posed a simple relationship between the reaction rate and temperature which
is now known as the Arrhenius rate law (Equation 1.14). This equation also
finds use in theoretical chemistry because it links the activation energy of the
reaction with its rate.

k= Aexp (—5;) (1.14)

For an elementary reaction there is only one transition state and the rate
is determined by the energy difference between a reactant and a transition
state which equals to the activation energy of the reaction (E,, Figure 1.4a).
For a transformation which consists of two elementary reactions, E, could
be determined by either of the transition states. If TS1 is higher in energy
than Ts2, then E, is equal to the activation energy of the first elementary
step which, owing to this, is called the rate-determining step (Figure 1.4b). If
TS2 is higher in energy than TS1, then E, is equal to a sum of the activation
energy of the second step and the difference in energies between a product
and a reactant of the first elementary reaction (Figure 1.4c). In this case, the
second step is the RDS even though it is not only its activation energy that
determines the overall rate.

The concept of the rate-determining step only applies to reactions which
operate under non-steady state conditions because, by definition, steady state
approximation implies that each step of the reaction has equal rate. As a
consequence, all of them determine the overall reaction rate. This situation is
common in catalytic processes when the steady state approximation holds true

16
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during the most part of the reaction. To be able to analyze kinetics of catalytic
reactions based on calculated energies, Jutand and Amatore introduced a term
“the energetic span of the cycle” (JE) which is a difference in energy between
the highest and the lowest points of the catalytic cycle?? This expression is
derived by combining the Arrhenius equation with the Boltzmann distribution
for the intermediate (I,;) which precedes the TS with the highest energy in the
cycle:

r = k(L] = [In] exp <—1§T> = Dow] exp <_1§T> P <_§§)

El +AE\ SE
— [Ilow] exp (_RT> - [Ilow] exp ( RT) (1'15)

where [I},,] is the concentration of the compound with the lowest energy, AE
is the energy difference between Ij,,, and I,, and E[ is the activation energy
of the nth step.

As we can see, the energetic span resembles the activation energy of the
process in Figure 1.4c. However, for the catalytic reaction we also must keep
in mind that the end of the first cycle is the beginning of the second cycle.
For the exothermic reaction this leads to a situation when the starting point
of a new cycle is below the original one by the reaction energy, E,. As the
reaction proceeds, the energy of a new cycle drops which makes it difficult
to choose I}y, for Equation 1.15. To take the cyclic nature of the process into
account, Shaik and coauthors modified the definition of the energetic span and
proposed a way of calculating the turnover frequency (TOF) (Equations 1.16
and 1.17)*

SE — AGtprs — AGrp; if TDTS appears after TDI (1.16)
AGrprs — AGrpr + AG, if TDTS appears before TDI '
kgT OE
TOF = —, &P (_RT> (1.17)

Here, two new terms are introduced: TDTS (TOF-determining transition
state) and TDI (TOF-determining intermediate) which are the species that
maximize the energetic span of the cycle. From Equation 1.17 we can conclude

43 AMATORE, C.; JUTAND, A. ]. Organomet. Chem. 1999, 576, 254-278.
“KozucH, S.; SHAIK, S. Acc. Chem. Res. 2011, 44, 101-110.
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that the lower the energetic span, the higher the TOF and the faster the reaction.
As was shown in the literature, TDTS and TDI are usually (but not necessarily)
the highest and the lowest in the entire cycle®

Even though modern computational methods (such as density functional
theory calculations) have advanced a lot, it is still a challenging task to obtain
accurate Gibbs free energies and, as a consequence, precise values for the
turnover frequency. In spite of this, relative TOFs can be used to compare
different catalytic systems or pathways of a reaction if all optimizations are
carried out at the same level of calculations.

A program called AUTOF was created for calculating energetic span and
TOF based on the theoretically obtained energy profile of a reaction®*4”

To summarize, the energetic span model provides a link between experi-
ments and theoretical calculations by means of the turnover frequency. The
model can also be used for computational search of better catalytic systems.

1.1.6 Density Functional Theory

One of the major goals of theoretical chemistry is to determine the electronic
structure of a molecule (i.e. the wave function associated with electrons and
their energies) because it implies its chemical properties*® There have been
developed several methods for obtaining the electronic structure over past
100 years and almost all of them are based on the Schrodinger equation which,
in the simplest form, is represented in Equation 1.18.

EY = AY (1.18)

By solving this equation, both the wave function (¥) and the energy of a
system can be obtained. Because of extreme complexity of the mathematical
operations required for these calculations, the equation can be solved analyti-
cally (exactly) only for a wave function with one particle (for example, proton).
For the larger systems there have been developed various approximations.
One of them replaces an n-body system by the single-body, assuming that
each of its particles moves in a self-consistent field (SCF) created by the other

#KozucH, S.; SHAIK, S. Acc. Chem. Res. 2011, 44, 101-110.

4Kozucs, S.; SHAIK, S. J. Am. Chem. Soc. 2006, 128, 3355-3365.

46KozucH, S.; SHAIK, S. J. Phys. Chem. A 2008, 112, 6032-6041.

47UnE, A.; Kozuch, S.; SHAIK, S. ]. Comp. Chem. 2011, 32, 978-985.

48LeacH, A. R., Molecular Modelling: Principles and Applications, 2nd ed.; Pearson Education
Limited: 2001.
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1.1.6 Density Functional Theory

particles of the system. This is a central concept of the Hartree-Fock (HF)
method which has found a wide application in chemistry because it allows
for obtaining quite accurate results in a relatively short time?’

Another ab initio approach to finding the electronic structure of a molecule
is based on the electron density distribution and is now known as density
functional theory (DFT). As was proven by Kohn and coworkers the energy
of a system is uniquely determined by its electron density>*°! In principle,
DFT could give exact energy of a system but again due to very complex
mathematics various approximations have to be used in order to work with
this theory.

Initial approximations, such as local density approximation (LDA) and local
spin density approximation (LSDA) did not allow to obtain accurate results
in comparison with the HF theory mostly because they did not take into
account the fact that the electron density varies in a molecule. The situation
changed after Axel Becke suggested the gradient-corrected approximation
with correct asymptotic behavior’> which is now known as the generalized
gradient approximation (GGA). The same year Lee, Yang and Parr reported
a gradient corrected correlation functional®® which in combination with the
Becke correction gave a new DFT method called BLYP which surpassed the
HF in the quality of calculations.

EBLYP — (1 — ) ELPA 4 gEHF 4 bAEB 4+ (1 — ¢) ELPA 4 cEPP (1.19)

Further research in this direction led to a new, so-called, hybrid functional
B3LYP>>* which is still popular and widely used. It is hybrid because, as can
be seen in Equation 1.19, the energies due to the Becke correction (AEZ) and
the LYP correlation (EX'") functionals are mixed with some exact exchange
energy from the HF method (EXf). The advantage of this mixing is that
systematic errors of the two method are partially canceled.

In spite of the fact that the DFT methods in general give better results in
comparison with the HF methods?” they are still not ideal and have several
drawbacks due to the approximations used. Probably the most significant

49]ENSEN, J. H., Molecular Modeling Basics; CRC Press: 2010.

S0HonEeNBERG, P; Konn, W. Phys. Rev. 1964, 136, B864-B871.

5IKonN, W.; Suawm, L. J. Phys. Rev. 1965, 140, A1133-A1138.

52BEckE, A. D. Phys. Rev. A 1988, 38, 3098-3100.

3LEE, C.; YANG, W.; PARR, R. G. Phys. Rev. B 1988, 37, 785-789.

54BEckE, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

%Konn, W.; BEckE, A. D.; PARR, R. G. ]. Phys. Chem. 1996, 100, 12974-12980.
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1.1 Introduction

in relation to our study is that DFT fails to correctly describe van der Waals
interactions®®” There are several ways to overcome this problem, such as
including additive terms®® or developing new functionals which account for
dispersion,59'60 here only the latter will be discussed.

In 2008, Zhao and Truhlar reported a new family of functionals which was
a successor of another family M05: M06, MO6-HF, MO6-L and M06-2X — as
the authors wrote about them “with a broad applicability in chemistry” >/
Each of these functional was designed for specific needs, for example, M06 —
for calculations on main group elements, organometallics, kinetics and non-
covalent bonds. As of February 2013, the original paper in Theoretical Chemistry
Accounts has been cited almost 2000 times (according to SciFinder) which
indicates that these functionals are really finding their place in modern com-
putational chemistry. M06 is a hybrid functional with 27% of HF exchange,
it is not purely ab initio because it includes several parameters optimized to
better fit real-world energetic databases including four for transition metals. It
is worth noting that this functional was also successfully used in our research
group®?

%Konun, W.; MEIR, Y.; MakaRrov, D. Phys. Rev. Letters 1998, 80, 4153-4156.

57DoBsoN, J. F.; McLENNAN, K.; RuBto, A. Aust. J. Chem. 2002, 54, 513-527.

S8GRIMME, S. ]. Comp. Chem. 2004, 25, 1463-1473.

7nao0, Y.; TRUHLAR, D. G. Acc. Chem. Res. 2008, 41, 157-167.

60 AverkIEV, B. B.; ZHAO, Y.; TRUHLAR, D. G. J. Mol. Catal. A 2010, 324, 80-88.

617w1a0, Y.; TRUHLAR, D. G. Theor. Chem. Acc. 2008, 120, 215-241.

62BANTREIL, X.; PRESTAT, G.; MORENO, A.; MADEC, D.; FristrUP, P,; NORRBY, P-O.; PREGOSIN,
P.S.; Pori, G. Chem. Eur. ]. 2011, 17, 2885-2896.
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1.2 Experimental Study

Reproducibility is one of the biggest issues in all kinetic measurements. The
quality and the purity of the reactants, solvents and glassware used in the
study should guarantee that it will yield a reproducible result. We started the
mechanistic study with the catalytic system discovered earlier in our labora-
tory: 5mol% of 1, 5mol% of PCy; and 10 mol% of KOtBu. In the early stage of
our study it was found that it was hard to get the same results from seemingly
identical experiments. It was found that all the samples of the commercially
available PCyj; from various suppliers contained impurities such as phosphine
oxide and phosphites. PCyj; could be purified by recrystallization but after
a short period it got oxidized again. To solve this problem we employed the
method proposed by Netherton and Fu and substituted PCy; with its salt
PCy;-HBF, (2)%

Half-molar concentration of an alcohol and an amine was the optimal for
the most of the substrates because the reaction was complete in 24h and
proceeded with a sufficient initial rate. Thus, the mechanistic study was
performed with the following experimental system: 5mol% of 1, 5mol% of
2, 15 mol% of KO#Bu, 2-5mL of 0.5M toluene solution of an alcohol and an
amine.

1.2.1 Hammett Study

Before performing any kinetic measurements the amidation of hexylamine 5
was carried out with different para-substituted benzyl alcohols 6a—k. In most
cases the reactions proceeded cleanly and gave the corresponding amides
1la—-g in high yields after 24h (entries 1—7 in Table 1.1). Unfortunately, the
alcohols with electron-withdrawing groups (except for 6b) could not tolerate
the amidation conditions. The reaction with para-chlorobenzyl alcohol 6h
gave several byproducts due to dehalogenation of the alcohol, and some
amount of imine was formed as well. Nitro-group of 6i and cyano-group of 6j
were reduced under these conditions which led to the formation of different
compounds. Alcohol 6k did not give any product detectable by GcMs.
Next, the competition experiments between 6a and six para-substituted
alcohols 6b-g were performed (Scheme 1.5). The rate of the amidation was
measured based on the disappearance of the alcohols assuming that they did
not participate in side reactions and were converted only into the amides.

6NETHERTON, M. R;; Fu, G. C. Org. Lett. 2001, 3, 4295-4298.
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1.2 Experimental Study

Table 1.1: Amidation of para-substituted benzyl alcohols 6a-g.
(0]

OH 1 (5 mol%), 2 (5 mol%) Hex
X/EjA + HexNHz om0 (15 mol%) N + H

toluene, reflux, 24 h X

Entry  Alcohol X Yield? [%]

1 6a H 90
2 6b CF; 70
3 6¢ F 80
4 6d Me 94
5 6e OMe 100
6 of SMe 88
7 6g NMe, 100
8 6h Cl 0
9 6i NO, 0
10 6j CN 0
11 6k COOMe 0

a —isolated yield after 24 h

From these experiments it was possible to determine the relative reactivity of
6b—g compared to the parent benzyl alcohol. Assuming that all these reactions
have the same mechanism and are first order with respect to the alcohol, the

relative reactivities can be obtained (k,,; = ,’%) by using Equation 1.9 on
page 11. We plotted In % against In % and these plots resulted in good

linear correlations for all the para-substituted benzyl alcohols (Figure 1.5).
These results support our assumption about the order of the reaction with
respect to the alcohol.

Next, the Hammett plot was constructed based on the relative reactivities and
different o values (Figure 1.6). The experimental data correlated best with the o+
values® which yielded the reaction constant p = —0.154. Some of the relative
reactivities gave good correlation with ¢* values® which might indicate that
radical intermediates are formed during the amidation reaction. To test this the

3%5HanscH, C.; LEo, A.; TAFT, R. W. Chem. Rev. 1991, 91, 165-195.
64CreARY, X.; MEHRSHEIKH-MoHAMMADI, M. E.; McDONALD, S. J. Org. Chem. 1987, 52, 3254—
3263.
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1.2.2 Determination of the Reaction Order

H
OH N
1 (5 mol%), 2 (5 mol%) H
+ HexNH; + 2Hy

KO1Bu, toluene, reflux O
H
X X = CF3, F, Me, OMe, SMe, NMe, X
Scheme 1.5: Competition experiments for the amidation of 6a versus that of para-
substituted benzyl alcohols 6b—g.

reaction was conducted in the presence of cyclohexa-1,4-diene (1 equivalent
with respect to the alcohol) as a radical scavenger and it was found that it
had almost no influence on the amide formation (small amount of imine was
formed probably due to some impurities in the scavenger). This experiment
demonstrated that radical species are not involved in the catalytic cycle.

The value of the reaction constant p of —0.154 indicates that a small positive
charge is formed at the benzylic position of the alcohol in the transition state of
the RDS. The amide formation most likely proceeds through two consecutive
B-hydride eliminations: transformations of an alcohol to an aldehyde and a
hemiaminal to an amide. Either of these steps is a good candidate for the RDsS
because in both cases a partial positive charge is built-up in the transition state.

1.2.2 Determination of the Reaction Order

The next step was to determine the reaction order with respect to the reactants
(Figure 1.7). The initial-rate method was employed and the rates measured
based on the formation of an amide as opposed to the Hammett study where
the reaction was monitored by the disappearance of the alcohol. The reason is
that at the early stage of the reaction the change in the concentration can be
measured more precisely for the amide than for the alcohol.

Hexylamine 5 and benzyl alcohol 6a were used as substrates for determining
order in the amine. The concentration of 5 was varied from 0.2 M to 0.5 M while
keeping the concentration of 6a (0.5M) and the ruthenium catalyst 1 (0.025 m)
constant. The initial rates (r;,;;) were plotted against the amine concentrations
to give a straight line (Figure 1.7a) which indicated that the amidation reaction
is first order in the amine.

The reaction is also first order in alcohol as it was shown in the Hammett
study (Section 1.2.1). Next, we examined the order in the catalyst. Initial
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Figure 1.5: Kinetic data for the amidation of para-substituted benzyl alcohols 6b—g in
competition with 6a.
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Figure 1.6: Hammett plots constructed using different sets of ¢ values.
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1.2.2 Determination of the Reaction Order

experiments showed that at low catalyst loadings (<2 mol% or 10 mm) the ami-
dation either had a long initiation time or did not proceed at all which made it
impossible to obtain reproducible results. At higher loadings, (>6 mol%), the
reaction was also accompanied by substantial uncertainties. To overcome these
obstacles the experimental procedure was altered and the reaction performed
as follows: complex 1, PCy;-HBF, (2) and KOtBu were refluxed in toluene for
45 min before the solution of the alcohol and the amine was added. To test
if these alterations have changed the mechanism of the reaction we repeated
the experiments from Figure 1.7a and observed the same linear dependence.
Following the modified procedure, concentration of 1 was varied from 5 to
37 mmMm while keeping the concentration of the alcohol and the amine constant
(0.5m). Plotting the obtained rate values against the catalyst concentration
in double-logarithmic coordinates gave a straight line with a slope of 1.511
which means that the order of the amidation reaction in ruthenium is 1.5
(Figure 1.7c). However, if the conditions of the experiment are considered
more carefully, it is likely that this order is not correct. When varying amount
of complex 1, the concentration of all the reactants is not kept constant be-
cause the amount of PCy;-HBF, and KOtBu also varies. As it was previously
shown, in racemization of chiral alcohols mediated by a ruthenium-NHC
complex similar to 1 tert-butoxide is involved only in the initiation step of
the reaction and does not otherwise interfere with the catalytic cycle® We
assume that it plays similar role in the amidation reaction and is only needed
for the formation of a catalytically-active species which takes place when 1 is
premixed with 2 and KOtBu. As a consequence, it does not influence the rate
of the reaction.

To better understand the role of PCy;, we studied its influence on the rate
of the reaction. The amount of 2 was varied from 0 to 5mm (and of KOtBu, ac-
cordingly) while keeping concentration of all other reactants constant (alcohol
and amine — 0.2M, 1 - 0.01 M) and it was found that the order in a phosphine
is 0.5 (Figure 1.7b).

Taking all this information into account, the rate equation can be written as
follows:

r = k[alcohol][amine] [PCy5)*°[1]" (1.20)

To eliminate possible uncertainties due to slight variations in the alco-
hol, amine or phosphine concentrations in different experiments, the rate in

65BossoN, J.; POATER, A.; CAvALLO, L.; NOLAN, S. P. J. Am. Chem. Soc. 2010, 132, 13146-13149.
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Equation 1.20 was normalized as follows:

/I r _ "
" [alcohol][amine][PCy5]0> k[ (1.21)

The order in ruthenium was calculated using Equation 1.21 and it was
found that it equals 1 (Figure 1.7d). The final rate equation for the amidation
reaction is:

r = klalcohol][amine][1][PCy5]*° (1.22)

Based on Equation 1.22 it can be concluded that most likely no polymeric
ruthenium species are involved in the reaction and that PCy; is not always
coordinated to ruthenium throughout the catalytic cycle.

1.2.3 Experiments with Deuterated Substrates

Initially, we wanted to determine the kinetic isotope effect (KIE) by performing
competition experiments similar to those used in the Hammett study. It
was rapidly discovered that if an equimolar mixture of benzyl alcohol (6a)
and o, -dy-6a was introduced into the reaction with hexylamine under the
amidation conditions, a rapid scrambling of hydrogen and deuterium occurred.
Unfortunately, it made it impossible to use competition experiments for
measuring the KIE but it demonstrated an unexpected behavior of the reaction
which was studied in details.

From the experiments in the previous section it is clear that hexylamine
and benzyl alcohol are not the best substrates for the kinetic measurements
in terms of reproducibility but for the sake of consistency all the orders were
determined with the same alcohol and amine. This section also deals with
kinetic measurements and to make our life easier we decided to change the
substrates and use 2-phenylethanol (7) and benzylamine (8) instead.

To determine the source of the scrambled atoms the amidation reaction was
performed with various deuterated and non-deuterated compounds. First
candidate for the source of the hydrogen was toluene. The amidation reaction
was made between 7 and 8 in toluene-dg (Table 1.2, entry 1) and measured
the amount of mono-, di- and non-deuterated 7 over time by GcMms. This
experiment demonstrated that the solvent did not exchange its hydrogen
atoms with the reactants (Figure 1.8).

Next, an experiment with non-deuterated 7 and 8-d, (entry 2) was per-
formed which showed that after 24 h the hydrogen—deuterium ratio almost
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Figure 1.7: Determination of the reaction order with respect to the reactants.
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Table 1.2: Experiments to determine the position of the scrambled atoms.

OH ~..-R % % H(D)
Ph/§< ., Ph N2 1 (5 mol%), 2 (5 mol%) N.__Ph + Ho/D
| Ph 2/Do
Ry Ry R KOtBu (15%), solvent, reflux o
7 8
Entry R R Solvent

1 H (7) H (8) toluene-dg
H (7) D (8-d,) toluene
3 D (7-d,) H (8) toluene

approached the ratio of 3:2 (Figure 1.8). This indicates that the total number
of the exchangeable protons in the system is 5.

Finally, in the reaction between 7-d, and 8 the hydrogen—deuterium ratio
rapidly equilibrated around the same ratio of 3:2 (entry 3 and Figure 1.8). The
fact that the scrambling had started before the amide was formed implies that
there is a reversible step at the beginning of the catalytic cycle. More likely,
this step is a 3-hydride elimination leading to the formation of an aldehyde.

Analyzing these results we can conclude that the five exchangeable hydro-
gen atoms in the system are: two protons of the NH, group, two from the
a-position and one from the OH group of the alcohol. More importantly, the
scrambling implies that the amidation reaction operates through the so-called
“dihydride” mechanism, i.e. a ruthenium-dihydride species is involved in the
catalytic cycle.

The dihydride mechanism means that the two

=\ chlorine atoms are not bound to ruthenium during
/Pr/N\(N ~iPr the catalytic cycle. To gain further support for this
RU-| idea we synthesized a diiodo-analog of the complex
B\Q/X\l 1 — RuL,IiPr(p-cymene) (1-1,, Figure 1.9) and used it
/ in the reaction. It was previously shown that similar

diiodo-complexes can catalyze the amidation reac-
tion although giving usually lower yields, probably,
due to the lower stability of these complexes!%®®

When the initial rate of the reaction with 1-I, as the pre-catalyst was measured,

Figure 1.9: Structure of the
complex 1-l,.

Dawm, J. H.; OszTtrOVSzKY, G.; NorDSTROM, L. U.; MADSEN, R. Chem. Eur. ]. 2010, 16, 6820—
6827.
%7ZnanG, Y.; Cuen, C.; GHosH, S. C.; L1, Y.; HoNg, S. H. Organometallics 2010, 29, 1374-1378.
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Figure 1.8: Experiment with deuterium-labeled substrates.

a value of 3.09 mm-min~! was obtained which was essentially the same as

in the case of dichloride compound 1. This fact supports our idea that no
halogen atoms are bound to ruthenium in the catalytic cycle.

To summarize, it was found that under the amidation conditions hydrogen
atoms from o-position and the OH group of the alcohol and the NH, group of
the amine can be scrambled and that the reaction operates via the dihydride
mechanism.

1.2.4 Kinetic Isotope Effect

As it was shown in the previous section, competition experiments could not
be used for determining the KIE. Therefore, the only other option was to
perform two separate reactions: one with deuterated substrates and one with
non-deuterated — and measuring their rates. To do this, a special deuterated
alcohol was needed which would contain deuterium in the x-position and the
OH group.

First, an analog of 7 with three deuterium atoms BnCD,OD was synthesized.
An IR spectrum of this compound showed that it contained a significant
amount of BnCD,OH. In spite of this fact, the rate constant of the amidation
reaction as measured with this partly deuterated compound to give the value
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of the initial rate of (1.2604-0.050) mM-min~!, which then yielded the KIE
value of 1.785+0.172. Unfortunately, all attempts to obtain the alcohol with
higher deuterium content in the OH group failed. Because of this we had to
use commercially available alcohols.

The reaction with perdeuteroethanol gave unreproducible results due to
the low boiling point of the alcohol. Next, perdeutero-1-butanol (C,DyOD,
9-d,() was investigated and it yielded satisfactory data in terms of repro-
ducibility. The initial rate of the reaction between 9-d;; and BnND, (8-d,)
was (6.44+0.02) mm-min~!. Even though substrates with deuterium atoms at
the exchangeable positions were used, the real value of the initial rate might
be lower because in these experiments PCy;-HBF, was used as a phosphine
source which upon deprotonation gave tBuOH which in turn might exchange
its proton with the OD or ND, groups. Unfortunately, it was impossible to
quantify how big the influence of these protons was, but we assumed that
since only 5mol% was used, the real value of the initial rate should not be
dramatically lower. In the case of the non-deuterated analogs, 8 and 9, the
initial rate was (14.77+0.96) mm-min~!. These values gave an experimental
KIE of 2.2940.15.

Since the KIE value is greater than unity, the breakage of the C-H bond has
an impact on the overall rate of the reaction but is only one of several slow
steps in the catalytic cycle.

1.2.5 NMR Experiments

At this point of the study, quite a few kinetic parameters of the amidation
reaction were available which could later on be compared with the calculated
ones but the information about the structure of the species involved in the
catalytic cycle was still laking (apart from that some of them were dihydridic).
To fill this gap we undertook an NMR study of the reaction.

First, we studied whether p-cymene is coordinated to ruthenium during the
reaction. RuCLIiPr(p-cymene) (1) has very low solubility in toluene but it is
soluble enough to give a relatively good NMR spectrum which has a singlet
at 1.9 ppm assigned to a methyl group of the coordinated p-cymene. After
the beginning of the reaction another singlet at 2.15 ppm (methyl group of
free p-cymene) appeared and the signal at 1.9 ppm disappeared. After 10 min
the amount of free p-cymene reached the value of the amount of 1 used for
the reaction (Figure 1.10). This means that all p-cymene decoordinates from
ruthenium at the very beginning of the reaction.
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Figure 1.10: Amount of free p-cymene present in the solution during the amidation reac-

tion.

Next step was to elucidate the structures of the =\
intermediates. The reaction in an NMR tube was Pr-N._N~p,
monitored at 70 °C and 40 mol% catalytic loading g:
with various substrates and phosphines. To reduce \\ S/ \C’;'lCI
the number of unwanted signals, the reaction was p

performed in C¢Dg with RuCLIiPr(benzene) (10,
Figure 1.11). This experiment demonstrated that no
free aldehyde was formed in the solution. It proved
the proposed earlier idea that the aldehyde formed
during the reaction stays coordinated to the ruthenium center!® Unfortunately,
this was the only useful information we could obtain from the experiment.
Next, PCy; was replaced with PPh; and ethanol together with benzyl amine
were used to free the region between 0 and 2 ppm from extra signals and,
probably, get an insight into what was happening with the iso-propyl groups
of the NHC during the reaction. Several doublets as well as multiplets were
found in that region (Figure 1.12). They could be assigned to the Me groups
of the iso-propyl group attached to the NHCs of the various intermediates, but
it was hard to say anything more specific.

Figure 1.11: Structure of the
complex 10.

More useful information was found in the hydride part of the spectrum,
i.e. from —7 ppm to —20 ppm. Since the signals in this region did not overlap

9DamM, J. H.; OszrrovszkY, G.; NORDSTROM, L. U.; MADSEN, R. Chem. Eur. J. 2010, 16, 6820
6827.
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Figure 1.12: A part of the NMR spectrum of the reaction mixture.

with the solvent and reactant signals, it was decided to perform the reaction
with the usual system but still with a high catalytic loading: 40 mol% of 1
and PCy;-HBF,, 120mol% of KOtBu, 2-phenylethanol and benzylamine in
toluene-dg. After 3h, several clusters of hydride signals were observed in-
cluding low-intensity signals at —7.44 ppm and —7.54 ppm, very low-intensity
ones in the range —10.66 ppm to —11.13 ppm, high-intensity doublets from
—17.41ppm to —17.89 ppm (}p_y = 20Hz), as well as a high-intensity dou-
blet at —18.04 ppm (Ji_n = 7.1 Hz). These observations clearly revealed that
several hydride species were formed during the amidation reaction what was
also in accordance with previously reported data® Moreover, the doublet at
—18.04 ppm showed that there was a dihydride species that did not contain a
phosphine ligand. The doublets from —17.41 ppm to —17.89 ppm and their
coupling constants suggested the presence of ruthenium-hydride complexes
in which one phosphine group is coordinated cis to the hydride atom® Over
time, the intensity of the signals decreased and some of them disappeared.
Finally, an experiment was conducted in a usual manner (in refluxing
toluene-dg) in a Schlenk tube with 20mol% of 1 and after 30 min analyzed a

6671aNG, Y.; CHEN, C.; GHosH, S. C.; L1, Y.; HoNG, S. H. Organometallics 2010, 29, 1374-1378.
671 g, H. M.; Smrrh, D. C; HE, Z.; Stevens, E. D.; Y1, C. S.; Noran, S. P Organometallics 2001,
20, 794-797.
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1.2.6 Miscellaneous Experiments

Table 1.3: Product distribution in the reaction between benzyl alcohol and hexylamine in
various solvents.

1, 5 mol%, 2, 5 mol% o

Hex Hex
Ph™ ™OH + Hex—NH M H Ay Hex PO
e KOtBu, 15 mol% P~ "N P PRTON H
solvent
Solvent T,°C Amide* Imine” Di-Hex-amine”
Toluene 110 90 5 0
Benzene 80 40 0 0
n-Octane 125 20 50 5
THF 66 25 0 0
2-Me-THF 80 50 0 0
1,4-Dioxane 101 60 0 0
tBuOH 82 30 10 0
2-methyl-2-pentanol 120 20 50 5
CH,Cl, 40 0 0
Sym'C2H4C12 84 0 0
Sym-C2H2C14 120 0 O
PhCl 140 0 20 20

a — GCMS yield after 24 h, in %.

sample by 'H and *'P NMR. In the proton spectrum several additional signals
to those listed above were observed: a singlet at —9.70 ppm, a doublet at
—15.04 ppm (Jp_y = 22.5Hz), and signals around —17.8 ppm. These signals
also showed the presence of ruthenium species with a phosphine coordinated
cis to hydride. The phosphorous spectrum revealed a group of signals in
the range 46-51 ppm, a low-intensity signal at 57.2 ppm, and a high-intensity
signal at 10 ppm which corresponded to free PCy;. Other low-field signals
could be assigned to ruthenium species with a coordinated phosphine.

1.2.6 Miscellaneous Experiments

The experiments described in this section are not a part of the mechanistic
study but provided more general knowledge about the reaction itself.
The reaction between benzyl alcohol and hexylamine was studied under
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the amidation conditions in different solvents and formation of three products
was observed: an amide, an imine or a dimerized amine (Table 1.3). It is
known that the reaction performs best in toluene. No byproducts were formed
in benzene but the rate of the amidation reaction was lower in comparison
with toluene due to the lower boiling point of benzene. In contrast to these
two solvents, a reaction in n-octane gave all the three possible products with
prevalence of imine. The explanation for this could be that aromatic solvents
can play the role of ligand and stabilize some reactive intermediates whereas
n-octane cannot. This idea was also supported by the experiments in polar
aprotic solvents which could be a ligand as well, such as THF, 2-Me-THF,
1,4-dioxane: the amide is the only product in these solvents and the yield
of the reactions depends only on the reaction temperature. Tertiary alcohols
seem to interfere with the intermediates giving lower yields of the amide and
some amount of the imine. Finally, several chlorinated solvents were tested
but none of these proved to be suitable for this reaction, more likely, due to
the oxidative insertion of Ru into C—Cl bond which resulted in deactivation of
the catalyst or due to low reaction temperature (in CH,Cl,).

Since one of the goals of this work was to develop a better catalyst for the
amidation reaction, it was important to understand the activity of the catalyst
in comparison with other known complexes (discussed in Section 1.1.2 on
page 5).

First, the reaction was conducted under the conditions similar to those
reported by Milstein and coworkers!”: 0.1 mol% of the catalyst, 0.1 mol% of
PCy;-HBF,, 0.3 mol% of KOtBu, 3.33 M solution of benzylamine and 1-butanol
in toluene. When all these reactants were mixed together and refluxed for 24 h,
almost no amide was formed due to the low concentration of the ruthenium
precatalyst. As a consequence, the catalytically active species were formed very
slowly if they were generated at all. To form an active catalyst, 1 was refluxed
with the phosphine and the base in a small volume of toluene for 45 min and
after that added the solution of the alcohol and the amine (as in Section 1.2.2
when determining orders of the reaction). Under these conditions we obtained
the corresponding amide in 5% yield after 24 h, which demonstrated that our
system was less active than the Milstein system (for comparison, Milstein
reported 97% yield after 7 h for benzylamine and 1-pentanol). However, after
the substrates had been changed to hexylamine and 2-phenylethanol and the
catalytic loading had been increased to 0.75mol%, the amide was obtained
in 80% yield after 18h. With 1mol% of 1, the complete conversion was

17GunanataaN, C.; BEN-Davip, Y.; MILsTEIN, D. Science 2007, 317, 790-792.
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achieved after 18 h. Other reported catalytic systems are less active than ours:
the coupling catalyzed by 4 mol% of the diamine-diphosphine ruthenium
complex (h in Figure 1.1 on page 4) gives 21-95% of lactams after 4-16h?
while with 5mol% of 1,2,3-triazolylideneyl ruthenium complexes (i in the
same figure) amides are synthesized in 40-65% after 15h?!

Finally, we employed the knowledge about the reaction orders to lower
the catalytic loading while retaining the same reactivity. As was found in
Section 1.2.2, increasing the concentration of PCyj; accelerates the reaction,
the amidation was therefore performed with 0.5mol% of 1 and a Ru:P ratio
of 1:5 instead of the usual 1:1. Under these conditions the reaction between
hexylamine and 2-phenylethanol gave 65% of the amide after 18 h.

1.2.7 Summary of the Experimental Study

In summary, during the experimental study it was found that:

1. A small positive charge is formed in the transition state in the rate-
determining step.

2. The reaction is first order in the alcohol, the amine and the catalyst and
has an order of 0.5 in the phosphine

3. The KIE is 2.29+0.15.

4. No halogen atoms are bound to the ruthenium center during the reac-
tion.

5. Ruthenium-dihydride species are involved in the catalytic cycle.
6. para-Cymene is not coordinated to ruthenium during the reaction.

7. A phosphine is bound to some intermediates and its orientation is cis
relative to the hydride.

8. Protons from the o-position and the OH group of the alcohol and
the NH, group of the amine can be scrambled under the amidation
conditions.

20Nova, A.; BaLcerts, D.; Scurey, N. D.; DOBEREINER, G. E.; CraBTREE, R. H.; E1sensTEIN, O.
Organometallics 2010, 29, 6548—6558.
21PraDES, A.; PErts, E.; ALBRECHT, M. Organometallics 2011, 30, 1162-1167.
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1.3 Computational Study

1.3 Computational Study

At this point of the study it was already possible to propose a plausible
mechanism for the amidation reaction which accounted for all the observed
facts. For better understanding of the catalytic cycle we undertook an extensive
theoretical investigation on the reaction.

For calculating energy of a species a method suggested by Wertz was
chosen which, as shown in Equation 1.23, employs a combination of gas-phase
energy (Es) with solution-phase energy (Es},) and Gibbs free energy (AG)%
This approach allows to take into account contribution of a solvent without
calculating solution-phase Gibbs free energy. It has been successfully applied

in several studies of transition metal-catalyzed reactions’®©%70

AGtot = Esolv - Escf +AG (1-23)

1.3.1 Orientation of Ligands

From the experimental study we knew that p-cymene dissociates off during
the first minutes of the reaction creating three vacant coordination sites. NMR
also showed that hydride species were involved in the catalytic cycle and that
a phosphine was coordinated to some of them. It was also shown that in the
presence of an alcohol and a base, chloride atoms bound to ruthenium can be
substituted with a hydride and an alkoxide”!”? Based on these observations
we suggest that NHC, hydride, phosphine and alkoxide are the ligands that
coordinate to the ruthenium center in the beginning of the catalytic cycle.
Attaching these four ligands to ruthenium creates a 14-electron complex which
has two empty sites. One of the empty sites has to be in the cis position to the
alkoxide for the 3-hydride elimination to occur. The second free site could
be occupied by any of the ligands present in the reaction mixture: an amine,
an alcohol, an additional phosphine, something else or it could stay empty
throughout the reaction. To find it out energy for various ligand orientations
were calculated as well as energies of the species with different ligands.

38FRr1sTRUP, P; KREIS, M.; PALMELUND, A.; NORRBY, P.-O.; MADSEN, R. J. Am. Chem. Soc. 2008,
130, 5206-5215.

8WerTzZ, D. J. Am. Chem. Soc. 1980, 102, 5316-5322.

%Lau, J. K. C.; DEUBEL, D. V. J. Chem. Theory Comput. 2006, 2, 103-106.

70FrisTRUP, P; TURSKY, M.; MADSEN, R. Org. Biomol. Chem. 2012, 10, 2569-2577.

7L ARANYOS, A.; CSJERNYIK, G.; SzaB6, K. J.; BACKVALL, J.-E. Chem. Commun. 1999, 2, 351-352.

72501 4RI, E.; GAUTHIER, S.; ScoPELLITI, R.; SEVERIN, K. Organometallics 2009, 28, 4519-4526.
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1.3.1 Orientation of Ligands
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Figure 1.13: Lowest-energy ligands orientation (left) and an amine coordination (right).

The calculations (DFT/B3LYP) were started with a simplified system in
comparison with the real setup: PCy; was replaced with PHj;, ethylamine and
benzyl alcohol were employed as reactants, and 1,3-diisopropylimidazol-2-
ylidene (IiPr) as a permanent carbene ligand. Initial calculations were carried
out without knowing that a dihydride species took part in the reaction. As
a consequence, it was assumed that only one chlorine atom was substituted.
First, stability of a supposed intermediate after the first 3-hydride elimina-
tionwas studied. It was found that in the lowest energy isomer PH; was
cis to the carbene but when it was replaced with PCyj, the trans orientation
of the phosphine and the carbene became more favorable by 15.6 k]J-mol !
(Figure 1.13 left). This result demonstrated that the two largest ligands tended
to be situated as far from each other as possible. Next, it was studied how
coordination of various ligands influenced the energy of the species and found
that the most energy gain was obtained if EtNH, was bound to the ruthenium
atom (Figure 1.13 (right)).

Next, a catalytic cycle for the amidation reaction was proposed (Figure 1.14).
Ruthenium alkoxide 14a enters the cycle and undergoes 3-hydride elimination
to give a hydridic species 14b with a coordinated aldehyde which after the
addition of an amine transforms to a charged hemiaminal-like species 14c.
After the proton abstraction by the hydride and elimination of hydrogen gas,
an empty site is created on the ruthenium center. Then, second (-hydride
elimination occurs to give a coordinated amide 14f which gets replaced by
another molecule of the alcohol. After the abstraction of the proton from
its O-H bond by the hydride and elimination of the second molecule of
dihydrogen the first species of the cycle is formed again.

Since it was not determined whether a chloride was coordinated to the
ruthenium atom during the cycle, the energy of the intermediates with sub-
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Figure 1.14: Proposed catalytic cycle with different ligands (X = CI, OH, H, NH3, PH3 or
an empty site) and energy profiles for the cycles with these ligands.
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stituents different from chloride was calculated (Figure 1.14). To make the
calculations faster, the simplest possible ligands were used, i.e. OH instead of
an alkoxide, NHj instead of an amine. Even though these calculations did not
include the transition states, they still allowed to estimate the relative stability
of the species with different substituents. The calculations revealed that the
second molecule of an amine or a phosphine is unlikely to be coordinated to
the ruthenium center whereas any of the other three ligands could be bound
to ruthenium (or the site could be empty) throughout the catalytic cycle.

To distinguish between these possibilities, a study of the cycles including all
transition states for each of the ligands was undertaken. At the very beginning
of this study there unexpectedly appeared problems when searching for the
transition states: the TS optimizations yielded either a starting molecule or a
product of the transformation. Even if the resulting structure differed from
the reactant and the product, its calculated IR spectrum never had a negative
frequency. Addition of polarization and diffuse functions to the basis set did
not help and only after changing the functional from B3LYP to M06 it was
possible to obtain correct structure of the transition states for the complexes
with X = H.

At this point of the study, the hydrogen scrambling was discovered in
the experiments with deuterium-labeled substrates, and that is why the
calculations for all the possible ligands were not completed. Further work
was carried out assuming that the ligand X is hydride and that the reaction
operates via a dihydride mechanism.

1.3.2 Calculations on the Catalytic Cycle

Two important changes had been made since the beginning of the theoretical
study: the functional had been changed from B3LYP to M06 and a chlorine
ligand had been replaced with a hydride in the model. To verify that the
chosen orientation of the ligands was still the lowest-energy configuration,
the energy of the possible isomers was calculated again but this time using
PCyj as a phosphine. The calculations revealed that two isomers of the
alkoxide complex with NHC and PCy; trans to each other had almost the
same energy (AAGiot(15a-15b) = 5.8 kJ-mol~1), hence either of these species
could be formed at the beginning of the reaction and start their own catalytic
cycle (Figure 1.15).

According to the relative orientation of two hydride ligands during the cycle,
we will refer to the pathway a as the cis-pathway and to b as the trans-pathway.
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Figure 1.15: Proposed catalytic cycle (a: cis-dihydride route, b: trans-dihydride route).

To distinguish between these possible pathways, the entire catalytic cycle was
calculated starting from either species 15a or 15b (Figure 1.16).

From the experiments with the deuterated substrates (Figure 1.8 on page 29)
it was known that deuterium scrambling took place at the very beginning
of the reaction and before the formation of the amide. It was also observed
that the rate of the exchange was much higher than the rate of the amide
formation. In the experiment with the x,x-dideuteroalcohol 8% of deuterium
was exchanged with hydrogen after 3 min, whereas no amide was detected
by GCMS after the same time. These observations suggest that the deuterium
scrambling occurs in the first 3-hydride elimination step when a dihydride
species (16) is formed. The calculations show that the formation of species
16a is exothermic (AGIS“t = 28.6k]-mol '), whereas the formation of species
16b is endothermic (AGEt = 50.3 k]J-mol~!). Moreover, the activation energy
for the reverse reaction was lower in the case of species 16b (AAG,(16a-
16b) = 30.4kJ-mol!). It should also be noted that the difference in energy
between the preceding (TS1) and subsequent (TS2) transition states for in-
termediate 16 is higher in the case of the trans-pathway (AG,(TS2b-TS1b)
= 48.9Kk]-mol~!, AG,(TS2a-TS1a) = 18.5k]-mol~1). All these facts suggested
that after the first 3-hydride elimination a trans-dihydride species 16b was
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Figure 1.16: Energy profile for cis- and frans-pathways.

likely to be formed. Consequently, the equilibrium between deuterated and
non-deuterated substrates would be determined by the trans-pathway in the
tirst B-hydride elimination step.

Next, we applied the energetic span model to these catalytic cycles in order
to verify whether the reaction operates via the b pathway. Calculations in
the AUTOF program revealed that for the cis-pathway a dihydride species
with a coordinated aldehyde (16a) is the TDI and the transition state for the
second (-hydride elimination (TS4a) is the TDTS. The energetic span for this
route is 0E, = 189.1kJ-mol~!. For the trans-pathway the starting alkoxide
species (15b) is the TDI and the transition state for an amine addition step
(TS2b) is the TDTS. The energetic span was found to be §E, = 119.0kJ-mol .
The TOF values derived from these energetic spans are 1.04x10~8h~! for the
a pathway and 7.38x10~'h~! for the b pathway which is very close to the
average experimental TOF of 8.00x 10~ h~!. The fact that the trans-route is six
orders of magnitude faster than the cis-route supports the conclusion that the
reaction proceeds mainly via the b pathway, and consequently, we can classify
the overall mechanism of the reaction as a “trans-dihydride mechanism”.
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Table 1.4: Energy of EtNH, association to form intermediates 15b—22b.
Intermediate 15b 16b 17b 18b 19b 20b 21b 22b

AGrt/K]-mol-!  —35.1 —429 —33.4 —65.7 —83.6 —67.6 —107.0 —31.3

Table 1.5: Energy of PCy3 dissociation from intermediates 15b—22b.
Intermediate 15b 16b 17b 18b 19b 20b 21b 22b

AGdissoe /K] mol 1 412 —64 294 611 637 160 438 157

After the relative orientation of the hydride ligands had been found, the
energy of amine association to form the intermediates in the catalytic cycle was
calculated in order to confirm the assumption that an amine is coordinated
to the ruthenium center throughout the reaction. Our calculations supported
our assumption and showed that the formation of all the intermediates is an
exothermic process (Table 1.4).

Another important aspect related to the ligand orientation is whether or not
a phosphine is bound to the ruthenium atom throughout the catalytic cycle.
The order of the reaction in phosphine is 0.5 which indicates that there are one
or more steps involving dissociation of phosphine. Calculations revealed that
species 16b is more stable without phosphine whereas all other intermediates
have lower energy when a molecule of phosphine is coordinated to ruthenium
(Table 1.5). This result might indicate that our initial assumption that PCy;
is always bound to ruthenium was not correct and the reaction proceeds
(at least partly) via species without phosphine starting from intermediate
16b. Considering this possibility we calculated the activation energy for the
amine addition to the species without phosphine and found that this barrier
is 21.7kJ-mol~! higher than in case of the transformation 16b — 17b. Even
though the species without phosphine is more stable, the phosphine-free
pathway is 15.3kJ-mol~! less favorable.

Based on these calculations, we can suggest that intermediate 16b exists in
equilibrium with a species without phosphine. Since this equilibrium takes
place between two rate-determining states, the concentration of 16b will have
a strong influence on the overall rate of the reaction. This is also in agreement
with the experimental observations, where the addition of phosphine shifts
the equilibrium towards intermediate 16b and increases the overall rate of
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Figure 1.17: Calculated structures of intermediates 22b (left) and 15b (right).

the reaction, but the order with respect to phosphine is less than 1 because
some phosphine dissociates off. Moreover, the doublet in the proton NMR
spectrum at —18.04 ppm can be assigned to the dihydride species that is in
equilibrium with 16b after PCy; dissociation.

1.3.3 Geometric Parameters of the Reaction Intermediates

The next step was to have a closer look at geometric details of the species
involved in the reaction. All the compounds in the proposed cycle are 18-elec-
tron species except for the two which have to have an empty site to undergo
B-hydride elimination, namely, 15b and 19b. Each of these two intermediates
is formed after dissociation of dihydrogen from the corresponding saturated
species but neither of them turns into a real 16-electron species. The reason for
this is that after H, has dissociated off, the corresponding alkoxide changes
its mode of coordination from n! to n® by engaging in an agostic interaction
between ruthenium atom and C-H bond (which will be broken during 3-hy-
dride elimination). This process leads to shortening of the Ru-H distance
in the case of species 15b from 3317 A to 2.137 A (Figure 1.17). This kind of
interactions has been observed previously in the computational studies of the
B-hydride elimination with alkoxides”®

This agostic interaction indicates that the ruthenium center is electron-poor
during the catalytic cycle. That is also supported by earlier observations that

73S1EFFERT, N.; BUHL, M. J. Am. Chem. Soc. 2010, 132, 8056-8070.
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better electron-donating phosphines and NHC’s enhance the reactivity of the
ruthenium complexes in the amidation reaction”

After the first 3-hydride elimination complex 15b transforms into species
with a coordinated aldehyde 16b. The calculations show that the aldehyde is
bound to ruthenium in 1> manner through the m-system of the carbonyl group
which is in line with a previously reported computational study on similar
ruthenium-aldehyde complexes”” It should be noted that the carbonyl carbon
atom of the aldehyde is closer to sp® rather than to sp-hybridized because
the out-of-plane angle for the C-H bond in 16b is 44° and the C-O bond
length is 1.309 A. For comparison, the out-of-plane angles for the C-H bonds
in formaldehyde and methanol are 0° and 54°, the C-O bond lengths are
1.208 A and 1.420 A, respectively. These observations imply that species 16b
is more correctly represented by a three-membered oxaruthenacycle. In the
presence of the amine, complex 16b rearranges into aldehyde n'-isomer 16b’
which resembles the free aldehyde more than complex 16b: out-of-plane angle
for the C-H bond is 11° and the C-O bond length is 1.235A (Scheme 1.6
and Figure 1.18). Compound 16b’ is then attacked by an amine to give
intermediate 17b.

Pr-N_N~jpr Pr-N_N~jpr Pr=N_N~jpy

NHEt NHEt NHEt EtNH>
H-Ri—-H <——= H—Ri—H _—_—_—- H-Ri—-H ——— 17
28 78 7l
Bh Y3 Ph Y3 PhJ Y3

16b 16b 16b’

Scheme 1.6: Equilibrium between the isomers of compound 16b.

1.3.4 Modeling of the Hammett Study

Modeling of the Hammett study is another tool for verifying the proposed
catalytic cycle. As was shown in Section 1.3.2 there are two steps between
the TDI and the TDTS which determine the overall rate of the reaction, i.e.
B-hydride elimination and nucleophilic addition of an amine. In terms of the
Hammett study, para-substituents of the same electronic nature have opposite
influence on these steps. Electron-donating groups facilitate the 3-hydride

74Dawm, J. H. Organometallic Reactions: Development, Mechanistic Studies and Synthetic Applica-
tions, PhD Thesis, Technical University of Denmark, 2009, pp 87-110.
75ScHLEY, N. D.; DOBEREINER, G. E.; CRABTREE, R. H. Organometallics 2011, 4174-4179.
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1.3.4 Modeling of the Hammett Study

Figure 1.18: Calculated structures of complexes 16b (left) and 16b’ (right).

elimination by stabilizing a partial positive charge on the carbon atom whereas
in the nucleophilic addition these groups increase a negative charge on the
carbonyl carbon atom and hence decrease its electrophilicity which slows
down the transformation. The calculated energetic barriers for these two step
are almost equal which means that they could contribute equally to the rate
limitations of the reaction. Based on this we could expect a small value of p in
absolute magnitude. The experimental p-value of —0.15 is in agreement with
this argumentation.

To gain further support for the proposed cycle, the relative reactivity for
para-substituted benzyl alcohols was calculated (X = F, Cl, CF;, Me, SMe, OMe
and NMe,) based on the energetic span model (Equation 1.24) and plotted
versus ¢ (Figure 1.19). It should be noted that it was possible to obtain a
good correlation only when using gas-phase and solvation energies .

() _ 8En — 8Ex (2
&\ky) = 2303RT 24

As can be seen, points from two non-polar substituents (H and Me) do not
fit with the overall good correlation. This could be due to the inaccuracy of
the solvation model. Having excluded these two points from the correlation,
almost identical values of p were obtained with the gas-phase and solvation
energies: P51 = —0.73 and pggs phase = —0.68. These values are lower than
the experimental one (0 = —0.15) but they have the same sign which indicates
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Figure 1.19: Hammett plot with calculated gas-phase and solvation energies. Red points
were excluded from the linear regression.

the same trend in reactivity: substrates with electron-donating substituents
are more reactive than those with electron-withdrawing substituents.

1.3.5 Theoretical Kinetic Isotope Effect

Another parameter to be compared with the experimental results is the kinetic
isotope effect. As it was shown earlier, the KIE could be calculated based on
zero-point energies (Equation 1.13 in Section 1.1.4). For these calculations the
energetic span model was used again.

First, the calculations for deuterated analogs of the compounds used in
the theoretical study were carried out, namely PhCD,OD and EtND,. The
energetic span for the cycle with the compounds was §G, = 142.3kJ-mol !
which resulted in a TOF of 1.4x10~2h~!. Calculating the KIE as a ratio of
the TOFs of the two cycles yielded a value of 3.78 (Equation 1.25) which was
significantly higher than the experimental value of 2.29+0.15.

_ TOFy
~ TORy

When using the zero-point energy of TDI as ZPE;c,ct and TDTS as ZPErg in
Equation 1.13, a much better value of 2.80 (Equation 1.26) was obtained.

KIE

3.78 (1.25)

(1.26)

KIE — exp (AZPEreaCItQ; AZPETS) —2.80
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Next, PhCD,0OD was replaced in the calculations with C,DsOD which more
resembled C;DyOD used in the experimental study. Ethanol was preferred
over butanol to make the calculations faster and to eliminate discrepancy in
energies due to the different conformations of butanol. For these compounds we
obtain a KIE of 3.30 based on turnover frequencies and 1.99 based on zPEs. This
replacement showed that the substituent on the o carbon atom of the alcohol did
have a profound influence on the calculated KIE value. More importantly, it
allowed us to obtain the KIE value which was very close to the experimental one.
This result provided further support to the proposed catalytic cycle.

1.3.6 Summary of the Theoretical Study

In summary, during the theoretical study the following was calculated:

1. Determined that an amine is a permanent ligand on the ruthenium
atom.

2. Found that two hydride ligands are in the trans-orientation in the species
involved in the reaction.

3. Proposed a catalytic cycle for the amidation reaction and determined its
energy profile.

4. Based on the proposed cycle calculated p values for the reaction which
have the same sign as the experimental one.

5. Obtained a value of the kinetic isotope effect which is in good agreement
with the experimental one.

1.3.7 Computational Details

All calculations have been performed in Jaguar’® using the M06 or B3LYP

functionals in combination with the LACVP* basis set”’

All structures were optimized in gas phase, and then the single point
solvation energy was calculated for the optimized structures using standard
Poisson-Boltzmann solver with parameters suitable for benzene as the solvent
(dielectric constant: epsout = 2.284, probe radius: radprb = 2.600). Gibbs free
energies were obtained from the vibrational frequency calculations for the gas
phase geometries at 298 K and 383 K. All transition states were characterized
by the presence of one imaginary vibrational frequency.

76 Jaguar, version 7.8, Schrodinger, LLC, New York, NY, 2011.
"7Hay, P.J.; WaDT, W. R. J. Chem. Phys. 1985, 82, 270-283.
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1.4 Conclusions

1.4 Conclusions

The ruthenium-catalyzed coupling of a primary alcohol with an amine to give
an amide was studied by means of experimental and theoretical methods.
The Hammett study revealed that a small positive charge is formed at the
benzylic position in the transition state on the turnover-determining step. The
small value indicates that the rate of the reaction is not determined by a single
elementary step but rather two steps with opposite electronic character both
influence the reaction rate. Based on hydrogen-deuterium scrambling we
proposed that ruthenium-dihydride species are involved in the catalytic cycle.
The kinetic isotope effect was experimentally determined to be 2.29+0.15,
which suggested that breakage of the C—-H bond is not the rate-determining
step, but that it is one of several slow steps in the catalytic cycle.

These experimental results were supported by the characterization of a
plausible catalytic cycle by using DFT/M06 calculations. Both cis-dihydride
and trans-dihydride intermediates were considered, but when the theoreti-
cal turnover frequencies were obtained from the calculated energies, it was
found that only the trans-dihydride pathway was in agreement with the
experimentally determined TOFs.

This study yielded a working model of the amidation reaction which would
be further used for in silico search for better ligands.
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1.5 Experimental Part

General Experimental Methods

All chemicals were obtained from Aldrich and used without further purification.
Complexes 1} 1-1,!° (4-(dimethylamino)-phenyl)-methanol 6g’® 1,1-dideutero-2-
phenylethanol (7-d,) were synthesized according to the reported procedures.
Complex 10 was synthesized similarly to 1 with the only difference that
[RuCl,(p-cymene)], (3) was replaced with [RuCl,(benzene)],/° BnND, was
synthesized by the reaction of BhNH, with an excess of D,0O. Toluene was distilled
from sodium and benzophenone under an argon atmosphere. All 'H, C and
YE-NMR spectra were recorded on a Varian Mercury 300 instrument (frequencies
for 'H, C and '°F are 300 MHz, 75 MHz and 282 MHz, respectively). *'P-NMR
spectra were recorded on a Varian Unity Inova 500 MHz spectrometer equipped
with a 5mm probe with residual solvent signals as reference. CDCl; was
used as a solvent for all NMR measurements. Chemical shifts are listed in
ppm. IR spectra were obtained on a Bruker alpha-P spectrometer. Column
chromatography separations were carried out on silica gel (220-440 mesh). HRMS
data were obtained using ultra high performance liquid chromatography-high
resolution mass spectrometry (UHPLC-HRMS) on a maXis G3 quadrupole
time of flight mass spectrometer (Bruker Daltonics, Bremen) equipped with
an electrospray (ESI) source. Reaction kinetics was followed by withdrawing
samples from the reaction mixture after certain periods and analyzing them on a
Shimadzu GCMS-QP2012S instrument equipped with an Equity-5 column
(B0m x 0.25mm x 0.25pum) with nonane as the internal standard.

Characterization Data

N-Hexyl 4-fluorobenzamide 11¢

N/\/\/\
O)kH
F

TH-NMR: § 0.83-0.96 (m, 3 H), 1.24-1.45 (m, 6 H), 1.54-1.68 (m, 2 H), 3.37-3.49
(m, 2H), 6.09 (br. s., 1 H), 7.05-7.15 (m, 2H), 7.72-7.81 (m, 2H). 3C-NMR:

1NORDSTR®M, L. U,; Vocrt, H.; MADSEN, R. ]. Am. Chem. Soc. 2008, 130, 17672-17673.

9DamM, J. H.; OszrrovszkY, G.; NORDSTROM, L. U.; MADSEN, R. Chem. Eur. J. 2010, 16, 6820
6827.

78CHAIKIN, S. W.; BRowN, W. G. J. Am. Chem. Soc. 1949, 71, 122-125.

79BENNETT, M. A.; SMmrtH, A. K. J. Chem. Soc., Dalton Trans. 1974, 233-241.
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1.5 Experimental Part

6 14.2,22.7,26.8, 29.8, 31.6, 40.3, 115.5, 115.8, 129.2, 129.3, 166.6. 9F-NMR:
6 —109.03. IR (neat, Cm_l) 3329 (N—H), 2962, 2929, 2873, 2853, 1632 (C=0),
1600, 1540, 1497, 1223, 852. HRMS (m/z) calcd for [C13H;oFNO+H] " 224.1451,
found 224.1445.

N-Hexyl 4-methylthiobenzamide 11f

|\ N/\/\/\

\S =

TH-NMR: 6 0.84-0.94 (m, 3H), 1.24-1.43 (m, 6H), 1.54-1.66 (m, 2H), 2.50
(s, 3H), 3.39-3.47 (m, 2H), 6.09 (br. s., 1H), 7.22-7.27 (m, 2H), 7.64-7.70
(m, 2H). BC-NMR: 6§ 14.3, 153, 22.8, 269, 29.9, 31.7, 40.3, 125.7, 127.4,
1312, 143.3, 167.1. IR (neat, cm™ ") 3329 (N—H), 2957, 2936, 2915, 2870, 2852,
1627 (C=0), 1597, 1485, 1437, 1313, 1270, 1092, 755. HRMS (m/z) calcd for
[C1,Hy,NOS+H]* 252.1422, found 252.1420.

N-Hexyl 4-dimethylaminobenzamide 11g

TH-NMR: 6 0.83-0.93 (m, 3H), 1.23-1.42 (m, 6H), 1.51-1.64 (m, 2 H), 3.00
(s, 6H), 1.51-1.64 (m, 2H), 6.09 (br. s., 1H), 7.05-7.15 (m, 2H), 7.72-7.81
(m, 2H). BC-NMR: & 14.2, 22.7, 26.8, 29.8, 31.6, 40.3, 115.5, 115.8, 129.2,
129.3, 166.6. WF-NMR: 6 —109.03. IR (neat, cm ") 3329 (N—H), 2962, 2929,
2873, 2853, 1632 (C=0), 1600, 1540, 1497, 1223, 852. HRMS (m/z) calcd for
[C15H,sN,O+H]* 249.1967, found 249.1959.

NMR data for compounds N-hexylbenzamide (11a), N-hexyl 4-(trifluoro-
methyl)benzamide (11b), N-hexyl 4-methylbenzamide (11d), N-hexyl 4-meth-
oxybenzamide (11e), N-hexyl 2-phenylacetamide (12), N-benzylbutyramide

(13) are in accordance with literature values!!38081

INorpstroM, L. U.; Vocr, H.; MADSEN, R. J. Am. Chem. Soc. 2008, 130, 17672-17673.
BALLEN, C. L; DavuLcy, S.; WiLLiams, J. M. J. Org. Lett. 2010, 12, 5096-5099.
80Jo, Y,; Ju, ].; Chog, J.; Song, K. H.; LEg, S. J. Org. Chem. 2009, 74, 6358-6361.
81IshirARA, K.; YaNO, T. Org. Lett. 2004, 6, 1983-1986.
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2 In Silico Screening for More Effective
Carbene Ligands for the Amidation
Reaction

N THE PREVIOUS CHAPTER the mechanism of the amidation reaction was

determined and the computational model of the catalytic cycle was created.
The next step in improving the reactivity of the catalytic system is to screen
different ligands attached to the ruthenium center. A combination of the
theoretical and experimental methods was chosen for achieving this goal. It
was intended to vary carbene ligands in silico and based on the energetic
span theory select those which could increase the activity of the catalyst. This
approach will save time and resources by eliminating the need to synthesize
many ruthenium complexes just to find that they are less active.
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2.1 Introduction

2.1 Introduction

It was previously shown that electronic properties on the N-heterocyclic
carbene ligand had a profound influence on the reactivity of the ruthenium
complexes in the amidation reaction!®? Several carbenes were tested and
it was found that the catalysts with imidazole-based carbenes performed
best and gave rise to very high yields. On the contrary, complexes with
the saturated counterpart 23a, the triazole-based carbene 23b, the dimethyl
substituted carbene 23c or the benzene-fused 23d performed poorly in the
reaction (Figure 2.1). These observations suggested that electron-donating
ligands should increase the reactivity of the catalyst.

R’N/\_/\N‘R Q
X N =
R = iPr, Bu, Mes ph-N_N Pr=N N~ Pr=N N~
23a 23b 23¢ 23d

Figure 2.1: Carbene ligands for the ruthenium complexes used in the amidation reaction.

In 1977, Tolman proposed to use the vibrational frequency of the CO bond
in the complexes Ni(CO);L (L is a phosphine) to quantify the ability of various
phosphines to donate (or withdraw) electron density to (or from) a metal
center® It was observed that the better the phosphine is as an electron donor,
the lower the measured vibrational frequency was for the corresponding
complex. The explanation is that the electron density is donated back from
the metal center to the anti-bonding 7* orbital of CO making the C-O triple
bond weaker, and consequently, lowering its vibrational frequency. Nowadays,
this parameter is known as the Tolman electronic parameter (TEP).

The TEP is utilized to quantify and compare electronic and steric properties
not only of phosphines but also of other classes of ligands such as NHCs3
With the help of modern computational methods it is possible to obtain the
TEP for the complexes which are not easily available or do not exist. There
have been published several theoretical investigations focused on the TEP

INorpstroM, L. U.; Vocr, H.; MADSEN, R. J. Am. Chem. Soc. 2008, 130, 17672-17673.
82NorpstreM, L. U. Methods for Transition Metal Catalyzed C-N Bond Formation and Organocat-
alytic Allylation of Aldehydes, PhD Thesis, Technical University of Denmark, 2008.
8ToLman, C. Chem. Rev. 1977, 77, 313-348.
84Kgrry I, R. A.; Cravier, H.; Grupick, S.; Scorr, N. M.; Stevens, E. D.; BORDNER, J.;
SaMmARDJIEY, I.; HoFF, C. D.; CavaLLo, L.; NoLAN, S. P. Organometallics 2008, 27, 202-210.
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Figure 2.2: Carbenes selected for the screening.

for carbenes including NHCs® % It was shown that the ligands 23a-d had a
larger TEP than IiPr (the carbene ligand of compound 1)% which supports the
idea that electron-donating properties of the carbene ligands determine the
reactivity of the catalyst in the amidation reaction.

2.2 Search for More Effective Ligands

The carbenes from the paper by Gusev® with the TEP lower than the value for
IiPr were selected for the screening. To further refine the selection, carbenes
with bulky substituents next to the carbon atom attached to ruthenium were
excluded. The ligands listed in Figure 2.2 were chosen for the initial screening.
The energetic span model was used for comparing the results of the calcula-
tions. To do this, the IiPr ligand was substituted in the TDI (15b) and TDTS
(TS2b) of the proposed cycle and after the optimization the energetic span
was calculated.

To test this method the energetic span was calculated for the species with
carbene 23a (R = iPr) which was experimentally shown to be a worse ligand
for the amidation reaction than IiPr. The energetic span for ligand 23a was
127.3k]-mol~! which is 8.3kJ-mol~! larger than for IiPr which was an indi-
cation that the reaction should be slower. This result was in line with the
observed reactivity, hence the energetic span model can be employed for the
comparison.

Table 2.1 shows that four out of six selected ligands lower the energetic
span of the amidation reaction. However, as it can be seen from the ratio
of the turnover frequencies derived from the energetic spans, only three of
these carbenes (24b, 24e and 24f) significantly increase the rate of the reaction.
Moreover, it was previously shown that with carbene 24b the yields of the
amidation reaction after 3 and 24 hours were lower than with the ruthenium

85Gusev, D. G. Organometallics 2009, 28, 763-770.
86Gusev, D. G. Organometallics 2009, 28, 6458-6461.
87ToNNER, R.; FRENKING, G. Organometallics 2009, 28, 3901-3905.
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2.2 Search for More Effective Ligands

Table 2.1: Calculated Energetic Spans for Ruthenium Complexes with Carbenes 24a—24e.

Carbene 24a 24b 24c¢ 24d 24e 24f IiPr

§G/kJ-mol 1 2054 1061 113.7 141.0 109.2 101.7 119.0

TO 87-107% 582 53 1.1003 219 2294 1
IiPr

catalyst 174 Probably, it was due to a lower stability of the complex with this

ligand. As a consequence, only two carbenes (24e, 24f) were studied further.

A literature search revealed that no ruthenium com-

0] o plexes with either of the two selected carbenes were

R;HLR known, and moreover, no transition-metal-complexes

K > R with the dimethoxy carbene 24e have ever been syn-

25 thesized. Dimethoxyimidazolium salts which could

'; be used as a precursor for these complexes has not

been reported either. The only known type of car-

Figure 2.3: Structure of benes with two oxygen atoms at the double bond

IBiox carbene. of an NHC is carbenes derived from bisoxazolines

(IBiox, 25, Figure 2.3) which were reported by Glorius

and coworkers as effective ligands for palladium-catalyzed cross-coupling

reactions®® It was decided to synthesize analogs of compound 1 with the
IBiox ligand and test them in the amidation reaction.

All the reported IBiox carbenes have substituents at the 3 and the 77 posi-
tions (R-groups in Figure 2.3) which is undesirable for the amidation reac-
tion. Because of this it was decided to synthesize, first, previously unknown
non-substituted IBiox carbene 25a. Following the procedure by Butula and
Karlovi¢®™® bis(oxazoline) 29a was obtained from aminoalcohol 26a in 48%
yield over 3 steps (Scheme 2.1). Cyclization with chloromethyl pivalate and
silver triflate (procedure i)® did not lead to imidazolium salt 30a neither did
the reaction with chloromethyl ethyl ether (procedure ii)?!

H
Me

a:
b:

74Dawm, J. H. Organometallic Reactions: Development, Mechanistic Studies and Synthetic Applica-
tions, PhD Thesis, Technical University of Denmark, 2009, pp 87-110.

88 ALTENHOFF, G.; GODDARD, R.; LEuMANN, C. W.; GLorius, F. Angew. Chem. Int. Ed. 2003, 42,
3690-3693.

89 ArTENHOFF, G.; GODDARD, R.; LEEMANN, C. W.; GLorius, E J. Am. Chem. Soc. 2004, 126,
15195-15201.

POButuLa, 1.; KarrLovi¢, G. Liebigs Ann. Chem. 1976, 1455-1464.

NLEvy, J.-N.; LatHaMm, C. M.; RoisiN, L.; Kanpziora, N.; D1 Fruscia, P; WHITE, A. J. P;
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i ~7>07CI(1.1 eq.), AGOTF (1.1 eq.), THF, 40 °C, 18 h

Scheme 2.1: Synthesis of IBiox precursors.

To save time and instead of trying other cyclization 0 o

conditions it was decided to synthesize tetramethyl j —X Z

bis(oxazoline) 30b following the reported procedure®® N_N
Triflate salt 30b was obtained in 33% yield over four Ru|
steps. This salt reacted with NaH in THF to give a >\§/>\\CI
solution of free carbene 25b which was then mixed Y,

with ruthenium dimer [RuCl,(p-cymene)], (3) but this
led to decomposition of the reactants and no desired
complex Ru(IBioxMe)Cl,(p-cymene) 31 was isolated
(Figure 2.4). Performing the amidation reaction in a
way that the active catalyst was formed in situ by refluxing salt 30b with
[RuCl, (p-cymene)],, KOtBu and PCy;-HBEF, for 45min in toluene followed
by addition of a solution of benzylamine and 2-phenylethanol did not yield
the corresponding amide after 24 h. Because of these experimental obstacles
further attempts to obtain complex 31 were stopped.

Figure 2.4: Structure of
complex 31.

The next carbene in the investigation was a derivative of pyridilidene. There
have been reported several methods for synthesis of metal complexes featuring
this kind of ligands (Scheme 2.2). One of them is a direct oxidative insertion
of low-valent metal complexes into a C—CI bond of chloropyridinium salts.

WooDWARD, S.; FUCHTER, M. J. Org. Biomol. Chem. 2012, 10, 512-515.
88 AL TENHOFF, G.; GODDARD, R.; LEEMANN, C. W.; GLortus, F. Angew. Chem. Int. Ed. 2003, 42,
3690-3693.
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2.2 Search for More Effective Ligands

=—

|
| NS ML, | N | ML, o Na,Cr(CO)s | NS
~  M=Ni,Pd ;g M = Au, Ir Q
o] ML, Cr(CO)s Cl

Scheme 2.2: Methods for synthesis pyridilidene-substituted complexes.

This approach was successfully applied for synthesizing palladium catalysts
for various cross-coupling reactions??>?®> Another method is a carbene transfer
from a chromium-pentacarbonyl-carbene complex to different metals such
as gold or rhodium. This is more versatile approach in comparison to the
oxidative addition because it allows to obtain complexes without a chlorine
atom attached to a metal center?*

Unfortunately, neither of these approaches could
be used to obtain ruthenium catalyst 32 (Figure 2.5).
There were no suitable ruthenium complexes which

| would insert into a C-Cl bond of chloropyridinium

salts to give 32 while the reported yields over the

Ru-C two steps for the second method were inappropriately

>\§/>\\C| low (approximately 3%). Because of this we directed

/ our eyes towards the methods for synthesis or NHCs

Figure 2.5: Structure of and chose the one which employed decarboxylation of

complex 32. imidazolium carboxylates?>“ This allowed to get the

corresponding transition metal (including ruthenium)

complexes in high yield under mild conditions. Before doing any experiments

the formation of compound 32 from the corresponding betaine was studied
computationally.

Z-31

For comparison, the formation energy of complex 1 from imidazolium
carboxylate 33 was calculated along with the formation energy of complex
32 (Scheme 2.3). The calculations showed that the formation of free carbenes
IiPr and 24f with a loss of CO, was an endothermic process. The formation

92R AUBENHEIMER, H. G.; CRONJE, S. Dalton Trans. 2008, 1265-1272.

93ScHUSTER, O.; YANG, L.; RAUBENHEIMER, H. G.; ALBRECHT, M. Chem. Rev. 2009, 109, 3445—
3478.

94G51rrASSER, C. E.; STANDER-GROBLER, E.; SCHUSTER, O.; CRONJE, S.; RAUBENHEIMER, H. G. Eur.
J. Inorg. Chem. 2009, 1905-1912.

95VourcHkovA, A. M.; APPELHANS, L. N.; CHIANESE, A. R.; CRABTREE, R. H. J. Am. Chem. Soc.
2005, 127, 17624-17625.

%DroGE, T.; GLortus, F. Angew. Chem. Int. Ed. 2010, 49, 6940-6952.
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RU‘ '/Cl
>\§/>\\C|
4 32

Scheme 2.3: Formation of the ruthenium complexes from the corresponding betaines.
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energy for the former was 37.8k]-mol~! whereas for the latter this value was
121.4k]-mol~! indicating that 24f was less stable, and consequently, more
reactive. At the same time, the reactions between ruthenium dimer 3 and
betaines 33 and 34 to give complexes 1 and 32 were highly exothermic with
the energy gain of 117.1kJ-mol~! and 165.4k]-mol~!, correspondingly.

The calculations gave analogous results for these systems which made it
possible to expect the similar reactivity in the real-world experiments. Refluxing
ruthenium dimer 3 with N-ethylpyridinium carboxylate 35 in dichloromethane,
however, did not yield the desired compound 36 (Scheme 2.4). This was
probably due to the low boiling point of CH,Cl,. The same reaction performed
in acetonitrile gave an inseparable mixture of the initial complex 3 and, most
likely, compound 36. It was not possible to determine the structure of the second
product based on NMR spectra of the mixture. In spite of this fact, the mixture
was used as a catalyst in the amidation reaction between benzylamine and
2-phenylethanol which gave amide in 38% yield after 24 h. Inspired by this result

% N
N+

S Cl /Cl\\</§\< solvent ||
| + Ru _Ru_

= ~/ \CI Cl reflux
\ ) Ru-q|
\/ AN
solvent = CHoClp, CH3CN, PhCI ) C

o” O 3
35 36

Scheme 2.4: Synthesis of pyridilidene complex 36.
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Table 2.2: Energy of CO, dissociation from various betaines.
| |

Nz, N
| J/\J\ a:R=Cl
R™ Y R -CO, R™ >R b: R = OMe
oo 38
37
R Ad Cl Cy F iPr Me OMe Ph tBu

Egi/KJ-mol~! 536 —534 735 —515 213 427 -397 580 —113

we undertook further attempts to purify the mixture of the complexes and isolate
compound 36. Varying solvents and their ratio for column chromatography
did not result in better separation of the compounds. Performing the reaction
between betaine 35 and ruthenium dimer 3 at higher temperature in boiling
chlorobenzene did not afford the desired complex in a more pure form either.

One of the possible reasons why all these syntheses failed could be the
high instability of the formed carbene 24f. To find more stable pyridilidenes
the dissociation of carbon dioxide from various substituted betaines to give
carbenes was studied computationally (Table 2.2). The study showed that
introduction of heteroatoms into the positions adjacent to the carbene center
favored the dissociation reaction and stabilized the obtained carbene.

For the experimental study 3,5-dichloropyridine 39a was chosen as a starting
substrate because it could be used to synthesize both compounds 37a and 37b.
Following the reported procedures®”® hydroiodide 41a was obtained in 32%
yield over two steps (Scheme 2.5). This compound was reacted with ruthenium
dimer 3 in the presence of 1 equivalent of KOH in refluxing dichloromethane,
acetonitrile or chlorobenzene but neither of these reactions afforded desired
ruthenium complex with carbene 38a.

Next, it was attempted to synthesize the corresponding dimethoxy analog.
Carboxylic acid 40b was synthesized from 3,5-dichloropyridine 39a in two
steps: first, chlorine atoms were replaced with methoxy groups by the reaction
with sodium and potassium methoxides to give 3,5-dimethoxypyridine 39b?°

9Marz1, E.; Bic1, A.; SCHLOSSER, M. Eur. ]. Org. Chem. 2001, 1371-1376.

98BunceL, E.; KeuM, S.-R. Tetrahedron 1983, 39, 1091-1101.

99PwurLrirs, S. T.; Rezac, M.; ABeL, U.; KossenjaNs, M.; BArTLETT, P A. J. Am. Chem. Soc.
2002, 124, 58-66.
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Scheme 2.5: Synthesis of N-methylpyridinium carboxylic acids.

The product of the first step was reacted further with LDA and CO, to give
acid 40b in 17% yield over two steps.

Unfortunately, at this point of the study it was decided to stop working on
this project because of lack of time and it seemed it required much effort to
get promising results. Moreover, at the same time another more successful
project started and it was decided to focus entirely on that. The next chapter
discusses the new project in more detail.

2.3 Conclusion

Carbene ligands for the catalyst in the amidation reaction were studied com-
putationally. The initial selection of the ligands was done by using the Tolman
electronic parameter and then the energetic span was calculated for the reac-
tions catalyzed by the complexes with the chosen carbenes. Several ligands
gave substantially lower energetic span than the carbene used in the experi-
mental mechanistic investigation and they were selected for the more thorough
study. It demonstrated that NHC with two oxygen atoms attached to the dou-
ble bond of the carbene as well as a pyridilidene ligand could dramatically
improve the reactivity of the ruthenium catalyst in the amidation reaction.

Approaches for synthesizing analogs of these carbenes were proposed and
tested but none of them afforded pure ruthenium complexes with new ligands.
However, it was shown that the reaction catalyzed by impure complex with a
pyridilidene ligand gave the amide in 38% yield.

Even though only several ligands were screened computationally the study
yielded a working catalyst for the amidation reaction. It indicated that in silico
ligand screening might be used for catalyst optimization if it is combined with
a more comprehensive experimental study.
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N,N’-bis(2-hydroxyethyl)oxalamide 27a

0 0

HO_\—NHN ~ /OH

The experimental procedure was adapted from the work of Butula and
Karlovi¢?® Diethyloxalate (5.85 g, 40 mmol) was dissolved in toluene (40 mL)
and 2-aminoethanol (4.89 g, 80 mmol) was slowly added. Upon the addition a
white precipitate was forming. A stirring bar was added, a condenser attached
and the flask was placed into an oil bath (T = 80 °C). After 1.5h the mixture
was cooled to room temperature, solvent was decanted off and a yellowish
precipitate was recrystallized from ethanol (approx. 100mL) to give white
precipitate. It was filtered, washed with cold ethanol (2 x 10mL) and dried in
vacuo. Yield 6.2 g (88%). After some time additional 550 mg precipitated from
the mother liquor. Overall yield 6.75g (96%). "H-NMR (300 MHz, DMSO=d):
6320 (q, 4H, ¥y = 6.2Hz), 3.4 (t, 4H, ¥y = 6.2Hz), 4.74, (br.s., 2H),
8.55-8.59 (m, 2 H).

N,N’-bis(2-chloroethyl)oxalamide 28a

0] 0

CI_\—NHN—/_ “

The experimental procedure was adapted from the work of Butula and
Karlovi¢?® Thionyl chloride (10 mL, 138 mmol) was added dropwise to the
stirring suspension of compound 27a (4g, 23 mmol) in toluene (25mL). A
condenser was attached and the flask was placed into an oil bath (T = 120 °C).
After 2h of reflux the reaction mixture was cooled to room temperature and
the white precipitate was filtered off, washed with toluene (2 x 10 mL) and
recrystallized from ethyl acetate to give a white crystalline solid. Yield 4.37 g
(90%). 'H-NMR (300 MHz, DMSO=d,): 6 3.48 (q, 4H, ¥ = 6.3Hz), 3.69 (t,
4H, 3y_g = 6.3Hz), 8.95-8.99 (m, 2H)

4,4’ ,5,5 -tetrahydro-2,2’-bioxazole 29a
0] O
Fas
N N
The experimental procedure was adapted from the work of Butula and Karlovi¢?°
Solution of NaOH (800 mg, 20 mmol) in MeOH (20 mL) was added to a flask

POButuLa, 1.; KarrLovi¢, G. Liebigs Ann. Chem. 1976, 1455-1464.
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with compound 28a (2.13 g, 10 mmol) and a stirring bar. A condenser was
attached and the flask was placed into an oil bath (T = 90 °C). After 1h of reflux
the reaction mixture was cooled to room temperature and a white precipitate
was filtered off. The filtrate was evaporated in vacuo and the resulting sticky
substance was recrystallized from MeOH to give a white precipitate. Yield
780mg (56%). "H-NMR (300 MHz, DMSO=d,): 6 3.92 (t, 4H, ¥u_n = 9.6 Hz),
4.34 (t, 4H, )1z = 9.6 Hz).

N,N’-bis(1-hydroxy-2-methylpropan-2-yl)oxalamide 27b
@) o)

HO < OH
NH HN

Was synthesized analogously to 27a where 2-amino-2-methylpropan-1-ol
(7.12 g, 80 mmol) was used instead of 2-aminoethanol. Yield 8.8 g (95%). The
compound was used for the next step without characterization.

N,N’-bis(1-chloro-2-methylpropan-2-yl)oxalamide 28b
0] o)

cl it cl

NH HN

Was synthesized analogously to 28a where compound 27b was used instead
of 27. Yield 5.82 g (94%). "H-NMR (300 MHz, CDCl): 4 1.46 (s, 12H), 3.79 (s,
4H), 742 (br.s., 2H).

4,4,4 4 -tetramethyl-4,4’,5,5"-tetrahydro-2,2’-bioxazole 29b

Q O
Lo~k

N N
Was synthesized analogously to 29a where compound 28b was used instead
of 28a. Yield 840 mg (43%). "H-NMR (300 MHz, CDCl5): 6 1.35 (s, 12H), 4.11
(s, 4H).
1-ethylpyridin-1-ium-4-carboxylate 35

o

oS
Nt

The experimental procedure was adapted from the work of Kosover and
Patton!?0 A chromatography column (diameter 2.5 cm) was filled (10 cm) with
Dowex-1 resin (Cl-form). It was washed with 1M solution of NaOH (500 mL)

10K o0soweR, E.; PATTON, J. . Org. Chem. 1961, 26, 1318-1319.
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and then with distilled water until neutral pH. 1-Ethyl-4-(methoxycarbonyl)-
pyridin-1-ium iodide (3 g, 10 mmol) was dissolved in water and the solution
was poured onto the column. It was washed with water and all fractions were
collected and dried on a freeze-dryer to afford a white crystalline precipitate
mixed with small amounts of a yellow liquid. This liquid was removed with a
pipette and the white precipitate was washed with ethanol and dried in vacuo.
Yield 1.39 g (92%). "H-NMR (300 MHz, D,0): 6 1.62 (t, 3H, ¥y = 6.7 Hz),
4.65 (q, 2H, ¥y = 6.7Hz), 8.23, (d, 2H, Ji.u = 5.0Hz), 8.89, (d, 2 H, Jyu =
5.0Hz).

3,5-dichloroisonicotinic acid 40a
N

N

cI” > el

O~ "OH

The experimental procedure was adapted from the work of Marzi et al?”
A 50 mL three-neck round-bottom flask was charged with 3,5-dichloropyridine
39a (2g, 13.5mmol) and a stirring bar. A condenser and a thermometer were
attached to the flask and the third neck was closed with a septum. The flask
was evacuated and refilled with argon three time. THF (15 mL) was added and
after compound 39a had dissolved the flask was placed into an acetone/dry
ice bath (T = —70°C). After 10 min LDA (6.7 mL of a 2Mm solution in THE,
13.5mmol) was slowly added via syringe (within approx. 15min). During the
addition the color of the reaction mixture changed to red-orange. After 2h at
—70°C the reaction mixture was poured onto freshly crashed dry ice. When
the mixture warmed to room temperature water (100 mL) was added and the
aqueous layer was separated and washed with ether (2 x 50mL). The aqueous
solution was acidified to pH 1 and extracted with CH,Cl, (3 x 50 mL). Organic
fractions were evaporated and the residue was recrystallized from ethanol to
give a yellow powder. Yield 1.03 g (40%). "H-NMR (300 MHz, CDCly): 6 9.72.

9Marzi, E.; Bicr, A.; SCHLOSSER, M. Eur. ]. Org. Chem. 2001, 1371-1376.
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4-carboxy-3,5-dichloro-1-methylpyridin-1-ium iodide 41a
|
Nt I

N

I N al

O~ "OH

The experimental procedure was adapted from the work of Buncel and Keum?®

Compound 40a (1 g, 5.4 mmol) was mixed with CH;I (2.68 g, 18.9 mmol) in a
round-bottom flask. The flask was covered with aluminum foil and placed in
an ice/water bath. After 4 days a yellow precipitate was filtered and washed
with small amounts of cold ether. The product was dried in vacuo. Yield 1.43 g
(80%). "H-NMR (300 MHz, DMSO): 6 4.32 (s, 3H), 9.35 (s, 2H).

3,5-dimethoxypyridine
N

N

MeO” > “OMe

The experimental procedure was adapted from the work of Phillips et al?®

NaOMe was synthesized by dissolving sodium (3 g, 130 mmol) in methanol
(150 mL) and then the solvent was evaporated in vacuo (after the evaporation
had been finished, the rotary evaporator was filled with argon instead of air).
3,5-dichloropyridine 39a (2 g, 13.5 mmol) was dissolved in DMF (60 mL) and
argon was bubbled through the solution for 1h. NaOMe and a magnetic stirrer
were added to the flask and it was placed in an oil bath (T = 80 °C). During the
reaction argon was bubbling through the solution. After 20 h KOMe (prepared
similarly to NaOMe by dissolving potassium (0.7 g, 18 mmol) in methanol
(25mL)) was added and the reaction mixture was stirred for 1 additional
day. Then, the mixture was poured into 150 mL of water. The aqueous phase
was extracted with ether (3 x 70mL) and ethyl acetate (2 x 100mL). The
combined organic fractions were dried with Na,SO, and evaporated in vacuo.
The residue was distilled in vacuo to give a bright-yellow liquid. Yield 2.57 g
(55%). "H-NMR (300 MHz, CDCl,):  3.83 (s, 6 H), 6.72 (t, 1 H, 3y = 2.6 Hz),
6.72 (d, 2H, ¥y = 2.6 Hz).

BBuNcEL, E.; KEum, S.-R. Tetrahedron 1983, 39, 1091-1101.
9Purrrirs, S. T,; Rezac, M.; ABer, U.; KossEnJaNS, M.; BArTLETT, P. A. J. Am. Chem. Soc.
2002, 124, 58-66.
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3 Ruthenium-N-Heterocyclic Carbene
Catalyzed Self-Coupling of Primary
and Secondary Alcohols

HIS PART OF THE DISSERTATION discusses two ruthenium-catalyzed self-

coupling reactions of primary and secondary alcohols (Scheme 3.1). It
was previously reported that pentan-1-ol was fully converted into pentyl
pentanoate upon reflux in mesitylene for 18 h!1%! However, for benzylic alco-
hols the esterification was accompanied by significant decarbonylation of the
intermediate aldehyde which was presumably caused by the high reaction
temperature. Therefore, it was decided to reinvestigate the ester formation
with complex 1 in an attempt to achieve the reaction at a lower temperature.
During these studies a new dehydrogenative self-coupling of secondary al-
cohols was discovered which proceeded by alkylation in the 3-position and
dehydrogenation to the ketone.

=\ =\

~N_ N ~N_ N
iPr ~iPr iPr Y ~iPr
Rl{"Cl RU\'/C'
S ~
U VS OH e o
R R R)\ R RJ\o/\R
phosphine, KOH phosphine

R'=Me KOBu, MgsNy R'=H

Scheme 3.1: Ruthenium-catalyzed self-coupling of primary and secondary alcohols.

1015a1vH@e), A.; MADSEN, R. Organometallics 2011, 30, 6044—6048.
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3.1 Introduction

3.1.1 Ruthenium-Catalyzed Esterification Reactions

The amidation reaction discussed in the previous chapter is only one of the
examples of a dehydrogenative coupling of alcohols with nucleophiles. An
alcohol could also play the role of the second coupling partner if there are
no other nucleophiles in the system, hence, transforming the reaction into
a self-coupling which leads either to esters or to acetals depending on the
conditions.

The first works on the ruthenium-catalyzed

Ph_O- O  Ph esterification reaction was published in

102,103 i -

Ph’dph P@Ph 1981. ' Blum et al. reported that in the pres

PH \RU/H\RL{ Ph ence of diphenylacetylene as a hydrogen scav-

oc"/ \ “co enger, benzyl alcohol and pentan-1-ol were con-
CO

verted into the corresponding esters with a high
Figure 3.1: Structure of the Shvo  Yield. They proposed that diphenylacetylene
catalyst. not only traps hydrogen but also transforms
Ruz(CO);, into an active species. Murahashi
et al. claimed that RuH,(PPhy), catalyzed formation of esters and lactones
from the corresponding alcohols in the absence of any hydrogen scavengers
in toluene at 180°C. Several years later, Blum et al. proposed that based
on thermodynamic parameters of the reaction (AH = 18.8 kcal/mol), it is
impossible to form esters from primary alcohols in the absence of a hydrogen
scavenger!%* They also proposed that in the reaction reported by Murahashi
in 1981, hydrogen gas was not liberated but was trapped by PPh; since H,
formation was not proved in the paper. However, in 1985 they refuted their
own propositions and reported the acceptorless self-coupling of primary alco-
hols catalyzed by the Shvo catalyst (Figure 3.1)!%°> Two years later Murahashi
and coworkers reported another examples of the acceptorless esterification
catalyzed by RuH,(PPhs), in non-polar solvents along with some mechanistic
investigations!
These reactions were carried out with a catalytic loading of 2 mol% (based
on a monomeric ruthenium species) in mesitylene at 180 °C (Murahashi)

102B1um, Y.; RESHEF, D.; SuvO, Y. Tetrahedron Lett. 1981, 22, 1541-1544.

103\ fyramAsHI, S.-L; ITo, K.-1.; NaOTA, T.; MAEDA, Y. Tetrahedron Lett. 1981, 22, 5327-5330.
104Brum, Y.; Suvo, Y. J. Organomet. Chem. 1984, 263, 93-107.

195Brum, Y.; Suvo, Y. J. Organomet. Chem. 1985, 282, C7-C10.

196MuranAsHI, S.-1.; Naota, T.; Ito, K.; MAEDA, Y.; Takt, H. J. Org. Chem. 1987, 52, 4319-4327.
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3.1.1 Ruthenium-Catalyzed Esterification Reactions

or under solvent-less conditions at various temperatures depending on the
boiling point of an alcohol (Blum). Under there conditions aliphatic and
aromatic alcohols were converted into the corresponding esters with high
to excellent yields. In several cases aldehydes, acetals and ethers were also
detected in low amounts (< 5%). Olefins bonds were hydrogenated under the
reaction conditions to give saturated esters.

Only 1,4- and 1,5-diols could be transformed to lactones, whereas the reac-
tion with other «,w-diols afforded the corresponding polyester. Interestingly,
in the presence of 1equiv. of acetonitrile 1,5-pentandiol was self-coupled to
give 5-hydroxypentyl 5-hydroxypentanoate as if it had only one OH-group!%
This indicated that both oxygen atoms had to be coordinated to ruthenium
in order to form a lactone what was impossible in the presence of CH;CN
because it was a better ligand than an OH group.

The cross-esterification with two different alcohols was also studied in the
above-mentioned works. In the reaction between two primary alcohols no
selectivity was observed and a statistical mixture of all four possible esters
was formed. If a primary alcohol reacted with phenol or a secondary alcohol,
then an ester from the self-coupling was formed as a major product and only
traces of the corresponding cross-ester were detected.

Aldehydes could couple with primary alcohols to give ester and dihydrogen
as was shown by Blum and Murahashi!?1% For example, the reaction of
benzaldehyde with an equimolar amount of benzyl alcohol catalyzed by
RuH,(PPhy), gave benzylbenzoate with 85% yield. Attempts to make the
cross-condensation between an alcohol (RCH,OH) and a different aldehyde
(R'CHO) selectively failed and gave a mixture of all four possible esters. Based
on their mechanistic investigations, Murahashi and coworkers proposed that
the aldehyde was hydrogenated to the alcohol which could participate in the
esterification. They supported this idea by a cross-coupling in the presence
of a hydrogen acceptor, such as mesityl oxide, which prevented the aldehyde
from being hydrogenated. Under these conditions a cross-ester was obtained
selectively in moderate yield.

These groups proposed two similar mechanisms for the esterification reac-
tion (Scheme 3.2). The difference was in the way how hydrogen was removed
from the system: it was either abstracted by a hydrogen acceptor or liberated
in the form of dihydrogen. The cycle was based on a Ru(0)/Ru(ir) redox
process. First, Ru(0) species oxidatively inserts into the O-H bond, then the

104Brym, Y.; Suvo, Y. J. Organomet. Chem. 1984, 263, 93-107.
196MuraHAsHI, S.-1.; NaoTa, T,; Ito, K.; MaEDA, Y.; Takt, H. J. Org. Chem. 1987, 52, 4319-4327.
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Scheme 3.2: Proposed mechanism for the ruthenium-catalyzed esterification reaction.

alkoxide undergoes 3-hydride elimination to give a species with a coordinated
aldehyde. These steps are fast because considerable amount of an intermediate
aldehyde is formed during the reaction.

After almost 20 years, studies of the ruthenium-catalyzed self-coupling
of primary alcohols to give esters were resumed. Milstein and coworkers
reported several new ruthenium PNP and PNN pincer complexes (Figure 3.2)
which excelled the previously known catalysts in activity!?”"1% Compounds
42a, 42d and 42c in the presence of catalytic amounts of bases (0.1 mol%
of KOH or 0.2mol% of NaOiPr) converted aliphatic and aromatic primary
alcohols into the corresponding esters effectively, giving almost quantitative
yields after 24 h. Complex 42e lost a molecule of N, upon heating and in the
presence of NaOiPr was transformed into the active catalyst which performed
as effectively as the other three. During the study, it was found that neither of
these compounds catalyzed the esterification reaction in the absence of a base.
Further investigation revealed that all these complexes were converted into
the same active species 42b which was later successfully synthesized. The
authors demonstrated that this species did not require any base to catalyze
the alcohol coupling. They also showed that when using 42b the reaction
significantly accelerated in comparison with other complexes and esters could
be obtained in more than 90% yields after 2.5-6 h.

The authors undertook a mechanistic study and found that no Tischenko-
type disproportionation was involved in the esterification reaction and that
it more likely proceeds by hemiacetal formation with following (-hydride

10771ANG, J.; LEITUS, G.; BEN-DAVID, Y.; MILSTEIN, D. J. Am. Chem. Soc. 2005, 127, 10840-10841.
1087ANG, J.; GANDELMAN, M.; SHIMON, L. J. W.; MILsTEIN, D. Dalton Trans. 2007, 107-113.
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‘ PiPry ‘ PtBuy
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Figure 3.2: Structures of PNP and PNN pincer complexes employed in the dehydrogenative
esterification of alcohols.
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Figure 3.3: Structures of pincer complexes employed in the esterification reaction.

elimination to give an ester. They supported this idea by two experiments.
In one of them 100 equivalents of benzaldehyde were heated in toluene with
42b in the absence of benzyl alcohol. This experiment did not lead to the
formation of benzyl benzoate. However, when the experiment was repeated
with a 1:1 mixture of benzaldehyde and benzyl alcohol, then after 12h the
ester was formed in 100% yield. It is worth noting that this reaction proceeds
according to the mechanism similar to the one discussed earlier (Scheme 3.2).

Compounds 42a—42e are not the only type of ruthenium-pincer complexes
which effectively catalyze acceptorless self-coupling of primary alcohols (Fig-
ure 3.3). In 2011, Sanchez and coworkers reported a family of combined
NHC-pincer complexes 43a and 43b!% The authors showed that with 1 mol%
catalytic loading and in some cases with 1 mol% of KOH aliphatic alcohols

199pEL Pozo, C.; IcLEs1AS, M.; SANCHEZ, F. Organometallics 2011, 30, 2180-2188.
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were converted into esters within 3-72h with up to 100% yields. One year
later, Gusev and coworkers discovered another pincer complex 44 which un-
der neat conditions in a loading as low as 0.1 mol% with 0.5 mol% of KOtBu
effectively catalyzed the esterification reaction!? For example, heptyl hep-
tanoate was obtained in 86% yield after 1h (TOF is 4300h~!). Two other
very active catalysts 45a and 45b were reported by Beller and coworkers!!!
With only 25 ppm of either of these two complexes and 1.3 mol% of NaOEt,
the dehydrogenation of ethanol to give ethyl acetate proceeded under neat
conditions with the TOF value slightly higher 1100 h~! which corresponds to
a yield of 64% after 2h. The authors studied the mechanism of esterification
and found that aldehyde present in solution inhibited the reaction. From
this observation they concluded that after outer-sphere dehydrogenation of
the starting alcohol, the aldehyde stayed in the vicinity of the ruthenium
catalyst, then another molecule of the alcohol attacked to give the hemiacetal
which then underwent 3-hydride elimination. They also speculated whether
it was the alkoxide and not the alcohol that attacked the aldehyde because
the amount of the catalytic alkoxide had a crucial role on the reactivity of the
system.
Another catalytic system capable of dehydrogenative
H esterification of primary alcohols was recently devel-
Y ‘;PB“ oped in our group!?! It is based on ruthenium com-
<:_§EU_CO plex 1 which was also used for the amidation reaction
&N discussed in Chapter 1. Self-coupling of aliphatic alco-
) hols catalyzed by 2.5mol% of 1, 4.5mol% of PCy; and
Figure 3.4 Structure of 14 1519, of KOH in refluxing mesitylene (bp = 163 °C)
complex 46. . trorded the corresponding esters in 49-97% after 18 h.
The reactions with aromatic alcohols had lower yields
mostly due to concurrent decarbonylation of the aldehyde intermediate. A
mechanistic study revealed that the reaction proceeded by essentially the same
mechanism as other ruthenium-catalyzed self-coupling reactions (Scheme 3.2).
It was also shown that the catalytically active species was a ruthenium dihy-
dride.
As we discussed before, attempts to perform a cross-coupling of the different
alcohols failed. Recently, Milstein and coworkers published a successful cross-
esterification of primary alcohols with secondary alcohols!!'? A reaction of

1015g1vHey, A.; MADSEN, R. Organometallics 2011, 30, 6044—6048.
10Spasyuk, D.; Smrith, S.; Guskv, D. G. Angew. Chem. Int. Ed. 2012, 51, 2772-2775.
HIN1ELSEN, M.; JUuNGE, H.; KAMMER, A.; BELLER, M. Angew. Chem. Int. Ed. 2012, 51, 5711-5713.
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3.1.2 Ruthenium-Catalyzed Alkylation Reactions Involving Alcohols

NuH
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R

Scheme 3.3: Mechanism of the “hydrogen borrowing” process.

various primary alcohols (mostly aliphatic, one example with benzyl alcohol)
with two-fold excess of a secondary alcohol in boiling toluene (bp = 110 °C)
catalyzed by 1 mol% of complex 46 (Figure 3.4) gave esters in 46-99% yields
after 24 h.

3.1.2 Ruthenium-Catalyzed Alkylation Reactions Involving
Alcohols

The reaction mechanisms discussed in the previous chapter have several
common steps, such as oxidation of an alcohol via B-hydride elimination to
give an aldehyde followed by the attack of various O- and N-nucleophiles.
Besides these, different reactions with carbon nucleophiles have also been
discovered. After the nucleophilic addition, a double bond is formed which
afterwards gets hydrogenated (Scheme 3.3). This transformation is usually
called “hydrogen borrowing” process because the double bond “borrows”
hydrogen atoms from the starting alcohol.

This methodology was applied to perform an indirect Wittig reaction. Vari-
ous aromatic alcohols reacted with cyanoylide Ph;P=CHCN to give saturated
nitriles in good yields (65-85%) after 2 h under ruthenium-hydride-catalyzed
conditions!!® A similar transformation was performed with another ylide
Ph;P=CHCOOR!* With this reaction saturated esters were obtained in good
yields.

Not only homogeneous catalysts were developed for the hydrogen bor-
rowing processes. In 2004, Kaneda and coworkers reported a ruthenium-
hydrotalcite catalyzed a-alkylation of nitriles!® Several aliphatic alcohols
were coupled with aromatic nitriles to give the corresponding alkylated prod-
ucts in high to excellent yields. Ruthenium centers played the role of both

112gprmant, D.; BALARAMAN, E.; GNANAPRAKASAM, B.; BEN-Davip, Y.; MiLstEIN, D. Adv. Synth.
Catal. 2012, 354, 2403-2406.

H3ByRLING, S.; PAINE, B. M.; NaMa, D.; BRowN, V. S.; MaHON, M. E; PRIOR, T. J.; PREGOSIN,
P. S.; WarTTLESEY, M. K.; WiLL1AMS, J. M. ]. J. Am. Chem. Soc. 2007, 129, 1987-1995.

4Epwarps, M. G.; Jazzar, R. F. R; Paing, B. M.; SHErRMER, D. J.; WrrTTLESEY, M. K;
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3.1 Introduction

R OH R OH
OH 2 or more equiv. j])\ 1 equiv. )O]\/\
R/K/\ R [Ru], base R [Ru], base R R’
Scheme 3.4: Different pathways of the reaction between primary alcohols and ketones.
OH OH |o o) base O R OH
+ —— + —_—
R) R')\ /77N R) R')k R'M N R‘)\/\R
2[Ru] 2[RuHy] 2[RuHy] 2 [Ru]

Scheme 3.5: Mechanism of (3-alkylation of secondary alcohols with primary alcohols.

oxidant and reductant whereas basic centers of hydrotalcite activated the
nitrile and allowed process to proceed without additional base.

Ketones and the corresponding enolates are another type of nucleophiles
used in hydrogen borrowing transformations. Depending on the amount of
the primary alcohol, the product of the reaction could be either a 3-alkylated
ketone or a secondary alcohol (Scheme 3.4). Shim and coworkers reported
transformations of both types catalyzed by RuCl,y(PPhs);. Benzyl alcohol
reacted with equimolar amount of various ketones in the presence of 1 equiv-
alent of 1-dodecene as a hydrogen acceptor and 1 equivalent of KOH as a
base to give the corresponding benzylated ketones in high yields!!® When
using a three-fold excess of the alcohol, the alkylated ketone intermediate
was further reduced to give secondary alcohol’” The authors proposed that
under basic conditions the ruthenium dichloride complex was transformed
into a dihydride species which was the active catalyst. This idea was later
supported by the experiments with RuH,(PPh3);CO reported by Williams
and coworkers!!® In the absence of a base and with only 0.5mol% catalytic
loading, various aromatic primary alcohols effectively alkylated ketonitriles.

Ability of ruthenium complexes to oxidize alcohols to carbonyl compounds
could be employed to replace the ketones for the coupling with the correspond-
ing secondary alcohols. As opposed to alkylation of ketones, the product of
the reaction with secondary alcohols is another secondary alcohol even if a
ratio between reactants is 1:1. This is due to the fact that hydrogen abstracted

15Motoxura, K.; NisHIMURA, D.; Mory, K.; Mizucaxy, T.; Esrtant, K.; Kanepa, K. J. Am.
Chem. Soc. 2004, 126, 5662-5663.

H6CHo, C. S.; KM, B. T.; Kim, T.-1.; CHUL SHiMm, S. Tetrahedron Lett. 2002, 43, 7987-7989.

H7Cwo, C. S.; KM, B. T.; Kim, T.-1.; Suim, S. C. J. Org. Chem. 2001, 66, 9020-9022.

11851 aTFORD, P. A.; WHITTLESEY, M. K.; WiLL1AMS, ]. M. J. Tetrahedron Lett. 2006, 47, 6787-6789.
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from the reactants retains in the system in the form of ruthenium-dihydride
and is delivered back to the «,[3-unsaturated ketone to give a saturated sec-
ondary alcohol (Scheme 3.5). Crabtree and coworkers, reported that alkylation
of aromatic secondary alcohols with aliphatic and aromatic primary alco-
hols catalyzed by a ruthenium-terpyridine complex led to almost exclusive
formation of alkylated alcohols in high yields. In some cases, the ketone
was observed as a byproduct but the yield did not exceed 8%!!° Cho et al.
reported that addition of hydrogen scavengers to the reaction catalyzed by
RuCl,(PPhy); did not prevent hydrogenation of the ketone but, on the contrary,
favored formation of the corresponding alcohol!?” In this case, the ketone was
also only a byproduct and its maximum yield was 3%.

Finally, there were published several examples of metal-free coupling of two
alcohols. More than one century ago, Guerbet reported that in the presence
of strong bases, such as sodium alkoxides, primary and secondary alcohols
underwent self-coupling to give B-alkylated alcohols!?"1?2 Recently, Allen
and Crabtree reported -alkylation of a secondary alcohol with a primary
alcohol catalyzed by NaOH or KOH in air!? They proposed that the alcohols
got oxidized by air and then reduced by means of Meerwein-Ponndorf-Verley
reaction.

The field of ruthenium-catalyzed (and in general, metal-catalyzed) alkyla-
tion with primary alcohols is very broad and well-investigated. In this chapter
we have discussed only several representative reactions from this area. More

examples and details can be found in recent reviews!24126

3.2 Optimization of the Esterification Reaction

We started our study with the same catalytic system as was used in the mech-
anistic investigation of the dehydrogenative amidation of primary alcohols
with amines (Section 1.2): RuCly(IiPr)(p-cymene) 1 (5mol%), PCy;-HBF, 2

9GNnanaMcarr, D.; LEung, C. H.; Scarey, N. D.; HiLton, S. T.; CRABTREE, R. H. Org. Biomol.
Chem. 2008, 6, 44424445,

120Cho, C. S.; Kim, B. T,; Kim, H.-S.; Kim, T-3.; SHiM, S. C. Organometallics 2003, 22, 3608-3610.

121GuerseT, M. C. R. Acad. Sci. 1899, 128, 1002—1004.

12GyersET, M. C. R. Acad. Sci. 1909, 149, 129-132.

123A11EN, L. J.; CRABTREE, R. H. Green Chem. 2010, 12, 1362-1364.

124GurLLena, G.; RaMON, D. J.; Yus, M. Angew. Chem. Int. Ed. 2007, 46, 2358-2364.

125Hamip, M. H. S. A.; SLATFORD, P. A.; WiLLIAMS, J. M. J. Adv. Synth. Catal. 2007, 349, 1555—
1575.

126N1xon, T. D.; WHITTLESEY, M. K.; WILLIAMS, ]. M. J. Dalton Trans. 2009, 753-762.
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3.2 Optimization of the Esterification Reaction

(6 mol%) and KOtBu (15mol%) in refluxing toluene. It was also reported that
when different ammonia equivalents were used in this reaction, the corre-
sponding ester was formed in various amounts. Particularly interesting was
use of MgsN, as an NHj equivalent because it allowed to obtain the ester in
quantitative yield when performing the reaction in refluxing toluene. To study
this transformation in more detail we used Mgz;N, (47) as an additive in the
esterification reaction and 2-phenylethanol (7) as a model substrate.

Table 3.1: Different conditions of the esterification reaction.

N_ N
Pr— \( ~iPr
Cl
-~
>\Q/>\ ; )OI\
7-R=Bn
R™OH RS0 ™R + 2H, 48-R=Bu

PCy3-HBF,4, KOtBu, additive
toluene, reflux

Entry Alco- g2 20 KOfBu® Additive? Time® CONVer- yielq

hol sion
1 7 5 5 15 - 24 100 64
2 7 5 5 15 47 (100) 24 100 84
3 7 5 0 10 47 (100) 24 23 14
4 7 5 5 5 47 (100) 24 21 1
5 7 5 5¢ 10 47 (100) 24 89 66
6 7 5 5f 10 47 (100) 24 82 65
7 48 125 125 375 47 (4.2) 2 - 36
8 48 125 125 375 47(8.3) 2 - 61
9 48 125 125 375 47(16.7) 2 - 78
10 48 125 125 375 47(27) 2 - 61
11 48 125 125 375  47(100) 2 - 49
12 7 25 25 75  MgO((0) 24 30 24
13 125 125 375 MgBr, (50) 24 10 0
14 48 125 125 375 CagN, (16.7) 24 - 95
15 48 125 125 375 LigN(33) 24 - 80

See next page

74



Entry Alco- 14 4 KOtBu? Additive b Time€ Conver- Yield d

hol sion
16 48 1.25 1.25 3.75 Cs,CO;5 (50) 24 - 11
17 48 125 1.25 3.75 K;PO, (33) 24 - 98
18 48 5 5 15 47 (16.7) 3 - 98
19 48 125 1.25 3.75 47 (16.7) 24 - 93
20 48 0.5 0.5 1.5 47 (16.7) 72 - 70
21 488 125 1.25 375 47 (16.7) 24 - 75
22 6a 1.25 1.25 3.75 47 (16.7) 24 33 27
23 6e 125 1.25 375 47 (16.7) 24 50 17
24 6e 2.5 2.5 75 47 (16.7) 24 65 33
25 6e 5 5 15 47 (16.7) 24 67 48
26 6e 5 5 15 47 (100) 24 100 81

a — in mol%, b — mol% in parentheses, c — in hours, d — determined by
GC-MS, in %, e — PPhy instead of 2, f — dppe instead of 2, ¢ — neat.

First, it was shown that both phosphine and a strong base were important
components of the catalytic system (entries 2—4 in Table 3.1). Electron-rich
phosphines facilitated formation of the ester since the reaction with PPh; or
a bidentate phosphine 1,2-bis(diphenylphosphino)ethane (dppe) performed
better than in the absence of a phosphine but worse that with 2 (entries 5
and 6). This also indicated that dppe might act as a monodentate ligand in this
transformation because each of its phosphorus atoms have similar electronic
properties to that of PPh; and the reactions with both dppe and PPh; gave
similar yields.

Entries 2-6 demonstrate that the conversion of alcohol 7 was always higher
than the yield of the ester which indicated that some side-reactions might have
occurred. It was known that at a higher temperature (refluxing mesitylene)
the same ruthenium complex could catalyze decarbonylation of alcohols!®! To
verify if this process took place under the conditions used in the current study,
the esterification reaction was performed with 2-(4-fluorophenyl)ethanol as a
substrate instead of alcohol 7. After 24h a small amount of p-fluorotoluene
was detected by GC-MS. This observation clearly demonstrated that the
decarbonylation is one of the side reactions.

Next, the influence of additive 47 on the reactivity was studied. The substrate
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Figure 3.5: Dependence of the initial rate of the esterification on the amount of MgzN,.

was changed from 7 to pentan-1-ol (48) to reduce the influence of the side
reactions and the catalytic loading was lowered from 5 to 1.25mol% to make the
reaction proceed with a rate suitable for the kinetic measurements. The reaction
had the highest initial rate and the highest yield when 16.7 mol% of 47 was
used (Figure 3.5 and entries 7-11) which corresponded to 1/6 of the amount
of alcohol 48. This is an interesting number since 1 equivalent of Mgz;N, can
theoretically react as a base with 6 equivalents of the alcohol.Thus, if basicity is
the only important property of Mg;N, in this transformation, then the optimal
ratio between a base and an alcohol in the esterification reaction is 1:1.

To determine whether other properties are important, Mg;N, was replaced
with similar additives (entries 12—17). No ester was formed with MgBr, and
only a low yield was observed with the weaker bases MgO and Cs,COj3
(entries 12, 13 and 16). On the contrary, high yields were achieved with the
stronger bases CazN,, LisN and K3;PO, (entries 14, 15 and 17) and it appears
that the most important property of the additive is basicity. The amount of
complex 1 could be lowered to 0.5% at the expense of a longer reaction time
and a slightly lower yield (entries 18-20). Thus, the conversion of pentan-1-ol
into pentyl valerate has been achieved at a lower temperature and catalyst
loading than in the previous study!?!

The conditions were also applied to p-methoxybenzyl alcohol 6e which gave
the lowest yield of all substrates (19%) in the previous study due to extensive
decarbonylation. With MgsN, as the additive the esterification of this alcohol

1015g1vHay, A.; MADSEN, R. Organometallics 2011, 30, 6044-6048.
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Scheme 3.6: Possible pathways of the aldehyde transformation.

was substantially improved and less decarbonylation was observed (entries 23—
25). Using 100mol% of MgzN, it was possible to achieve full conversion of
6e and high yield of the corresponding ester (entry 26). With benzyl alcohol,
however, the yield and conversion were essentially the same as in the previous
study (entry 22)101

The role of Mg;N, as a base could be explained from the mechanistic
point of view. Assuming that the aldehyde formed during the reaction stays
coordinated to the ruthenium center (as in the amidation reaction discussed
in Chapter 1) two pathways for the further transformations could be proposed
(Scheme 3.6). Once species 49 had been formed, the coordinated aldehyde
could undergo several reactions. First, it could be attacked by an alcohol to
form complex 50 with a bound hemiacetal which later was transformed to
an ester. Second, if there was an empty site on ruthenium, species 49 could
be decarbonylated to give compound 51 which could be further converted
to a hydrocarbon R-H. If the formation of 50 is a rate-limiting step and
the aldehyde bound to ruthenium does not tend to lose CO, then the ester
formation is just a slow process and, in principle, will give ester in a high
yield after a long period. However, if the aldehyde has a tendency to lose CO
then the formation of R-H will be a concurrent or even dominating process.
One of the possible reasons why the formation of 50 is slow could be that
the hydride bound to ruthenium is not basic enough to rapidly pick up a
proton from the attacking alcohol and form a molecule of H,. In this step, an
external base can facilitate the proton abstraction making the formation of 50
faster. Comparing entries 1 and 2 it could be seen that Mgz;N, suppresses side
reactions and increases the yield of the ester which supports the explanation
about the role of the basic additive.

1015a1vH@e), A.; MADSEN, R. Organometallics 2011, 30, 6044—6048.
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3.3 Study of the Dehydrogenative Guerbet Reaction with Secondary Alcohols
OH

1 (1.25 mol%)
2 (1.25 mol%)
KO1Bu (3.75 mol%)

MgsNa (16.7 mol%)
52 toluene, reflux, 24 h 53

95%

N\ /
o

Scheme 3.7: Unexpected Self-Condensation of 1-Phenylethanol.

At this point of the study, it was decided not to continue the investigations
with other primary alcohols since the outcome most likely would be a rather
predictable improvement of the previous substrate study. Instead, selective
cross-esterifications were attempted which had never been done so far with
complex 1. First, an equimolar mixture of benzyl alcohol and 2-phenylethanol
were reacted under the optimized conditions, but this only resulted in a
statistical mixture of all four possible esters. Then, the cross-esterification
was attempted with 2-phenylethanol and 1-phenylethanol 52 hoping that
the increased basicity of the mixture would favor the reaction between the
primary and the secondary alcohol. However, this only produced traces of
the desired ester while 2-phenylethanol was almost completely converted
into the symmetrical ester and 1-phenylethanol to acetophenone. Since the
latter seems to be easily dehydrogenated under the reaction conditions, an
experiment was also performed with 1-phenylethanol in the absence of a
primary alcohol. Surprisingly, this now produced a 95% GC yield of ketone
53 (Scheme 3.7). This transformation can be envisioned as a dehydrogenative
Guerbet reaction with a secondary alcohol — a reaction that to the best of our
knowledge has not been described previously with a homogeneous catalyst.
Hence, it was decided to study this reaction in more detail.

3.3 Study of the Dehydrogenative Guerbet Reaction with
Secondary Alcohols

3.3.1 Optimization of the Reaction Conditions

For optimizing the reaction conditions heptan-2-ol 54 was selected as a model
substrate. This alcohol only produced the corresponding ketone under the
conditions in Scheme 3.7 and no dimerization was observed (entry 1 in
Table 3.2). Most likely, it was due to the fact that Mgs;N, was a weak base
and did not promote the aldol condensation of 56 to give enone 57 and other
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3.3.1 Optimization of the Reaction Conditions

additives were therefore investigated. The screening of bases revealed that
only strong bases catalyzed the transformation of 54 to 55 (entries 1-5 and 8-
12). Apart from being a strong base the additive should also be a good drying
agent to be able to trap water formed during the reaction (compare entries 3, 9,
10 and 12) which is why these additives cannot be used in catalytic amounts.
The reaction without a base but just with a drying agent, however, did not
give any product of the self-coupling (entries 6 and 7).

Table 3.2: Optimization of the secondary alcohols self-coupling.

OH 1 (2.5 mol%)
CSH11)\ Eg?éml;go(/f) 5323.%6 5H11)J\)\ CsHy1 Can)J\ 5H11)J\j\ CsH 1
54 solvent, reflux
Entry  Phosphine  Additive (mol%) Solvent 55" 56" 577
1 2 Mg;N, (16.7) Toluene 0 38 0
2 2 CazN, (16.7) Toluene 0 30 0
3 2 Li3N (33) Toluene 86 12 2
4 2 K;5PO, (33) Toluene 0 99 1
5 2 K,CO;5 (50) Toluene 0 64 0
6 2 4 A mol. sieves  Toluene 0 67 0
7 2 Na,SOy (100) Toluene 0 63 0
8 2 NaHCO; (100) Toluene 0 45 0
9 2 DBU (100) Toluene 0 25 0
10 2 LDA? (100) Toluene 56 6 5
11 2 KOtBu (100) Toluene 78 0 0
12 2 NaH (100) Toluene 92 2 2
13 no LizN (33) Toluene 50 10
14¢ 2 Li3N (33) Toluene 76 17 6
15¢ 2 LizN (33) Toluene 4 16 8
16° PPh; LizN (33) Toluene 69 18 5
17f PPh; Li;N (33) Toluene 26 16 4
18° dppe Li;N (33) Toluene 34 10 4

See next page
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Entry  Phosphine  Additive (mol%) Solvent 55 567 57°
19¢ Py LizN (33) Toluene 23 9
20 2 LizN (33) 0-Xylene 39 1
21 2 Liz;N (33) Heptane 7 0 5
22 2 Li;N (33) Benzene 18 21 3
23 2 LizN (33) Dioxane 36 10 9
24 2 LizN (33) Water 0 14 0
25 2 LiOH (100) Toluene 0 64 0
26 2 NaOH (100) Toluene 55 44 1
27 2 KOH (100) Toluene 95 0
28f 2 KOH (107.5) Toluene 94 0
298 2 KOH (100) Toluene 93 0
30f 2 KOH (185) Toluene 92 2 0
31/ 2 KOH (50) Toluene 87 12 1

32/h 2 KOH (115) Toluene 97 1 0

33fi 2 KOH (115) Toluene 95 5 0

a — GC-MS yield after 24h, b — 1.8 M solution in hexane, ¢ — 2.5 mol% of KOtBu,
d — KHMDS instead of KOtBu, e — 5mol% of KOtBu, f — without KOtBu, g - 2™
solution of 54, h — 1.25mol% of 1 and 1.25mo01% of 2, i — 5mol% of 1 and 5 mol%
of 2.

Next, the role of the other components of the catalytic system was studied.
As in the esterification reaction, a phosphine also played an important role in
this transformation and the reaction performed better with more electron-rich
phosphines (entries 16-19). In the absence of KOtBu, ketone 55 was formed in
lower yields, presumably, because only a very strong base could effectively
convert pre-catalyst 1 to the active catalyst (entries 14 and 17).

The reaction performed better in aromatic solvents because these solvents
could temporarily bind to coordinatively unsaturated complexes and prevent
their decomposition (entries 20-22). The reaction in 1,4-dioxane did not
give as high yields as in toluene (entry 23) because 1,4-dioxane is a stronger
coordinating solvent and could block the empty sites on ruthenium needed
for the reaction. Water hydrolyzed both the active catalyst and Li;N (entry 24).

The importance of basicity was clearly illustrated when KOH, NaOH and
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3.3.2 Scope and Limitations of the Reaction

LiOH were compared, since the former gave ketone 55 as the major product
while the latter only furnished heptan-2-one 56 (entries 25—27). With KOH
it was possible to leave out KOtBu and even lower the amount of complex 1
without compromising the yield of 55 (entries 28-30, 32 and 33). Only when
lower amounts of KOH were employed did the yield of ketone 55 decrease
slightly (entry 31).

To conclude, the following catalytic system was found to be the most
effective in the dehydrogenative Guerbet reaction with secondary alcohols:
2mol% of complex 1, 2mol% of phosphine 2 and 106 mol% of KOH.

3.3.2 Scope and Limitations of the Reaction

After having optimized the reaction conditions, we moved further and ex-
plored the scope and limitations of the coupling. Various secondary alcohols
with a boiling point above 110 °C were used in the study (Table 3.3).

Table 3.3: Scope of the self-coupling reaction.

RZ
oH 1 (2 mol%), 2 (2 mol%) M
2 2 9 R R' + HO + H
R KOH (106 mol%) 2 2
R1J\/ toluene, reflux, 24 h R2
Entry R! R? Product Yield?, %

(0]
1 TZ'C 4H9 H \/\)J\)\/\/ 95”

0]

2 sec-CsHy H AHJ\/H/\ 80"
(0]

3 n-CsHyp H /\/\/U\)\/\/\ 91
O

4 nCH;; H \/\/\)J\)\/\/\/ 924

(@)
C7H, SMC7H15

See next page

5 n'C7H15 H 947
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3.3 Study of the Dehydrogenative Guerbet Reaction with Secondary Alcohols

Entry R R Product Yield?, %
2L
6 7’1—C9H19 H CoH1g CoH1g 60 (87°°)
7 n-CpHy H none 0
(0]
8 Ph H Ph)J\/L Ph 95¢
(0]
9 pOMe-Ph H pOMe—PhMpOMe—Ph 957
(0]
10 pCF3-Ph H pCF3-Ph)I\)\pCF3-Ph 80b (zza)
(0]
11 Cy H CyMCy 9
/\)CJ)\)\/\
12 BnCH, H Ph Ph 88"
(0]
13 Ad H Ad J\/LAd 20b
14 GHs CH; none 0
15 n-C3Hy CHj; none 0
16 i-C3Hy CH;3 none 0
17 n-GCHy  n-CyHy none 0
O
18 pCl—Ph H pCl-Ph)J\/LpCFPh 25b
O
19 pBr-Ph H pBr—PhJ\)\pBr—Ph 10Y
20 2—fury1 H none 0
22 Me COOEt none 0
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3.3.2 Scope and Limitations of the Reaction

Entry R' R? Product Yield”, %
o)
Ph Ph
23 Ph Me 5"
24 Vinyl n-C4Hg none 0
O

25 «(CH,)s- O—Q 70

a —isolated yield, b — GC-MS yield, ¢ — after 65h

Aliphatic alcohols with an OH-group in the 2 position (ranging from hexan-
2-ol to nonan-2-ol) were converted to the corresponding ketones in high yields
(entries 1-5). A further increase in the length of the aliphatic chain resulted in
a lower reactivity as shown with undecan-2-ol and tetradecan-2-ol (entries 6
and 7). The former required a longer reaction time to give a good yield
whereas the latter was only oxidized to the ketone and no aldol reaction
was observed. Alcohols with one relatively bulky substituent underwent
self-coupling in high yields (entries 11 and 12). However, introducing more
bulky group, such as the adamantyl substituent led to a decrease in the yield
(entry 13). Phenylethanols with a halogen substituent in the para position
gave a mixture of various compounds due to partial dehalogenation of the
substrates. The desired dihalogenated ketones were detected by GC-MS in
low amounts (entries 18 and 19). However, if the para substituent tolerated
the reaction conditions, the corresponding ketone was obtained in high yields
regardless of the electronic properties the substituent (entries 8-10).

Surprisingly, no products of the self-coupling were obtained when alcohols
with R! other than H were used (entries 14-17, 22 and 24). Even the more easily
oxidized propiophenone only gave a very low yield of the coupling product
(entry 23). Cycloalkanols, on the other hand, were completely transformed
into the x-alkylated ketones. Unfortunately, cyclopentanol and cyclohexanol
both gave a mixture of the monoalkylated and the o,o’-ketone where the
ratio was 1:7 with cyclopentanol and 1:1 with cyclohexanol. No attempts
were made to separate these product mixtures. Only cycloheptanol afforded
exclusively the monoalkylated product which was isolated in good yield
(entry 25). Reactions with other cyclic alcohols, such as 4-oxacyclohexanol
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OH 1,2, KOH o R
2 2
R1’K/R toluene, reflux 1J R
[Ru]
[Ru]H:
R1 / R2
R1J‘I\/R2 R1 -
KOH R?

Scheme 3.8: Mechanism of the dehydrogenative self-coupling.

and 1,2,3,4-tetrahydronaphthalen-1-ol did not afford the corresponding self-
coupled ketone.

In summary, the dehydrogenative dimerization of secondary alcohols with
the ruthenium complex 1 worked well with a range of methyl carbinols while
other acyclic secondary alcohols were not sufficiently reactive to undergo the
coupling. Simple cyclic alcohols were transformed in good yield, but only
cycloheptanol gives complete regioselectivity for the monoalkylated product.

3.3.3 Mechanistic Investigation

To better understand the mechanism of the reaction, several experiments have
been undertaken. The reaction with 1-phenylethanol was monitored over
time by GC-MS and both the intermediate ketone and the «,f3-unsaturated
enone could be observed (Scheme 2 and Figure 2). This confirmed that the
C—C bond formation occurred by an aldol reaction followed by hydrogenation
(Scheme 3.8 and Figure 3.6).

To gain more information about the ruthenium species involved in the
catalytic cycle several NMR experiments were performed. Self-condensation
of 1-phenylethanol was carried out in toluene-dg and after one hour several
signals in the hydride region of the 'H NMR spectrum were detected. Doublets
at —22.13 (*)Jp_y = 40Hz) and —22.24 ppm (¥p_y = 35 Hz) could be assigned
to coordinatively unsaturated mono-hydride ruthenium species with PCy;
trans to the carbene ligand and cis to the hydride®” The signals at —6.47, —6.63,
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Figure 3.6: Profile of the dehydrogenative self-coupling.

—6.93 ppm could be assigned to dihydride species!?/12% Further evidence for
the ruthenium dihydride species was provided by the experiments with a
deuterated alcohol 1-deutero-1-phenylethanol. These experiments revealed
that deuterium and hydrogen in the o-position were rapidly scrambled under
self-coupling conditions. This fact indicated, first, that the oxidation of the
alcohol is a reversible process and, second, that the complex formed after the
oxidation of the alcohol is a dihydride species.

3.4 Conclusion

The ruthenium-catalyzed dehydrogenative self-coupling of primary alcohols
to give esters and the previously unknown dehydrogenative Guerbet reaction
with secondary alcohols to give ketones were studied. It was shown that in
the presence of a basic additive Mg;N, the esterification reaction proceeded
at a lower temperature and with lower degree of the concurrent decarbony-
lation as compared with the earlier reported and similar ruthenium-NHC

67 g, H. M; Smrts, D. C.; HE, Z.; Stevens, E. D.; Y1, C. S.; Noran, S. P. Organometallics 2001,
20, 794-797.

127Grunta, D.; HOELSCHER, M.; LEuMANN, C. W.; MynoTT, R.; WirTz, C.; LEITNER, W. Adv.
Synth. Catal. 2003, 345, 1139-1145.

128ByrLING, S.; MaHON, M. F; PaiNe, B. M.; WarrtLesey, M. K,; WiLLiaMs, J. M. ].
Organometallics 2004, 23, 4537-4539.
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3.4 Conclusion

catalytic system. The conditions for the secondary alcohol self-coupling were
optimized and the scope and the limitations of the reaction were studied. It
was found that alkan-2-ols could be efficiently converted to the corresponding
ketones with the liberation of one molecule of dihydrogen. The mecha-
nistic investigation revealed that the reaction followed the oxidation—-aldol

condensation-reduction pathway and that the active ruthenium species was a
dihydride.
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3.5 Experimental Part

For the general experimental methods see Section 1.5 on page 49.

General Procedure for the Coupling of the Secondary Alcohols

A Schlenk tube was charged with RuCLIiPr(p-cymene) 1 (46 mg, 1 mmol),
PCy3-HBF, 2 (36.8 mg, 0.1 mmol), KOH (298 mg, 5.3 mmol), and a stirring bar.
A cold finger was attached and the tube was evacuated and refilled with Ar
3 times. The secondary alcohol (5 mmol) and nonane (321 mg, 2.5 mmol) were
dissolved in toluene to give a 1 M solution of the alcohol (total volume 5mL).
This solution was transferred to the Schlenk tube which then was placed in
a preheated oil bath (T = 120 °C). After 24 h the reaction mixture was cooled
down to room temperature and filtered through a pad of Celite which was
then washed with pentane. The collected solution was evaporated in vacuo and
the resulting liquid was purified either by vacuum distillation or by column
chromatography (eluent: pentane:EtOAc 50:1 to 15:1).

Characterization Data for the Compounds from Chapter 3

[1,1"-bi(cycloheptan)]-2-one
o)

C-O

Distilled in vacuo, colorless liquid. Yield 364 mg (70%). "H-NMR: 6 1.16-1.63
(m, 16 H), 1.76-1.91 (m, 5H), 2.21-2.38 (m, 2 H), 2.43-2.53 (m, 1 H). 3C-NMR:
6 255,268,269, 27.6, 28.2, 28.3, 28.6, 30.3, 30.9, 32.9, 42.2, 43.4, 59.5, 217 4.
IR (neat, cm 1) 1705 (C=0). bp (5mmHg) 136 °C. HRMS (m/z) calcd for
[C14H,O+H] ™ 209.1905, found 209.1895.

5-methyl-1,7-diphenylheptan-3-one

‘/\)?\)\/\‘

Purified by column chromatography, yellowish liquid. Yield 308 mg (88%).
*H-NMR: 6 0.86 (d, 3H, Jy_u = 6.4Hz), 1.32-1.58 (m, 2 H), 1.90-2.03 (m, 1 H),

2.13-2.21 (m, 1H), 2.30-2.37 (m, 1 H), 2.41-2.64 (m, 4 H), 2.78-2.83 (m, 2 H),
7.07-7.22 (m, 10H). BC-NMR: 6 19.9, 29.1, 29.9, 33.5, 38.8, 44.9, 50.6, 125.9,
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3.5 Experimental Part

126.2, 128.5, 128.6, 141.3, 142.5, 209.9. IR (neat, cm 1) 1712 (C=0). HRMS
(m/z) calcd for [CyyH,,O+H]T 281.1905, found 281.1902.

1,3-dicyclohexylbutan-1-one

cape

Distilled in vacuo, colorless liquid. Yield 543mg (92%). "H-NMR: § 0.80
(d, 3H, Ju-u = 6.7Hz), 0.92-1.39 (m, 11 H), 1.59-1.96 (m, 11 H), 2.17-2.34
(m, 2H), 244 (dd, 1 H, Jy-g = 16.1Hz, Jy.g = 4.8Hz). C-NMR: § 16.,
25.8, 25.9, 26.0, 26.8, 26.9, 28.5, 28.7, 29.2, 30.5, 33.9, 42.9, 45.6, 51.3, 214.7.

IR (neat, cm ') 1705 (C=0). bp (5 mmHg) 146 °C. HRMS (m/z) calcd for
[C16HoO+H] T 237.2218, found 237.2213.

7-methylundecan-5-one

\/\)?\)\/\/

Distilled in vacuo, colorless liquid. Yield 437 mg (95%). "H-NMR: 4 0.85-0.92
(m, 9H), 1.18-1.36 (m, 8H), 1.88 (quint, 2H, Jy-y = 7.5Hz), 1.92-2.04 (m,
1H), 2.14-2.22 (m, 1 H), 2.31-2.40 (m, 3 H). 3C-NMR: § 14.0, 14.2, 20.0, 22.5,
23.0, 26.0, 29.3, 29.4, 36.8, 43.3, 50.5, 211.6. IR (neat, cm ') 1712 (C=0). bp

(6 mmHg) 91°C (reported'? bp: 103-105 °C at 9mmHg). HRMS (m/z) calcd
for [C1,H,,O+H] " 185.1905, found 185.1899.

3,6,7-trimethylnonan-4-one

/ﬁ)bﬁ/\

Distilled in vacuo, colorless liquid. Yield 368 mg (80%), mixture of diastere-
omers. "H-NMR: ¢ 0.74-0.89 (m, 9H), 1.03 (d, 3H, ¥z = 6.0Hz), 1.07-1.41
(m, 3H), 1.59-1.73 (m, 1 H), 2.01-2.48 (m, 3 H). 3C-NMR: § 11.0, 11.8, 11.9,
12.2,12.2,14.5,14.5, 14.8, 149, 15.9, 15.9, 16.0, 16.0, 16.1, 16.1, 17.3, 17.3, 19.9,
259,259, 26.0, 26.1, 26.1, 26.5, 27.4, 32.2, 32.9, 33.0, 34.6, 35.9, 38.9, 38.9, 39.5,
45.0, 45.0, 46.0, 46.9, 48.2, 48.2, 48.3, 48.4, 214.9, 214.9, 215.1, 215.1. IR (neat,

em 1) 1712 (C=0). bp (5 mmHg) 70 °C. HRMS (m/z) caled for [C,Hp,O+H]*
185.1905, found .

129K 1nDT-LARSEN, T.; Brrsch, V.; ANDERSEN, L. G. K;; JART, A.; MUNCH-PETERSEN, J. Acta Chem.
Scand. 1963, 17, 1426-1432.
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8-methyltridecan-6-one 55

/\/\/[Cf\)\/\/\

Distilled in vacuo, colorless liquid. Yield 488 mg (92%).

"H-NMR: § 0.85-0.90 (m, 9H), 1.19-1.34 (m, 12H), 1.55 (quint, 2H, Jg-g =
7.5Hz), 1.92-2.04 (m, 1H), 2.14-2.22 (m, 1 H), 2.33-2.40 (m, 3 H). 3C-NMR: §
14.1, 14.2, 20.0, 22.6, 22.8, 23.6, 26.8, 29.4, 31.6, 32.1, 37.1, 43.5, 50.5, 211.7. IR

(neat, cm ') 1708 (C=0). bp (6 mmHg) 111-112°C. HRMS (m/z) calcd for
[C14H,gO+H] T 213.2218, found 213.2212.

g9-methylpentadecan-7-one 62

0]
\/\/\)J\)\/\/\/
Distilled in vacuo, colorless liquid. Yield 552 mg (92%).
TH-NMR: ¢ 0.84-0.89 (m, 9H), 1.16-1.34 (m, 16 H), 1.50-1.59 (m, 2H), 1.92—
2.03 (m, 1H), 2.14-2.21 (m, 1 H), 2.32-2.39 (m, 3 H). 3C-NMR: § 14.17, 14.24,
20.0, 22.6, 22.8, 23.9, 27.1, 29.1, 29.4, 29.6, 31.8, 32.0, 37.1, 43.6, 50.5, 211.7.
IR (neat, cm™ ') 1713 (C=0). bp (5mmHg) 130-131°C 'H-NMR data is in

accordance with literature values!®°

10-methylheptadecan-8-one 63

/\/\/\)?\)\/\/\/\

Distilled in vacuo, colorless liquid. Yield 630 mg (94%).

*H-NMR: § 0.84-0.89 (m, 9 H), 1.18-1.31 (m, 20 H), 1.50-1.59 (m, 2 H), 1.92—
2.03 (m, 1 H), 2.14-2.21 (m, 1 H), 2.31-2.39 (m, 3H). 3C-NMR: § 14.18, 14.22,
20.0, 22.76, 22.81, 24.0, 27.1, 29.2, 29.36, 29.40, 29.5, 29.9, 31.8, 32.0, 37.1, 43.5,

50.5, 211.6. IR (neat, cm 1) 1713 (C=0). bp (6 mmHg) 154°C. HRMS (m/z)
caled for [CigH30O+H] ", found

12-methylhenicosan-10-one 64

/\/\/\/\)CJ)\)\/\/\/\/\

Distilled in vacuo, colorless liquid that crystallyzed after a while. Yield 705 mg
(87%).

*H-NMR: § 0.84-0.89 (m, 9 H), 1.25 (br. s., 28 H), 1.50-1.59 (m, 2 H), 1.94-2.03
(m, 1H), 2.14-2.22 (m, 1 H), 2.33-2.40 (m, 3 H). 3C-NMR: § 14.26, 14.27, 20.1,

130Brown, H. C.; Kurkarni, S. V,; Racuerra, U. S.; Duoxre, U. P. J. Org. Chem. 1998, 63,
7030-7036.
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22.82,22.84, 24.0, 27.1, 29.4, 29.5, 29.6, 29.70, 29.76, 29.81, 29.85, 29.94, 32.02,
32.06,37.1, 43.6, 50.5, 211.7. IR (neat, cm ) 1714 (C=0). bp (5 mmHg) 197 °C.
HRMS (m/z) caled for [C,,HyO+H] ™ , found

1,3-diphenylbutan-1-one 53
‘)?\/k‘
Purified by column chromatography, yellow solid. Yield 532 mg (95%). NMR

data is in accordance with literature values!3!

1,3-bis(4-methoxyphenyl)butan-1-one 65

O
. O/

Purified by column chromatography, colorless liquid. Yield 675 mg (95%).
*H-NMR: 6 1.30 (d, 3H, Ju-n = 6.9 Hz), 3.05-3.24 (m, 2 H), 3.39-3.50 (m, 1 H),
3.78 (s, 3H), 3.85 (s, 3H), 6.84 (d, 2H, Jy-n = 8.7Hz), 691 (d, 2H, Ju-u =
89Hz), 719 (d, 2H, Jy-y = 8.7Hz), 791 (d, 2H, Jy-y = 8.9Hz). 3C-NMR:
0 222,351, 47.1, 55.4, 55.6, 113.8, 114.0, 127.9, 130.4, 130.5, 130.7, 138.9,
158.0, 163.5, 197.9. IR (neat, cm ') 1672 (C=0). HRMS (m/z) calcd for
[C,gH005+H] " 285.1481, found 285.1488.

1,3-bis(4-methoxyphenyl)butan-1-one 66
@)

F | = F

F F
F F

After 24 h the reaction solution was passed through a plug of Celite which was
then washed with pentane. The resulting solution was evaporated in vacuo to
give 701 mg of a red liquid. NMR spectrum showed that the sample contained
approx. 85% of the desired product, GCMS also showed that the desired
ketone was the major product. However, attempts to isolate quantitatively
the product by column chromatography failed (probably, due to the partial
decomposition of the compound). Two passes through a column with silica gel
(eluent pentane:EtOAc from 50:1 to 15:1) gave a reddish liquid. Yield 198 mg

131K ANazAWA, Y.; TsucHrya, Y.; KoBavashr, K.; Suromr, T.; Itos, J.-1.; KikucHL, M.; YAMAMOTO,
Y.; Nisaryama, H. Chem. Eur. J. 2005, 12, 63-71.
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(22%). TH-NMR: 6 1.29 (d, 3H, Ju-n = 7.0Hz), 3.11-3.30 (m, 2 H), 3.45-3.56
(m, 1H),7.29 (d, 2H, Jirg = 8.0Hz), 747 (d, 2H, Jun = 8.3Hz), 7.62 (d, 2 H,
Juu =83Hz),792(d, 2H, Jy_y = 8.0Hz). 3C-NMR:J 22.0, 35.3,46.9, 125.5-
125.9 (m), 127.4, 128.3, 128.5, 129.4, 139.7, 150.3, 197.5. F-NMR: § —62.77,
—62.02. IR (neat, cm™ ') 1692 (C=0). HRMS (m/z) calcd for [C1gH 14 FcO+H] T
361.1027, found 361.1028.
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4 Study of the Acetaldehyde
Transformations over Zeolite-Type
Heterogeneous Catalysts

HIS CHAPTER DISCUSSES THE WORK performed during the three-month stay

at the chemical company Haldor Topsee A/S. The work was divided into
two projects. The aim of one of them was to study the transformation of
acetaldehyde over different heterogeneous catalysts such as metal oxides and
zeolites. Another project dealt with elucidating the mechanism of the trioses
to methyl lactate conversion catalyzed by Sn-Beta zeolite. Experiments with
isotopically labeled sugars were employed as a major tool for the mechanistic
study. The mechanistic part of the work will not be covered in this dissertation.
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4.1 Introduction

4.1 Introduction

The aldol reaction is one of the most fundamental transformations in organic
chemistry and a great variety of methods for performing this reaction in
solution with homogeneous catalysts have been discovered!®? There have
also been reported heterogeneous catalytic systems that are capable of cat-
alyzing the aldol reaction. Various silica-supported metal oxides, such as
WO,3 MoO, 3 ZrQ, 133134, MgO.134 could be used as a catalyst in the vapor-
phase aldol reaction. Metal oxides (Al,O3, CeO,, TiOz),l35 type X zeolites}30
MFA zeolites'>” were also reported to be effective catalysts of the aldol reaction
in a vapor phase. Examples of the liquid phase aldol reaction promoted by
heterogeneous catalysts are rare!%

From the chemical point of view, the main difference between a homo-
geneous and heterogeneous variants of the aldol reaction is that the vast
majority of heterogeneous catalysts combine both Lewis acidic and Bronsted
basic centers, as opposed to the homogeneous counterpart which usually
carries only one of these functionalities. This combination makes it possible
to perform the reaction more effectively.

M 7N\
o c o O
0 <o 0 0 O
| M !
A B A

Scheme 4.1: Mechanism of the aldol reaction over a heterogeneous catalyst with Lewis
acidic (A) and Brgnsted basic (B) centers.

A mechanism of the aldol reaction over a heterogeneous catalyst with Lewis
acidic and Brensted basic centers is represented in Scheme 4.1. Depending
on the conditions and catalysts, the reaction could proceed further to give
different products. Several possible pathways are shown in Scheme 4.2. Over

132 1n Modern Aldol Reactions, MAHRWALD, R., Ed.; WILEY-VCH Verlag GmbH & Co. KGaA:
Weinheim, 2004; Vol. 1, 2.

13311, W,; CreN, Y.; Kung, H. H. Appl. Catal. A: Gen. 1997, 161, 93-104.

134OrpoMmsKky, V. V,; SusHKEVICH, V. L.; IvaNova, L. I. . Mol. Catal. A 2010, 333, 85-93.

135RAsk0, J.; Kiss, J. Appl. Catal. A: Gen. 2005, 287, 252-260.

136CHaNG, Y.-C.; Ko, A-N. Appl. Catal. A: Gen. 2000, 190, 149-155.

B37Dumrrriv, E.; Hutea, V.; FECHETE, L; Auroux, A.; LACAZE, J.-E; Gummon, C. Microporous
and Mesoporous Materials 2001, 43, 341-359.

138K acunya, W.; Jones, W. Appl. Clay Sci. 1995, 10, 95-102.
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basic catalysts acetaldehyde AcH could be transformed not only to aldol
70 but also to ethyl acetate 69 via a Tischenko reaction!3%!34 Aldol 70 could
be further converted to several compounds: by Meerwein-Ponndorf-Verley
reduction to diol 71; on the acidic sites of the catalyst to crotonaldehyde 72
(which is usually the major product of the reaction!**-1%) or by a hydride shift
to 1-hydroxybutanone-3 73. Each of these compounds could undergo further
transformation. Diol 71 could react with acetaldehyde 67 to give acetal 76 (yield
about 4 mol% was reported for the reaction over SiO,/ZrO,'3*). Crotonaldehyde
72 could be reduced by Meerwein-Ponndorf-Verley reduction to allyl alcohol 77
or react with one or more molecules of 67 to form conjugated unsaturated
aldehydes 78'3+13¢ and 80 (concentration of C4 and Cg oligomers was reported
to be approximately 25 mol%!%). Compound 73 undergoes retro-aldol reaction
to give acetone 74 and formaldehyde 75 or looses a molecule of water to give
methylvinylketone 79. It is worth noting that only titanium oxide!? and silica
supported zirconium (IV) oxide!3* can catalyze the isomerization of 70 to 73.

The latter isomerization as well as several above-mentioned transforma-
tions proceed via Meerwein-Ponndorf-Verley reduction-Oppenauer oxidation
(MPVO reactions, Scheme 4.3) that could be described as a main group metal-
catalyzed hydride transfer from an alcohol to a carbonyl compound to give
the corresponding carbonyl compound and another alcohol. Application of
heterogeneous catalysts in this transformation was studied extensively. It was
shown that different zeolites are capable of catalyzing MPVO reactions. Van
Bekkum and coworkers found zeolite BEA and titanium Beta to be a very
effective catalysts for this transformation!4'1#2 They also demonstrated that
the activity of the catalyst depended on the configuration of the Lewis acidic
aluminum sites in the zeolites!*! Zhu et al. reported that zirconium-Beta could

give alcohols by MPVO reactions in high yields in a short reaction time!*3

13311, W,; Cren, Y.; Kuneg, H. H. Appl. Catal. A: Gen. 1997, 161, 93-104.

134Orpomsky, V. V.; SusukevicH, V. L.; Ivanova, L. L J. Mol. Catal. A 2010, 333, 85-93.

135RAsk6, J.; Kiss, J. Appl. Catal. A: Gen. 2005, 287, 252-260.

136CHANG, Y.-C.; Ko, A-N. Appl. Catal. A: Gen. 2000, 190, 149-155.

137Dymrrriv, E.; HuLea, V,; FECHETE, 1; AUROUX, A.; LACAZE, J.-E; Gumvmon, C. Microporous
and Mesoporous Materials 2001, 43, 341-359.

138K acunya, W.; JonEgs, W. Appl. Clay Sci. 1995, 10, 95-102.

139Young, R.; SHEPPARD, N. J. Catal. 1967, 7, 223-233.

140REKOSKE, J. E.; BARTEAU, M. A. Ind. Eng. Chem. Res. 2011, 50, 41-51.

141CreycuTON, E.; GANESHIE, S.; DOwNING, R.; van Bexxum, H. J. Mol. Catal. A 1997, 115,
457-472.

142yAN DER WAAL, J. C.; KUNKELER, P; TaN, K.; van BexkuM, H. J. Catal. 1998, 173, 74-83.

4371y, Y,; CHUAH, G.; JAENICKE, S. J. Catal. 2004, 227, 1-10.
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4.1 Introduction
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Scheme 4.2: Possible pathways of acetaldehyde transformations.

Oppenauer oxidation
t

o M +H*
JJ\ 2 + RS%R“ Rﬁ\' \’< R1/~\R2 +

Meerwein-Ponndorf-Verley reduction

Scheme 4.3: Mechanism of Meerwein-Ponndorf-Verley reduction—Oppenauer oxidation
reactions.
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Tin-Beta zeolite was shown to be an excellent catalyst for this reaction!#* An
effect of the substituents in the carbonyl component was studied and it was
demonstrated that the more crowded the environment around the carbonyl
group is, the lower conversions could be achieved 144145 Interestingly, it was
also observed that aromatic groups present in a carbonyl compound decreased
the reactivity of the substrate!*® It was explained by the interaction of the
aromatic ring with Lewis acidic sites which blocked some of these sites for

coordination with the carbonyl group.

4.2 Results

As it was mentioned before, the aim of the project was to study the transfor-
mation of acetaldehyde over different heterogeneous catalysts. More precisely,
it was interesting to explore the ability of Sn-Beta zeolite to catalyze the al-
dol reaction and subsequent transformations of acetaldehyde presented in
Scheme 4.2. It was previously shown that Sn-Beta zeolite was an effective
catalyst for the aldol and retro-aldol reactions. The Sn-Beta-catalyzed trans-
formation of sugars to methyl lactate was proposed to proceed through a
retro-aldol reaction in the case of hexoses!'#® or several aldol-retro-aldol reac-
tions in the case of pentoses.147 As it was also mentioned in the introduction,
tin-Beta is an excellent catalyst for MPVO reactions. All these facts made
Sn-Beta a good candidate for catalyzing the acetaldehyde transformations.

Preparation of Sn-Beta zeolite is a time consuming process. As it took
21 days to synthesize Sn-Beta and the amount of the obtained catalyst was
enough only to perform a limited number of reactions, the reaction conditions
had to be considered thoroughly and optimized beforehand. For the optimiza-
tion various compounds were used, such as MgO, CaO, titanium silicate-1
(Ts-1). The experiments were carried out in a continuous flow reactor at
150 °C with a 10 wt% aqueous solution of acetaldehyde as the feed. It was
rapidly discovered that CaO is an inappropriate compound for this system as
it reacted with water to give Ca(OH), which blocked up the reactor.

Further optimizations revealed that the optimal weight hourly space velocity

144CormMa, A.; DoMmINE, M. E.; NEMETH, L.; VALENCIA, S. J. Am. Chem. Soc. 2002, 124, 3194—
3195.

145Corma, A.; DoMINE, M. E.; VALENCIA, S. J. Catal. 2003, 215, 294-304.

146Horm, M. S.; SARAVANAMURUGAN, S.; TAARNING, E. Science 2010, 328, 602—605.

147Horm, M. S.; PAGAN-TORRES, Y. J.; SARAVANAMURUGAN, S.; RIISAGER, A.; DuMEsIC, J. A.;
TAARNING, E. Green Chem. 2012, 14, 702-706.
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4.2 Results

OH" /\O K
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0”0 1.1t,8h 65% HNOg, 80 °C, 1 day ~ seeds

OH- /\O ( 1.rt,8h
SnCLe5H.0 N SI'/O 2. HF, Si-Beta seeds Sn-Beta
nCl,- -
4ot N * o™ 0 3.140°C, 21 day
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Scheme 4.4: Synthesis of Sn-Beta zeolite.

(the ratio between the mass flow rate of the reactants and the mass of the
catalyst in the reactor) was approximately 0.3 gread-h_1 -gcat_l. It was also
found that the temperature of the coolant used for condensing the reaction
products was 1 °C.

It is worth noting that the mass of the collected solution was always lower
than the mass of the fed solution. In the case of MgO, most likely, only water
was adsorbed or reacted with the catalyst, whereas when Ts-1 was used it
reacted with acetaldehyde too. This was concluded after examining the color
of the catalyst before and after the reaction: white at the beginning Ts-1
changed its color to green-blue in the end.

Next, the reaction was performed with Sn-Beta zeolite which was synthe-
sized as follows (Scheme 4.4): first, zeolite Beta seeds were prepared from
aluminum chloride and tetraethyl orthosilicate (TEOS) as a source of silicon.
Tetraethylammonium hydroxide (TEAOH) was used a base for hydrolysis
of TEOS and as a template which determined the size of the pores in the
seeds. After 3 days of crystallization in an autoclave at 140 °C, the seeds were
dealuminated by heating in a concentrated solution of nitric acid, and then
calcined at 550 °C. On the next step, the seeds were added to the mixture
of SnCly-5H,0, TEAOH and TEOS after the aging of the mixture had been
complete. Three weeks of crystallization in an autoclave at 140 °C followed by
calcination at 550 °C gave crystalline Sn-Beta zeolite (Figure 4.1).

The next step was to study the transformations of acetaldehyde 67 over
the Sn-Beta catalyst (Table 4.1). The only product detected by GC in the
experiment with a 10 wt% aqueous solution of 67 was crotonaldehyde 72
(entry 4). Another possible product could be aldol 70 which was dehydrated
on a column during the GC analysis. Regardless of which of these two
products was really formed, this result clearly showed that only two molecules
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Figure 4.1: Powder X-ray diffraction pattern for the synthesized Sn-Beta.

of acetaldehyde were coupled without any further transformations represented
in Scheme 4.2. Using a more concentrated solution or pure acetaldehyde
as a feed increased the yield of crotonaldehyde but did not lead to any
other transformations (entries 5 and 6). It was also shown that the yield
of compound 72 was higher at higher temperatures (entries 6-8) but again
crotonaldehyde was the only detected product.

Two other Beta-zeolites with Lewis acidic centers (Al-Beta and Ti-Beta,
entries 9 and 10) as well as amorphous Sn-MCM-41 (entry 11) were tested and
it was found that neither of them were capable of catalyzing any additional
transformations as compared with Sn-Beta.

There could be several explanations of the low yields of crotonaldehyde
obtained in the reaction and the fact that no further transformations were
observed. First, this could be due to issues with the experimental set up, such
as short contact time of acetaldehyde with a catalyst. During the study, the
contact time was increased but it did not lead to higher yields. Probably, the
flow rate should have been decreased more which would have led to longer
contact time. Another reason could be the low concentration of the feed. Even
though increasing the concentration did improve the yields it did not change
the overall picture of the transformation and crotonaldehyde was still the
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4.3 Conclusion

Table 4.1: Conditions of the acetaldehyde coupling reactions.

Entry Catalyst C(CH;CHO), wt% T,°C Time, h Yield, %’

1 MgO 10 150 2 0

2 TS-1 10 150 4 74
3 TS-1 20 150 4 7.6
4 Sn-Beta 10 150 4 1.2
5 Sn-Beta 20 150 2 1.5
6 Sn-Beta 100 150 2 2.6
7 Sn-Beta 100 125 2 1.3
8 Sn-Beta 100 175 2 5.6
9 Al-Beta 20 150 2 0.7
10 Ti-Beta 20 150 2 14
11 Sn-MCM-41 100 150 2 1.1

a —yield of crotonaldehyde

only product in a low yield. A low activity of the catalysts used in the aldol
reaction with acetaldehyde could also explain the observed results. Finally, a
very small amount of aldol 70 could have been formed which was not enough
for effective participating in further Meerwein-Ponndorf-Verley reduction of
the carbonyl compounds present in the reaction mixture.

Additional experiments are required for clarifying why the reaction per-
formed poorly and for improving the transformation conditions.

4.3 Conclusion

During the study Sn-Beta zeolite was synthesized and its activity was tested in
the aldol reaction and Meerwein-Ponndorf-Verley reduction of acetaldehyde.
It was shown that this catalyst was only capable of producing crotonaldehyde
in low yields. Several other heterogeneous catalysts were tested (Al-Beta, Ti-
Beta, Sn-MCM-41, Ts-1) but none of them demonstrated substantially higher
activity in the studied transformations.

100



4.4 Experimental Part

4.4.1 General Methods

All chemicals used in the study were purchased from Sigma-Aldrich and used
without further purification. GC-analysis was performed on an Agilent 689oN
instrument with an FID-detector equipped with an HP-5 capillary column
(30m x 320pm x 0.25um). A helium flow-rate of 6.0 mL-min~! pressurized
at 1.498 bar was used.

4.4.2 Synthesis of the Catalysts

Synthesis of zeolite Beta seeds The synthesis was performed according to
the work of Taarning et all*® AICl;-6H,0 (1.85g, 7.6 mmol) was dissolved in
water (4.33g) and a solution of tetraethylammonium hydroxide (TEAOH)
(45.24 g of a 35wt% aqueous solution, 108 mmol) followed by addition of
tetraethyl orthosilicate (TEOS) (40 g, 192 mmol). The resulting gel was aged
for 9h under stirring. The mixture was transferred to a Teflon cup with lid and
titted into a stainless steel autoclave for crystallization which took place for
3 days at 140 °C. The product was isolated and washed by centrifugation and
then it was dried at 110 °C overnight. After that the product was dealuminated
by heating under stirring in HNO; (60 wt% aqueous solution, approx. 50 g of
the solution per 1g of zeolite) at 80 °C for 24 h. The dealuminated zeolite was
isolated by suction filtration, washed thoroughly with demineralized water
and dried overnight at 110 °C. The zeolite was calcined in static air at 550 °C
for 6h using a ramp of 2°C-min~! to remove the structure directing agent.

Synthesis of Sn-Beta The synthesis was performed according to the work
of Taarning et al'*® TEOS (30g, 144 mmol) was mixed with TEAOH (33 g
of a 35wt% aqueous solution, 79 mmol) for 90min. Then, a solution of
SnCly-5H,0 (0.42 g, 1.6 mmol) in water (2.75 g) was added and the resulting
gel was aged for 8 h under stirring. During this process ethanol formed from
the hydrolysis of TEOS was evaporating. HF (3.86g of a 40 wt% aqueous
solution, 77.2 mmol) was added drop-wise under stirring which produced a
rigid gel. Dealuminated zeolite Beta seeds (0.36 g) were sonicated in water
(1.75g) for 5min and then added to the gel. It was manually homogenized

148TpA ARNING, E.; SARAVANAMURUGAN, S.; HoLm, M. S.; XIONG, J.; WesT, R. M.; CHRISTENSEN,
C. H. ChemSusChem 2009, 2, 625-627.
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4.4 Experimental Part

with a plastic spatula before it was transferred to a Teflon cup with lid which
was inserted into a stainless steel autoclave for crystallization at 140 °C for
21 day. After that the product was filtered off, washed with distilled water
and dried overnight at 110 °C. The zeolite was calcined in static air at 550 °C
for 6 h using a ramp of 2°C-min~! to remove the structure directing agent.

4.4.3 Performing the Reactions

The reactions were carried out in a continuous flow reactor filled with a
catalyst with a particle size from 200 to 250 microns placed in a preheated
oven. The catalyst was tableted, crashed in a mortar and then sifted through
200-250 mesh. An aqueous solution of acetaldehyde was pumped into the
system with a rate 0.2mL-min~!. When pure acetaldehyde was used, a
carrier gas (N,) was bubbled through a flask with acetaldehyde to take its
vapors into the system. In all the experiments a carrier gas flow rate was
49mL-min~!. In the experiments, weight hourly space velocity varied from
02to15 greact-h*1 . gcafl. To collect the products of the reaction a condenser
(coolant temperature from —15 to 1°C depending on the reaction) was at-
tached. The samples from the collector were analyzed by GC with 1-pentanol
as a standard (was added to the sample before each GC run).
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Conclusion

HE THESIS IS DIVIDED INTO FOUR PARTS describing the research conducted

during the PhD study. The first part discusses the mechanistic investigation
of the ruthenium-catalyzed dehydrogenative synthesis of amides from alcohols
and amines. A combination of experimental and theoretical methods has
been employed. The Hammett study, experiments with deuterium-labeled
compounds, determination of the reaction orders and the kinetic isotope effect
provided valuable information about the reaction which was further used in
the DFT calculations. A plausible catalytic cycle was proposed accounting for
all data obtained during the investigation.

In the second part, the proposed catalytic cycle was employed for the
computer-based search for more effective carbene ligands. The initial selection of
the ligands for the screening was done based on the Tolman electronic parameter.
It was attempted to synthesize ruthenium complexes with promising reactivity.

The third part deals with a study of the ruthenium-catalyzed dehydrogenative
self-coupling of primary and secondary alcohols. An improved protocol for the
synthesis of esters from primary alcohols was developed. A new self-coupling
reaction of secondary alcohols was discovered which proceeded through a
sequence of oxidation-aldol condensation-reduction to give the corresponding
alkylated ketone. The mechanism of this transformation was studied.

The final part describes the work performed during the external stay at the
company Haldor Topsee A/S. Transformations of acetaldehyde over several
zeolite-type heterogeneous catalysts was studied.

To conclude, this thesis supports the idea that a thorough mechanistic
investigation is a useful tool in developing and improving catalytic reactions.
Although a more effective catalyst has not been synthesized, we believe that it
was primarily due to the lack of time and not due to the ineffectiveness of the
approach. This work also shows that there is always room for a serendipitous
discovery such as the self-coupling of the secondary alcohols. Many parameters
of the reaction were studied and optimized, while other were left untouched, for
example, stereospecificity. Further development in this direction could make the
reaction even more attractive.
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Mechanistic Investigation of the Ruthenium-N-Heterocyclic-Carbene-
Catalyzed Amidation of Amines with Alcohols

Ilya S. Makarov, Peter Fristrup,* and Robert Madsen*!*!

Abstract: The mechanism of the ruthe-
nium-N-heterocyclic-carbene-catalyzed
formation of amides from alcohols and
amines was investigated by experimen-
tal techniques (Hammett studies, kinet-
ic isotope effects) and by a computa-
tional study with dispersion-corrected
density functional theory (DFT/MO06).

2.29(+0.15), which suggests that the
breakage of the C—H bond is not the
rate-limiting step, but that it is one of
several slow steps in the catalytic cycle.
Rapid scrambling of hydrogen and
deuterium at the a position of the alco-
hol was observed with deuterium-la-
beled substrates, which implies that the

catalytically active species is a rutheni-
um dihydride. The experimental results
were supported by the characterization
of a plausible catalytic cycle by using
DFT/M06. Both cis-dihydride and
trans-dihydride  intermediates were
considered, but when the theoretical

The Hammett study indicated that a
small positive charge builds-up at the
benzylic position in the transition state
of the turnover-limiting step. The kinet-
ic isotope effect was determined to be

Introduction

The (carbox)amide group constitutes one of the most-signifi-
cant functional groups in organic chemistry. The synthesis of
amides is usually performed from carboxylic acids and
amines by using a coupling reagent or by prior conversion
of the acid into an activated derivative. Recently, however,
several new and fundamentally different approaches to
amide synthesis have been developed."! These emerging
methods include the umpolung synthesis from o-bromoni-
troalkanes,” the decarboxylative condensation of a-ketoa-
cids and hydroxylamines,”! and the metal-catalyzed coupling
of primary alcohols and amines.® This latter reaction can
be carried out by aerobic oxidation with heterogeneous gold
catalysts!” or by dehydrogenation with various homogeneous
and heterogeneous catalysts.”®! The dehydrogenative syn-
thesis of amides from alcohols and amines can be performed
both in the presence or absence of a hydrogen acceptor,
such as a ketone or an alkene.” The most-attractive proce-
dures would avoid the need for hydrogen scavengers alto-
gether, which can be achieved with homogeneous ruthenium
pincers,®™ carbenes,*>¢! and diamine-diphosphine®¥ com-
plexes, as well as with heterogeneous Ag/ALO; and Au/
hydrotalcite catalysts.®" To further develop these amidation
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turnover frequencies (TOFs) were de-
rived directly from the calculated DFT/
MO6 energies, we found that only the
trans-dihydride pathway was in agree-
ment with the experimentally deter-
mined TOFs.

density func-

procedures, it is important to gain a better understanding of
the underlying reaction mechanisms. So far, the umpolung
approach with a-bromonitroalkanes and the decarboxylative
pathway with o-ketoacids have been studied with '*O-la-
beled substrates,””’ whilst the first step in the dehydrogena-
tive reaction with ruthenium pincer complexes has been in-
vestigated by low-temperature NMR spectroscopy.”! In ad-
dition, computational studies have been performed on the
ruthenium-catalyzed transformations with pincer and dia-
mine—diphosphine complexes.”!

The amidation reaction between primary alcohols and
amines catalyzed by ruthenium-N-heterocyclic-carbene
complexes was first reported by our group in 2008;"" since
then, this transformation has been further investigated with
regard to catalyst precursors and substrate scope.'” This re-
action is most-effectively cata-
lyzed by complex 1 (Figure 1)
in the presence of PCy; and N, Ne
KO#Bu. No stoichiometric addi-
tives are necessary and the ami-
dation reaction produces hydro-
gen gas as the only byproduct.
The reaction is believed to pro-
ceed through dehydrogenation
of the alcohol into the corre-
sponding aldehyde, which stays
coordinated to the ruthenium
catalyst (Scheme 1). Then, nucleophilic attack by the amine
forms the hemiaminal, which is dehydrogenated to afford
the amide. The fact that the intermediate aldehyde remains
coordinated to the ruthenium center is an important obser-
vation that has been confirmed experimentally by a cross-

Figure 1. Structure  of com-
pound 1.
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Scheme 1. Dehydrogenative synthesis of amides from alcohols and
amines.

over experiment.'® However,
the mechanism of the amida-
tion reaction has not previously gOH
been subjected to a more-thor- +
ough examination. OH
Herein, we report a com-
bined experimental and theo-
retical mechanistic investigation
of the formation of amides
from alcohols and amines cata-
lyzed by ruthenium-N-hetero-
cyclic-carbene complex 1.

X

alcohols 2b-2g.

Results and Discussion

For the experimental study, the catalyst system was modified
slightly to obtain more-accurate and reproducible results.
Tricyclohexylphosphine is easily oxidized by air and com-
mercial samples contain various amounts of impurities that
are difficult to remove. To solve this problem, Netherton
and Fu replaced trialkylphosphines with their corresponding
HBF, salts in several metal-catalyzed reactions.'"! These
salts are air-stable and the phosphine can be released into
the reaction with a Brgnsted base. Moreover, because a
base is already required for the amidation reaction, we de-
cided to replace PCy; with PCy;-HBF, and increase the
amount of KOrBu accordingly. This modification gave
more-consistent results and, therefore, the experimental
mechanistic study was performed on the following system:
[RuCL,(IiPr)(p-cymene)] (5 mol%), PCy;HBF, (5 mol%),
and KOrBu (15 mol %) in refluxing toluene.

Hammett study: We have previously used Hammett studies
with para-substituted benzaldehydes to analyze the turn-
over-limiting step in several metal-mediated reactions.!'
This method makes it possible to determine the change in
charge at the benzylic position between the starting material
and the transition state. Subsequently, the development of
charge can be simulated in silico, based on a proposed cata-
lytic cycle, and can be used to discriminate between differ-
ent mechanistic scenarios. In this case, the Hammett study
will be comprised of a series of competition reactions be-
tween benzyl alcohol and various para-substituted benzyl al-
cohols with hexylamine as the amine component
(Scheme 2). First, the amidation reactions of hexylamine
with different para-substituted benzyl alcohols were carried
out and the reaction was found to proceed cleanly and in

15684 ——
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high yield with both electron-donating and electron-with-
drawing groups in the para position (Table 1).

Because the amidation reaction occurs with the negligible
formation of byproducts, the course of the competition reac-
tions could be followed by measuring the disappearance of
the alcohols by using GC. Assuming that all of the sub-
strates react according to the same mechanism and that the
reaction is first order in the alcohol, their relative reactivi-

NN
1,5% ©)LH
- -
PCyq-HBF4, 5% o +2H,

KOtBu, 15 %
toluene, reflux

X =F, CF3 Me, OMe, SMe, NMe,

Scheme 2. Competition experiments for the amidation of benzyl alcohol versus that of para-substituted benzyl

Table 1. Amidation of para-substituted benzyl alcohols

(e}

NN
NH,
OH N/\/\/\+2H2
1,5% H
X X

PCy;-HBF,, 5%
KOtBu, 15 %
toluene, reflux

2a-2g.

Entry Compound X Yield [%]®
1 2a H 90
2 2b CF; 70
3 2¢ F 80
4 2d Me 94
5 2e OMe 100
6 2f SMe 88
7 2¢g NMe, 100

[a] Yield of isolated product after 24 h.

ties (kx/ky) can be obtained as the slope of the line when
In(cy/c) for one para-substituted benzyl alcohol is plotted
against the same values for benzyl alcohol. This plot result-
ed in good linear correlations for all six para-substituted
benzyl alcohols (Figure 2), which confirmed the assumption
that the amidation reaction was first order in the alcohol. In
each case, the correlation coefficient was >0.99 and the
benzyl alcohols with electron-donating para substituents re-
acted faster than alcohols with electron-withdrawing groups.
The slopes could then be used to construct the Hammett
plot based on o values from the literature!"” (Figure 3). The
best correlation was achieved with o* values, which afforded
a straight line with a small negative slope (p=-—0.15). This
result indicates that a small positive charge is build-up at
the benzylic position in the transition state of the turnover-
limiting step. The correlation with Creary’s 0" values was
poor and, therefore, a radical intermediate is not involved in
the amidation reaction. The oxidation of an alcohol into an
amide is likely to proceed through two consecutive f-hy-
dride eliminations, which result in the formation of an alde-
hyde and an amide, respectively. Either of these elimination
steps are good candidates for the turnover-limiting step be-

Chem. Eur. J. 2012, 18, 15683 -15692
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Figure 2. Kinetic data for the amidation of para-substituted benzyl alco-
hols 2b-2g in competition with compound 2a (“0” denotes initial con-
centration, X is the concentration of compounds 2b-2g, and H is the
concentration of compound 2a).
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Figure 3. Hammett plot for the amidation of alcohols 2a-2g.

cause, in both cases, a partial positive charge is formed at
the benzylic position in the transition state.

Reaction order: To gain more information about the role of
each component, we sought to determine the kinetic order
in these constituents. First, the order in the amine was exam-
ined by varying the concentration of hexylamine from 0.2—
0.5m whilst keeping the concentration of benzyl alcohol
(0.5m) and the ruthenium catalyst (25 mm) constant. The ini-
tial rate of the reaction was determined for each concentra-
tion of amine and the rates were plotted against the amine
concentrations to give a straight line, thus indicating a first-
order dependence in the amine (Figure 4a).

The reaction order in phosphine was examined by varying
the concentration of PCy; from 0-5 mm whilst keeping the
concentrations of benzyl alcohol and hexylamine constant
(0.2m). A non-linear dependence was observed and an
order of 0.5 in phosphine was derived from a double-loga-
rithmic plot (Figure 4b). This reaction order will be further
addressed in the computational study and used to pinpoint
the role of phosphine in the reaction mechanism.

Attempts to establish the reaction order in the ruthenium
catalyst were initially met with difficulties. At low catalyst
loadings (<2% or 10 mm), the amidation either proceeded
with a long initiation period or did not proceed at all, which

Chem. Eur. J. 2012, 18, 15683 -15692
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Figure 4. a) Plot of ¢,pise VETSUS 7y b) plot of Incpey, versus Inr,; c) Plot
of Inc, versus Inr;.

made it impossible to obtain reproducible results. At higher
loadings (>6 %), the initial rate measurements were also ac-
companied by significant uncertainties. After some experi-
mentation, we found that more-reproducible results could
be obtained if complex 1 was treated with PCy;-HBF, and
KOrBu in refluxing toluene for 45 min before the alcohol
and the amine were added. With this modification, the con-
centration of compound 1 was varied from 5-37 mM, whilst
the concentrations of benzyl alcohol and hexylamine were
kept constant (0.5M). These data resulted in a straight line,
as shown in Figure 4c, thus indicating a first-order depend-
ence on the ruthenium catalyst. The experiments in Fig-
ure 4a were repeated under these slightly modified condi-
tions and the same linear dependence was observed, which
illustrates that the overall kinetics of the reaction have not
been altered. The minimum amount of ruthenium catalyst
for complete conversion under these conditions was about
1%, where the complete amidation of hexylamine with 2-
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phenylethanol was observed in 24 h. This result should be
compared to 0.1% loading with a ruthenium pincer com-
plex® and to 4-5% loading with ruthenium-triazolylidi-
nel™ and diamine-diphosphine/® complexes.

Deuterium-labeled substrates: Initially, we planned to deter-
mine the kinetic isotope effect (KIE) by using competition
experiments in a similar way to the Hammett study. [a,0-
D,]|Benzyl alcohol would be allowed to compete with benzyl
alcohol in a reaction with hexylamine and the KIE would be
calculated by measuring the disappearance of the two alco-
hols, which would be separable by GC. However, we quickly
discovered that this simple experiment was not feasible be-
cause a rapid scrambling of deuterium and hydrogen occur-
red at the a position of the alcohol under the amidation con-
ditions. Accordingly, we decided to study this scrambling in
more detail and, to exclude a possible side-reaction with
benzylic radicals, these experiments were performed with 2-
phenylethanol (3) as the alcohol substrate.

First, the source of the atom scrambling was determined
(Table 2). The reaction between non-deuterated 2-phenyle-
thanol and benzylamine was performed in [Dg|toluene and

Table 2. Experiments to determine the positions of the scrambled atoms.
H(D)

OH . R? 15% N_ _Ph
Ph/\'( TP N TRCy HBF, 5% PR HD;
R'R R®  KkotBu, 15% o
3 4 solvent, reflux
Entry R! R? Solvent
1 H(3) H (4) [Dg]toluene
2 H (3) D ([D,]4) toluene
3 D ([D,]-3) H (5) toluene

the relative amounts of non-deuterated, mono-deuterated,
and di-deuterated alcohols were monitored by GCMS. This
experiment showed no change in the deuterium content of
the alcohol during the reaction, which demonstrates that no
exchange with the solvent occurs (Figure 5, entry 1).

1.0
\-""'-i-u-—-—l Entry 1 D
. N
° —es= = [H
0.8 - LI
';""'—o-_E[“fy_%
2 Tttt
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Figure 5. Experiments with deuterium-labeled substrates.
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As a result, the exchangeable protons are most likely the
two a protons on the primary alcohol, the O—H proton, and
the two N—H protons in the primary amine. In a second ex-
periment, non-deuterated 2-phenylethanol was reacted with
BnND, and the deuterium content in the starting alcohol
was monitored again as the reaction progressed (Figure 5,
entry 2). This experiment showed that two hydrogen atoms
in the alcohol were exchanged with deuterium and that the
reaction must occur with the a protons because exchange of
the O—H proton cannot be measured by GCMS. The scram-
bling occurred in such a fashion that an equilibrium was
slowly reached at which the hydrogen/deuterium ratio for
the two o protons was 3:2. This ratio is the same as that be-
tween the exchangeable hydrogen and deuterium atoms in
the starting materials and confirms that all five protons take
part in the scrambling. This result was verified by repeating
the experiment with [D,]-a,0-2-phenylethanol and non-deu-
terated benzylamine (Figure 5, entry 3). Again, equilibrium
was reached at which the hydrogen/deuterium ratio for the
two o protons in the alcohol was 3:2. However, in this case,
the exchange occurred much more rapidly and was observed
even before the amide had started to form. This result
means that there is a reversible step at the beginning of the
reaction, which most-likely involves a (3-hydride elimination
and a migratory insertion. More significantly, the scrambling
implies that a ruthenium-dihydride species is involved in
the catalytic cycle.

This result suggests that the two chloride ligands in com-
plex 1 are not present in the catalytically active species,
which, instead, is likely to be a ruthenium—dihydride species.
To gain further support for this rationale, the two chloride
atoms in complex 1 were replaced with a different halogen
group. It has previously been shown that diiodide complexes
[RuL(NHC)(p-cymene)] (NHC=IMe, ILiPr, and ICy) will
also catalyze the amidation reaction,'®" although the yields
vary, possibly owing to the lower stabilities of these com-
plexes. However, when we measured the initial rate with
complex [Rul,(IiPr)(p-cymene)] under the standard condi-
tions with benzyl alcohol and hexylamine, we obtained a
value of 3.09 mmmin~'. This value is essentially the same as
with complex 1 (3.37 mmmin~"), which strongly suggests that
the halides are not bound to the ruthenium center in the
catalytic cycle.

Kinetic isotope effect: With the knowledge of the deuterium
scrambling and the atoms that are involved in this process
in hand, we designed an experiment to determine the KIE
of the overall reaction. First, the hydrogen atoms at the ex-
changeable positions in both the alcohol and the amine
were replaced with deuterium and the initial rates for both
the deuterated and non-deuterated substrates were then
measured in two separate experiments. For convenience,
commercially available and fully deuterated [D,]-1-butanol
was selected as the alcohol, whilst BhND, was chosen as the
amine part. The initial rate with these deuterated substrates
was 6.44(£0.02) mmmin ', whilst the rate with non-deuterat-

ed 1-butanol and benzyl amine was 14.77(+0.96) mmmin .
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These values gave an experimental KIE of 2.29(+0.15),
which suggests that the breakage of the C—H bond is not
the rate-limiting step, but instead is one of several slow
steps in the catalytic cycle (see below).

NMR spectroscopy: The amidation reaction was also ana-
lyzed by NMR spectroscopy to identify possible intermedi-
ates during the transformation. First, we studied whether p-
cymene stayed coordinated to the ruthenium center
throughout the catalytic cycle. The reaction between com-
pounds 3 and 4 was performed in [Dg|toluene at 110°C with
15mol% of compound 1 and with PPh; instead of
PCy;-HBF, to avoid the presence of additional signals in the
aliphatic region of the spectrum. Samples were removed
from the reaction mixture and analyzed at ambient tempera-
ture. We found that, after only 3 min, 85% of p-cymene was
in the solution in its unbound form and, after 10 min, p-
cymene had completely decoordinated from the ruthenium
atom.

Then, the reaction between 2-phenylethanol and benzyla-
mine was monitored in [DgJtoluene with the NMR probe
temperature set at 70°C. A rather high catalyst loading was
employed in this experiment with 40% of compound 1,
40% of PCy;-HBF,, and 120% of KOrBu. During the reac-
tion, several clusters of signals were detected in the hydride
region of the spectrum. After 3 h, this cluster included low-
intensity signals at 0 =—7.44 and —7.54 ppm, very low-inten-
sity signals in the range 0 =-10.66 to —11.13 ppm, high-in-
tensity doublets from 6=-17.41 to —17.89 ppm (J/(PH)
~20Hz), as well as a high-intensity doublet at 6=
—18.04 ppm (J(H,H)=7.1 Hz). These observations clearly
reveal that several hydride species are formed during the
amidation reaction.'™ Moreover, the doublet at o=
—18.04 ppm shows that there is a dihydride species that
does not contain a phosphine group. The doublets from 6 =
—17.41 to —17.89 ppm and their coupling constants suggest
the presence of ruthenium-hydride complexes in which one
phosphine group is coordinated cis to the hydride atom.
Over time, the intensity of the signals decreased and some
of them disappeared.

To study the reaction under conditions that were more
similar to the actual setup, the amidation reaction was re-
peated in refluxing [Dg]toluene with a catalyst loading of
20%. After 30 min, a sample was withdrawn and analyzed
by 'H and P NMR spectroscopy at room temperature. In
the 'H NMR spectrum, several additional signals as well as
the signals given above were observed in the hydride region,
including a singlet at 0=-9.70ppm, a doublet at
—15.04 ppm (J(PH)=22.5Hz), and signals at o=
—17.8 ppm. The presence of these signals also suggests the
formation of several complexes in which the phosphine is cis
to the hydride atom, as well as a complex without phos-
phine. The *'P NMR spectrum reveals a group of signals in
the range 0=46-51ppm, a low-intensity signal at o=
572 ppm, and a high-intensity signal at 0=10 ppm. This
latter signal is from free PCy;, whereas the others may be
assigned to ruthenium intermediates that contain coordinat-
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ed phosphine. Therefore, these spectroscopic data provide
further support for the formation of mono- and dihydride—
ruthenium species during the reaction. In addition, the
NMR spectroscopy experiments have demonstrated that
complexes both with and without phosphine are present in
the reaction mixture.

Computational study: To increase our understanding of the
reaction pathway, our investigation was extended by per-
forming a computational study, in line with earlier work.!"?
A simplified system was chosen in which ethylamine and
benzyl alcohol were used as reactants and 1,3-diisopropyli-
midazol-2-ylidene (IiPr) and PCy; were coordinated to the
ruthenium atom. All of these calculations were performed
by using the M06 functional, which includes non-bonding in-
teractions (not the case with DFT/B3LYP). In all of these
calculations, the total energy (AG,,) was represented by a
combination of gas-phase energy (E,), solution-phase
energy (E,,), and Gibbs free energy (AG), as shown in
[Eq. (1)]. This approach was first suggested by Wertz!"*) and
has later been applied in several studies of transition-metal-
catalyzed reactions."?**'! This procedure avoids the time-
consuming and error-prone calculation of numerical fre-
quencies in the solution phase.

AGy = AG—Ey+Eg, (1)

First, we were interested in identifying the ligands that
could be coordinated to the ruthenium center during the
catalytic cycle. The precursor complex (1) is an 18-electron
ruthenium(II) species, which loses p-cymene during the ini-
tiation step. Another possible ligand is the amine moiety,
which is present in stoichiometric amounts. The DFT calcu-
lations show that the coordination of one molecule of amine
is very favorable, with a decrease in AG,, from —31 to
—107 kJmol ™!, depending on the other ligands on the ruthe-
nium atom. This result strongly implies that an amine is
bound to the metal center throughout the reaction. Howev-
er, the coordination of a second molecule of amine at the
apical position of the complex is less favorable than the co-
ordination of a phosphine at this position (AG,, increases
from 6 to 40 kJmol™', depending on the other ligands on
ruthenium atom).

A detailed study of the initiation of the reaction is
beyond the scope of this investigation. However, for similar
ruthenium(II)-dichloride complexes, it has been established
that, in the presence of alcohols, the chloride ligands can be
replaced with alkoxide and hydride groups.® Thus, because
the experimental study indicates that both chloride anions
are replaced by other ligands, we decided to use 16-electron
complex 5, in which a hydride and an alkoxide ligand are
coordinated to the ruthenium atom, as a starting point.

Our calculations show that complex 5 adopts a distorted
octahedral orientation in which the two bulky ligands (IiPr
and phosphine) are in the apical positions and the amine,
alkoxide, and hydride groups occupy the equatorial posi-
tions (Scheme 3). The alkoxide group must have an adjacent
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Scheme 3. Proposed catalytic cycle (a: cis-dihydride pathway; b: trans-dihydride pathway).

empty site for f-hydride elimi-
nation to occur. As a conse-
quence, the amine and hydride
groups can be positioned in two
different ways and, thus, form
two isomers (5a and S5b).
Either of these isomers can
serve as an entry point into the
catalytic cycle.

Interestingly, these two iso-
mers, compounds Sa and Sb,
have almost the same energy
(AAG(5a—5b)=5.8 kImol "),
which means that they can both
be formed at the beginning of
the reaction. To distinguish be-
tween these two possible path-
ways for the reaction, the entire
catalytic cycles starting from
either isomer Sa or isomer Sb
were calculated. We expected
that, by direct comparison be-
tween their experimental results and their calculated energy
profiles, it would be possible to reach a conclusion about the
orientation of the ligands. From the experiments with the
deuterated substrates, it is known that deuterium scrambling
takes place before the formation of the amide and that the
rate of exchange is much higher than the rate of the amide-
forming reaction. Most likely, the deuterium exchange
occurs in the first B-hydride-elimination step when a dihy-
dride species (6) is formed. The calculations show that the
formation of species 6a is exothermic, whereas the forma-
tion of species 6b is endothermic (Figure 6). In addition, the
activation energy for the reverse reaction is lower in the
case of species 6b (AAE,(6b—6a)=—30.4 kJmol™"), whilst
the difference in energy between the two transition states
(TS2  and TS1) is lower with species 6a
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\12a
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Figure 6. Energy profiles for the two possible catalytic cycles (TS1a-TS5a: X=H, Y=EtNH,; TS1b-TS5b:

(AE,(TS2b—TS1b)=48.9 kJmol ', AE, (TS2a—TS1la)=
18.5 kJmol ™). These facts suggest that the observed B-hy-
dride elimination is more plausible in the case of isomer 6b
than with isomer 6a. Consequently, the noted equilibrium
between deuterated and non-deuterated substrates will be
determined by the b pathway in the first $-hydride-elimina-
tion step.

To gain additional support for the b route, the two path-
ways were compared quantitatively by calculating the turn-
over frequencies (TOFs) with the energetic span model. The
concept of energetic span was introduced by Amatore and
Jutand"”! and further developed by Kozuch and Shaik.'®!

This model replaces the classical Curtin-Hammett princi-
ple of the rate-limiting step in the catalytic cycle with the
rate-limiting states, that is, the TOF-determining transition
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state (TDTS) and the TOF-determining intermediate (TDI).
The AUTOF program!”®! was used to calculate the TOFs
from the computationally obtained energy states. These cal-
culations show that, for the a pathway, TS4a is the TDTS
and species 6a is the TDI, whereas, for the b pathway, TS2b
is the TDTS and species 5b is the TDI. In other words, the
rate of the reaction is defined by the difference in energy
(energetic span) between species 6a and TS4a (AE=
189.1 kIJmol ') for the apathway and between species Sb
and TS2b for the b pathway (AE=119.0kJmol™"). As a
result of the large differences in energetic span between the
two pathways, the calculated TOF for the catalytic cycle
that proceeds through the apathway is 1.04x10%h7!,
whereas the TOF for the catalytic cycle that proceeds
through the b pathway is a factor of x10° higher (7.38x
10"'h™"). This large difference between the calculated
TOFs, along with the data on deuterium scrambling, clearly
indicates that the orientation of the ligands in the b pathway
is consistent with the experimental results, whereas that in
the a pathway is not. Moreover, the calculated TOF is close
to the average experimental value of 8.00x 10" h™!, which
lends further support to the conclusion that the b cycle is
the dominant product-forming pathway in this reaction. The
trans orientation of the hydrides in this route makes the spe-
cies less stable and, consequently, more reactive.

For the b pathway, the ability to dissociate a molecule of
phosphine was examined to explain the spectroscopic obser-
vations (see above). Calculations were performed for all of
the intermediates (5b-12b) and revealed that one inter-
mediate (6b) was more stable without a coordinated phos-
phine (Table 3).

Table 3. Energy of PCy; dissociation from intermediates 5b-12b.
Compound 5b 6b 7b 8 9b 10b 11b 12b
AGoe [KImol™'] 412 —64 294 611 637 160 438 157

However, the barrier for the addition of an amine to this
species (without a coordinated phosphine) is 21.7 kJmol ™
higher than that to species 6b, which, in total, makes the
pathway without phosphine 15.3 kJmol ™" less favorable. Be-
cause species 6b is located between two rate-limiting states,
the concentration of this intermediate will have a strong in-
fluence on the overall rate of the reaction. This result corre-
lates with the experimental observations, where the addition
of phosphine shifts the equilibrium towards species 6b and
increases the overall rate, but the order of the reaction with
respect to phosphine is less than one because some phos-
phine dissociates off. In addition, the doublet in the
'"H NMR spectrum at 6 =—18.04 ppm can be assigned to the
dihydride species that is formed by PCy; dissociation from
species 6b.

Having determined the orientation of the ligands, the
next step was to establish the geometrical details of the spe-
cies that are involved in the catalytic cycle. All of the com-
pounds in the catalytic cycle are 18-electron complexes,
except for two intermediates, Sb and 9b, which both have
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an empty site and undergo (-hydride elimination. Notably,
when molecular hydrogen has dissociated from species 12b
to form species 5b, the alkoxide ligand changes its coordina-
tion from n' to n® by engaging in an agostic interaction be-
tween Ru and the a-C—H bond of the alkoxide. This interac-
tion has also previously been observed in computational
studies of the B-hydride elimination with alkoxides.”” As
shown in Figure 7, the Ru—H bond length changes from

Figure 7. Calculated structures of compounds 12b (top) and 5b (bottom).

3317 A (12b) to 2.137 A (5b). A similar agostic interaction
is observed in the transformation from species 8b into spe-
cies 9b. This result indicates that, during the catalytic cycle,
ruthenium is electron poor and can be stabilized by receiv-
ing electron density from its ligands. This conclusion is also
supported by experimental observations because amides are
formed faster and in higher yields when electron-rich phos-
phines and NHCs, as well as benzyl alcohols, with electron-
donating substituents in the para position are used (see
above).

After the first f-hydride elimination, complex 6b is
formed. In this intermediate, the aldehyde acts as a 1>
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ligand by binding to the ruthenium center through the m sy-
stem of the C=0 bond (Scheme 4). However, the geometry
of the carbonyl carbon atom is close to that of an sp® hybri-

ipr-N ":;ig ipr-N :;iEr ipr=N_N~ipr
{NH; HEt NHEt
et LN ey + EtNH,
CI)—I/R’lu H <_,(|5|\//Rlu H _ENHz HoR~ .
N pey PCys Q" PCys
R g
6b 6b 6b'

Scheme 4. Equilibrium between the isomers of compound 6b.

dized carbon atom (out-of-plane angle for the C—H bond:
136°, de_o=1.309 A), which implies that complex 6b is
more-correctly represented by a three-membered oxaruthi-
nacycle (Figure 8). In the subsequent addition of the amine,
complex 6b rearranges into the aldehyde n' isomer (6b’;

Figure 8. Calculated structures of compounds 6b (top) and 6b’ (bottom).
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out-of-plane angle for the C—H bond: 169°, dc_o=1.235 A),
which is then attacked by the amine to form species 7b
(Scheme 4).

The energetic parameters for the transformations 5b—6b
and 6b—7b determine the overall rate of the reaction.
These steps have  approximately equal energy
(E,(5b—TS1b)=68.8 kimol™', E,(6b—TS2b) = 68.7 kImol™")
and, consequently, both steps should contribute equally to
the limitations of the reaction. In the Hammett study, these
two steps have opposite influence on the rate (and, hence,
the p value) of the reaction. In the first step, electron-donat-
ing groups facilitate the B-hydride elimination, whereas, in
the second step, they have the opposing effect in the nucleo-
philic addition to the aldehyde.

To model the Hammett study, the energy difference be-
tween the TDI and the TDTS was calculated for several
benzyl alcohols with the following para substituents: NMe,,
OMe, SMe, Me, F, Cl, CF;. Their relative reactivities were
calculated by using Equation (2).

kx OEy — O0Ex

X —X - - 2
lgk“ 3 303RT ,0E = E(TDTS) — E(TDI) (2)

Different calculated energies were used in [Eq. (2)], but
only the gas-phase energies and solution-phase energies
showed good correlation with the o% values (Figure 9).
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Figure 9. Hammett plot with calculated gas-phase and solvation energies
(red points were excluded from the linear regression).

As can be seen from Figure 9, two substituents did not
follow the overall good correlation; H and Me are both
non-polar substituents and we ascribe the difference be-
tween these and the remaining polar substituents to inaccur-
acies in the solvation model. When examining the actual p
values that were calculated by using the gas-phase energies
(Pgasphase = —0.68) and the solution-phase energies (0=
—0.73), it is clear that the calculated slopes are somewhat
higher than the experimental value (o, = —0.15). However,
the calculated reactivity follows the same trend as the exper-
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imental data, that is, that substrates with electron-donating
substituents are more reactive than those with electron-with-
drawing substituents.

The KIE for the reaction was also calculated by using the
energetic-span model. In that case, the catalytic cycle with
deuterated analogues had a OF value of 142.3 kJmol™,
which resulted in a TOF of 1.4-107> h™". Thus, the KIE value
was calculated as KIE=TOFy/TOF,=3.78, which was sig-
nificantly higher than that observed experimentally (KIE =
2.29). There may be several reasons for this discrepancy:
First, benzyl alcohol was used in the computational model
system whereas [D,y]-1-butanol was utilized in the experi-
ment. This result indicates that the nature of the substituent
on the o carbon atom of the alcohol does have a profound
influence on the observed KIE value in the amidation reac-
tion. Another way to calculate the KIE value is by using
Equation (3).

kH AGH-AGP

KIE = 1 = ¢ ™%~ AG, = AG(TS2b) — AG,(6b)  (3)

The KIE value for the system with EtOH was calculated
to be 3.27, which is very close to the value obtained by
using the energetic span model. This result shows that either
of these two models may be used for the KIE calculations.

However, the KIE value from these calculations is still
higher than the experimental value (2.29); the reason for
this difference may partially lie in the experimental determi-
nation of the KIE. Commercially available [D,]-1-butanol
was used for the KIE experiments and it contained a small
amount of C,D,OH. The amidation reaction was performed
with 5% of PCy;HBF,, which, after deprotonation with
KOrBu, would exchange hydrogen and deuterium with
[Dy]-1-butanol. Presumably, 5-10% of C,D,OH was present
in the experiment with [D,]-1-butanol and this isotopic im-
purity would lower the value of the experimentally deter-
mined KIE.

Conclusion

The mechanism of the Ru-NHC-catalyzed amidation reac-
tion between alcohols and amines was investigated by using
experimental and theoretical methods. A Hammett study in-
dicates that a small positive charge is built-up at the benzyl-
ic position in the transition state of the turnover-limiting
step. The small value indicates that the rate of the reaction
is not dominated by a single elementary reaction; instead, it
is likely that two steps with opposite electronic character
both influence the reaction rate.

The kinetic isotope effect was experimentally determined
to be 2.29(+0.15), which suggests that breakage of the C—H
bond is not the rate-limiting step, but that it is one of several
slow steps in the catalytic cycle. These experimental results
were further supported by the characterization of a plausible
catalytic cycle by using DFT/M06 calculations. Both cis-di-
hydride and trans-dihydride intermediates were considered,
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but when the theoretical turnover frequencies (TOFs) were
derived directly from the calculated DFT/M06 energies, we
found that only the trans-dihydride pathway (Scheme 3,
cycle b) was in agreement with the experimentally deter-
mined TOFs. The overall good agreement between the ex-
perimental and theoretical data illustrates that modern theo-
retical methods have matured to a point where their results
can be used to predict and rationalize experimental observa-
tions. This result opens up the possibility for a number of
new applications, such as in silico ligand screening, which is
currently underway in our laboratory.

Computational Details

All calculations were performed with Jaguar®! (version 7.8, release 109)
by using the M06® or B3LYP functionals® in combination with the
LACVP* basis set.?!! During our initial investigations, it became clear
that the B3LYP functional did not adequately describe the non-bonded
interactions that were responsible for discriminating between the possible
reaction pathways; this deficiency of the B3LYP functional is well-known
and the problem has been addressed previously by either appending a
classic dispersion term®! or by using a functional that incorporates terms
for kinetic energy density.” Among the most-successful of these latter
approaches are the MOx family of functionals reported by Truhlar and
co-workers; herein, we chose the M06 functional, which has been opti-
mized with a particular focus on organometallic systems and has been
used successfully in an earlier study.””!

All of the structures were optimized in the gas phase and the single-point
solvation energy was calculated for the optimized structures by using a
standard Poisson-Boltzmann solver with suitable parameters for benzene
as the solvent (dielectric constant: e=2.284, probe radius: r=2.600 A).
Gibbs free energies were obtained from the vibrational-frequency calcu-
lations for the gas-phase geometries at 298 K and 383 K. All of the transi-
tion states were characterized by the presence of one negative vibrational
frequency.
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