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“Is the Master out of his mind?” she asked me.
I nodded.
“And he's taking you with him?”
I nodded again.
“Where?” she asked.
| pointed towards the center of the earth.
“Into the cellar?” exclaimed the old servant.
“No,” | said, “farther down than that.”

Jules Verne, Journey to the Center of the Earth
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Introduction

1 Introduction

Hydrosilylation is a family of catalytic transformations for the preparation of organosilicon
Compounds.1 It describes the addition of a Si—H bond across unsaturated bonds, such as C—C,
C-0, and C—N multiple bonds in alkenes, alkynes, ketones, and imines.! Among these
reactions, the hydrosilylation of a C—C multiple bond is of particular interest in the context of
introducing chemical functions in silicon compounds.? In this process, a C—Si bond is
formed, which rarely occurs in nature.®> The synthesis of such compounds make a great
contribution to drug design.* In addition, a variety of organosilicon compounds are
commercially utilized or being produced on an industrial scale, above all pressure sensitive
adhesives,>® binders at specific manufacturing,® silicon rubber,”® and paper-release
coatings.>*® Recently, synthesis of novel compounds based on an octahedral silicon center
was reported.""*? Being a new class of structural template which can be synthesized in a
straight forward fashion, the application of hydrosilylation in the field of chemical biology is
highly likely."* Besides the generation of all the above mentioned silicon-containing final
products, hydrosilylation is also an important process for preparing chemical versatile
intermediates in organic synthesis, which carry the low cost and low toxic silyl moiety, one
of the frequently chosen long-term protective groups.*?

Along with the development of catalytic processes for hydrosilylation, which are

14,15

predominantly homogeneous, various mechanisms were proposed for a number of

catalytic systems, e.g., the hydrosilylation of ketones by Gade’s catalysts based on

16,17

rhodium, the hydrosilylation of alkynes by a series of ruthenium cyclopentadienyl

complexes,*®?°

and the hydrosilylation of alkenes by ruthenium complexes bearing spectator
ligands.*#* It is notable that for the latter group of catalytic reactions, theoretical studies
have indicated that the mechanism can depend strongly on the choice of the reactant and on
the ligands at the metal center.?* Whereas the reactants in each catalytic process may vary
as the circumstances require, the modification and improvement of transition-metal catalysts
has become an extensively studied field in both experimental organometallic chemistry? and

computational chemistry.?®

Recently it was found that transition-metal NHC (N-heterocyclic carbene) complexes are
catalytic active in several hydrosilylation processes." Especially some Rh-NHC complexes
turned out to be applicable catalysts in the hydrosilylation of ketones*’ and alkynes.?®?* The
NHC ligand brings along the advantage that it enables a moderately to highly
enantioselective hydrosilylation of ketones when the catalyst is modified in an asymmetric

1
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fashion.®® The structures of chiral mono-NHC substituted rhodium complexes were studied
by density functional (DF) calculations.™

Most recently, an analogous application of Rn—NHC complexes in the hydrosilylation of
alkenes was reported.* If rhodium catalysts can be optimized in activity and selectivity with
respect to this catalytic process, they should be more economical than the currently applied
platinum catalysts.***° In this thesis, hydrosilylation of alkenes catalyzed by a series of bis-
NHC-Rh(I) complexes was studied using density functional (DF) methods. The resemblance
between Rh(1) and Ru(ll) complexes even extends the range of validity of such a case study
to more inexpensive bis-NHC Ru(ll) catalysts.

After presenting an extensive background on hydrosilylation and N-heterocyclic
carbenes in Chapter 2 the computational details relevant in this thesis will be shown in
Chapter 3. In Chapter 4, all possible pathways of the following mechanisms are explored:
Glaser-Tilley (GT),?* Chalk-Harrod (CH),*® modified Chalk-Harrod (mCH),**** and o-
bond metathesis (SBM),***® including the induction period of the pre-catalyst and the side
reaction p-hydrogen elimination. In Chapter 5, an extended set of density functionals was
applied to explore a possible influence of the exchange-correlation approximation on the
results in Chapter 4. The 12 chosen functionals include semi-local functionals — GGA,
(gradient generalized approximation) and meta-GGA — as well as hybrid functionals. Chapter
6 deals with the problem of regioselectivity. The reaction model was extended from
hydrosilylation of ethylene to the hydrosilylation of 1-butene. Besides monosilane,
dimethylsilane was also considered as one of the reactants. The bis-NHC ligand was modified
in three positions.

In summary, the current theoretical case study aims to explore the potential applicability
of bidentate transition metal NHC complexes for the hydrosilylation of alkenes. A detailed
study of the catalytic pathways and the factors possibly affecting the regioselectivity should
provide some insight into the functionality of these model catalysts. The application of a
relatively large set of DF functionals and the comparative methodological study illustrates the
complexity of the encountered problems from a computational chemist’s point of view.

Some aspects of Chapters 2 and 4 were in part previously dealt in my diploma thesis of
the same title in 2010.%
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2 Background
2.1 Hydrosilylation

The hydrosilylation (also called hydrosilation) of alkenes denotes the addition of a Si—H bond
across C—C double bonds, forming alkyl silanes.”® It is a fundamental chemical
transformation which has been widely applied in chemical industry.”® Along with the
hydrosilylation of other unsaturated functional groups such as alkynes, imines, ketones and
aldehydes (Figure 2.1), it contributes to the production of organosilicon compounds, e.g., the
a-w-functionalization of polysilanes, a class of substance which is of growing interest,*® and
various flexible organosilicon intermediates formed via consecutive desilylative

2051 *354 and cycloaddition.™ An extension

oxidation, cross-coupling,® proto/halodesilylation
of the hydrosilylation is the so-called silymetallation. In this case, a Si—-M (metal) bond is
added across unsaturated bonds instead of the Si—H bond, leading to the formation of

versatile intermediates required in complex regio- and chemoselective reactions.*®

R3S R? R',Si CHR2CH,R?
RZHC=—=CHR® H H
- 3
> R? " R H
R?C==CR® _ R'SSi R3 R1,Si R?
kat. == +
Ry SH o R? H R® H

SRZe=—
M RSRZ(R138i)C_OH

2o =—
M’. RQ(R13Si)HC—NH2

Figure 2.1. Hydrosilylation of various types of unsaturated bonds.

The first experimental record of hydrosilylation of alkene can be dated back to 1947, as
the n-octyltrichlorosilane was prepared from 1-octene with trichlorosilane under catalysis by
acetyl peroxide.”” By using the same strategy, a series of novel compounds -
polysilmethylenes — were synthesized and attracted great attention.>”*® These new
compounds were not only thermo- and oxidative resistant but also well soluble in organic
solvents, revealing a configuration, until then unknown, consisting of the Si—CH,—Si unit, an
analogue of the well-known Si—O-Si unit of polysiloxanes.! Since the hydrosilylation of
alkenes is often compared to the hydrosilylation of ketones and alkynes, the following
paragraph will also give a brief introduction to the two related reaction types, before entering
the main topic of this thesis. As background knowledge they should provide hints for context
analysis regarding the whole network of hydrosilylation reactions.
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The hydrosilylation of ketone is the saturation of the C—O double bond by a silane, being
particularly important for the enantioselective synthesis of chiral alcohols, which are of great
importance in agrochemicals and pharmaceuticals.’®®® The significant difference between
mechanisms of the hydrosilylation of ketones and alkenes is to be found in the initial stage, at
the step of activation of the double bond. Due to different polarities of the double bond the
hydrosilylation of ketones proceeds in a way different from the hydrosilylation of alkenes.

61-63

Proposed mechanisms® ™ predicted the ketone to be bound via the carbonyl oxygen atom to

the metal center or to the silyl group. In contrast, alkenes are in most cases coordinated via a

n-interaction to the metal center, 8%

requiring one more coordination site. For the
hydrosilylation of ketones, one of the most successful catalysts to date is Gade’s catalyst,
being a library of chiral oxazolinylcarbene-rhodium complexes.'®*” Multiple reaction
pathways have been studied for this catalysis system and the key intermediate was
determined to be a metal silylene complex generated by double silicon-hydrogen activation,
where the rhodium atom and the silicon atom are bridged via a single hydrogen atom.®>
This finding is apparently also applicable for other Rh based catalysts, as another
experimental study on several bis-NHC-Rh(I) complexes also supplied evidence for the

existence of the same silylene intermediate.?’

Both the hydrosilylation of ketones and alkynes provides convenient pathways to
introduce regio- and stereoselectivities into intricate multi-step chemical transformations.”
The hydrosilylation of alkyne is commonly catalyzed by ruthenium or rhodium phosphine
catalysts, e.g., reaction mechanisms were studied extensively for the ruthenium catalysts
RUHCI(CO)(PPhs)s®” and [Cp*Ru(MeCN)3] "PFs 2. More recently, N-heterocyclic carbene
rhodium complexes such as [RhCI(COD)(RImM(CH,)sNMe,)] (COD = #*-cycloocta-1,5-
diene),?% and [Rh(NBD)CI(NHC)] (NBD = 2,5-norbornadiene),*® were also proved to be
efficient and regioselective.

The hydrosilylation of alkenes can proceed under homogeneous or heterogeneous

8970 or. as in

catalytic conditions.! As catalyst one may employ free radicals,?® Lewis acids,
the majority of cases, transition metal (TM) complexes.*** Recently, the family of N-
heterocyclic carbenes was also shown to activate silicon compounds.” Details of the
mechanisms of the homogeneous catalyzed hydrosilylation of alkenes will be discussed in

separate sections in Section 2.2.

The search for appropriate transition metal based catalysts is aimed at facilitating the
generally relatively difficult synthesis of organosilicon compounds.®® Well-known
industrialized catalysts in the second half of the last century are Speier’s catalyst,
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chloroplatinic acid — H,PtCle-'PrOH,* and the Karstedt catalyst, Pt[(5°-ViSiMe,),0]s

(Me=methyl, Vi=vinyl), platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane®**

2.2).

(Figure

a) b) /

Pt\ A

RN

Si Si Si Si
/7N /NN
Figure 2.2. a) Speier’s catalyst and b) Karstedt’s catalyst. Refs. 33—35.

Furthermore platinum catalysts were synthetized and tested. The most successful ones
among them are platinum-g-diketone compounds,’® monodentate platinum-NHC complexes
such as the Marko catalyst — benzimidazolylidene platinum(0),*® and recently bidentate
platinum(11)-NHC complexes.”

However, because of the relatively high price — currently at around 1500 US$/0z (1 oz. =
28.3 g)- of platinum, catalysts based on its neighbor transition metals gained evermore
attention, e.g., ruthenium, palladium, iridium, and rhodium (Figure 2.3). Research was also
extended to low price metals, such as iron, cobalt, nickel,’* as well as early transition
metals.” Renowned research projects are for instance the studies on the hydrosilylation of
ethylene, 1-hexene, styrene and other common olefins by using cobalt(l11)-Cp* (1,2,3,4,5-
Pentamethylcyclopentadienyl) complex™ and palladium(l1)-1,10-phenanthroline complex;’’

7879 3 ruthenium(1)-Cp*-silylene complex;** an iron(11)

complex with chelating Cp*-NHC ligands;®*® rhodium(l11) phosphine complexes;®!®2

83-85

iron(11) bis(imino)pyridine complexes;

rhodium(l) and iridium(l) complexes with P,N—substituted indene ligands;
22-24

ruthenium(I1)
complexes with phosphine, acetonitrile, or cymene ligands; and finally organo-
lanthanides.®® Two reviews provide a comprehensive overview of the latest progress in the

transition metal catalyzed hydrosilylation of alkene.?’

This thesis aims to model and study a series of rhodium complexes as potential catalysts
for the hydrosilylation of alkene. Traditionally, rhodium complexes were considered rather as
catalysts for the hydrosilylation of carbon-heteroatom multiple bonds than for alkenes.®® For
instance, besides Gade’s catalyst, the Wilkinson catalyst, Rh(l)-tris-PPhs (triphenyl-
phosphine) chloride, is also a preeminent catalyst for the hydrosilylation of ketones and

5
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imines.®® Ever since the last decade, more rhodium complexes have been reported to be
catalytic active in the hydrosilylation of alkenes, most of them involving phosphine or NHC
as ligands.”™ For example, the regioselectivity in the 1,4-hydrosilylation of isoprene was
investigated using a series of modified Wilkinson catalysts RhCI(PR3)s (R=Bu, Ph, p-
MeCgHs, p-CICsH., p-OMeCgH,) and RhCI(CX)(PPhs), (X=0 or S).* The varied electronic
properties of the ligands were found to have the greatest influence on the regioselectivity,
dominating over external factors such as temperature and solvent.”® In case of Rh(I)-NHC
complexes, the substituents at the imidazolium ligand play an essential role in tuning the
catalytic activity and selectivity of the hydrosilylation of alkenes by triethoxysilane.”™ These
catalytic species are active in the ionic liquid BMimPFs (1-butyl-3-methylimidazolium
hexafluorophosphate), too, performing notably, and they can be reused apparently without
loss of catalytic activity and selectivity.®* The most recent example is an experimental study
on the application of [Rh(COD)(NHC)(OH)] as catalyst for the hydrosilylation of 1-hexene
by HSiEts.*? In that study, variants of modified NHC ligands are involved, such as IPr, ICy,
IDD and li-PrMe, which are all N-substituted unsaturated NHCs:;** for compound
abbreviations, see reference 32. The various substituents at the wingtip N-atom apparently
promoted the catalytic activity and regio-control, due to the resulting different steric demand

2720
2380
2040
1700
1360
1020

680 W

340

\

O T T T T T T T
Jan 2011 Jul 2011 Jan 2012 Jul 2012 Jan 2013 Jul 2013 Jan 2014

M Platinum [l Palladium [l Rhodium Iridium [l Ruthenium

Figure 2.3. Market prices of noble metals commonly applied in catalysis (blue: platinum,
red: palladium, green: rhodium, yellow: iridium, and purple: ruthenium) from January 2011
to January 2014, in US dollar per ounce (US$/0z., 1 oz. = 28.3 g). Information source:
http://www.platinum.matthey.com/pgm-—prices/price—charts/.
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of the NHC ligand.* In comparison, in Chapter 6, | will present other factors of influence
which dominate over the N-substituents. The difference between the experimental results and
the current theoretical results can be due to one change in the catalyst structure — the ligands
in the current models are bidentate instead of monodentate.

—metallocene ——phosphine NHC
800

g 700 /\
£ 600 /\/\,
£ 500
& 400
; 300
g 200
= 100
0

1992 1997 2002 2007 2012
Years

Figure 2.4. Publication trends in organometallic studies on three types of catalyst, from 1992
to 2012. Data source: I1SI Web of Knowledge, Dec. 2012.

With respect to the transition metal catalyzed hydrosilylation of ketones, alkynes and
alkenes, the most commonly applied ligands fall into three categories, namely
cyclopentadienyl (e.g., Cp*), phosphine ( e.g., PPhs) and NHC (e.g., imidazoline) ligands. A
drastically increased amount of publications on the last ligand family indicates a growing
interest in the innovation of classical catalyst ligands (Figure 2.4). Recently, numerous
reviews on TM-NHC complexes in the context of catalysis chemistry were published as a
consequence of the rapid development in this chemistry. Among them two representative
reviews are “Donor-Functionalised N-heterocyclic Carbene Complexes of Group 9 and 10

2
19

metals in Catalysis: Trends and Directions” by Normand et al.” and “Syntheses of Metal

Complexes of N-Heterocyclic Carbenes and Recent Progress in Carbon-Carbon Multiple

I.”* These reviews address versatile transition metals

Bonds Hydrosilylation” by Peng et a
including platinum, palladium, rhodium, cobalt, nickel, iridium, as well as ruthenium and
gave extensive summaries of the application area, reviewing the research trends and
directions. In Section 2.3, the synthesis, stability, bond properties of various types of NHC
and several selected representing TM-NHC complexes will be introduced and discussed in
detail. This intensified research on the catalysts has naturally promoted the exploration of the
corresponding catalytic mechanisms. In the next chapter, | will introduce the most widely

studied mechanisms of the transition metal catalyzed hydrosilylation of alkenes.
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2.2 Mechanisms for the Catalyzed Hydrosilylation of Alkene

In Figure 2.5, the four most studied mechanisms for catalyzed hydrosilylation of alkenes are
illustrated with their key intermediates (IM) and transition states (TS), on the example of a
Rh catalyzed reaction.”® These are the a) Glaser-Tilley***” (GT), b) Chalk-Harrod® (CH), c)
modified Chalk-Harrod**** (mCH), and d) o-bond metathesis**® (SBM) mechanisms.
Depending on the mechanism, the reactants silane and alkene are added consecutively
(Structure A, B; Figure 2.5) or synchronous (Structure C; Figure 2.5) to the catalyst. In the
GT mechanism, a silylene complex is formed in the initial stage, involving two hydrogen
bonds between a primary silane and the metal center, followed by insertion of the C—C
double bond into a Si—H bond, and replacement of the product by an additional reactant.?!
The mechanisms CH and mCH start with coupled oxidative addition of silane.** In the CH
mechanism, first a C—H bond, then a C—Si bond is formed. The order of these bond
formations is reversed in the mCH mechanism. Along both pathways, a common intermediate
D (Figure 2.5) is formed after the stepwise bond formations. The two mechanisms CH and

a)GT b) CH - outer ring . /SiHa
Hooow B ¢) mCH - inner ring [Rh] H
CH,CH, YRAI=SIZ l
WO C /sH
|
ks M
A H B H‘ ]
el *RA=Si
[RQ]—;}Sl\H \ L \H
SiHa
H3SiCH,CHs
. /S|H3 S|H4
[RA] H
d) SBM AN
SiH
? ask SiH3
[Rh}—H E o | e
; H---"[Rh]
H3SiCH,CHs HaSi"----1
CH,CH,
+ ~H
H—Rh] \J/ ./
sy “H-SH

Figure 2.5. Overview of the catalytic cycles of four mechanisms of hydrosilylation: (a)
Glaser-Tilley (GT); (b) Chalk-Harrod (CH); (c) Modified Chalk-Harrod (mCH); (d) s-Bond
Metathesis (SBM). Crucial intermediates and transition states are labeled by letters: GT1 - A,
GT3-B, CH1-C, CH6 - D, and SBM5—-6 — E. Adapted from Ref. 93.
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mCH then reunite and end in a concerted elimination of the product. The SBM mechanism is
characterized by the four-member transition state-E (Figure 2.5), where simultaneously M—H
and C—Si bonds are formed, and M—C and Si—H bonds cleave to build the product. The last
step occurs, similarly as in the CH and mCH mechanisms, while the product is exchanged for
another alkene molecule, thus starting the subsequent catalysis cycle.

Apart from these four general mechanisms, alternative mechanisms mostly focused on
variations of certain elementary steps such as the oxidative addition of reactants and
hydrogen shift reactions. Among them the most successful works are the proposal of the

75

“olefin first” mechanism for group VI metallocene catalysts,” and the “silyl migration”

mechanism for cyclopentadienyl rhodium complexes.”

In the next section, an introduction is given in chronological order for the development
of the four main mechanisms.

2.2.1 Chalk-Harrod Mechanism

The CH mechanism was proposed® to rationalize the first observed homogeneously

catalyzed hydrosilylation of alkenes by Speier et al.**

That suggestion aimed at providing a
better mechanistic understanding of the catalyzed hydrosilylation reaction, which was still not

fully understood at that time.

Initially, the authors were considering a general mechanism for all transition metal
catalysts with a d® electronic configuration.®® For that purpose, they carried out experiments
not only with the original platinum(Il) Speier catalyst but also with analogous iridium(l)
complexes.® Although a coincidental coordination of silyl- and hydride fragments was not
found in case of the platinum(ll) complex, the corresponding iridium(lll) intermediate was
identified using infrared spectroscopy.® This evidence proved the occurrence of oxidative
addition with full separation and addition of the silyl- and hydride moieties, which is an
essential elementary step of the CH mechanism (Figure 2.6, upper part). The subsequent step
was explored on the occasion of the laboratory observation, that the hydrosilylation reaction
was accompanied by an olefin isomerization reaction in the presence of silane and the
catalyst.®® For example, the a-B-isomerization of 1-hexene and the cis-trans-isomerization of
the consequently formed 2-hexene occur frequently.®® Based on a kinetic analysis of several
conceivable alternative pathways, the authors concluded that an isomerization during the
hydrosilylation requires a sufficiently long lifetime of intermediate 3 in Figure 2.6, a hydride-
olefin complex. This shows that the hydride moiety is added onto the olefin before the silyl
moiety (“hydrogenation first”). Another hint worth noting is the relation between the rate
constants of the preceding and the following elementary steps of the equilibrium between 2
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and 3 (steps 1 — 2 and 3 — 1; Figure 2.6, lower part). A long lifetime of intermediate 3 is
only possible if k; is notably larger than ks, with the ratio ki:ks being about 5:1 according to
the ratio between the yield of olefin isomers and the introduced reactants at the beginning.
This actually suggested the last step 3 — 1 to be relatively challenging from a Kinetic point of
view, though not stated explicitly by the authors.®

Later, this point was confirmed by other mechanistic studies which studied the reductive
elimination in more detail for a reaction catalyzed by an iron carbonyl anion.****%® According
to recent theoretical studies, this elementary step sometimes even turned out to be rate-

determining with respect to the overall catalytic cycle.?***%" %

Back to the study of Chalk and Harrod, the catalytic cycle closes with species 1. An
adduct of the catalyst and the internal olefin is regenerated as the catalytic active species,
after the product hydrosilane is eliminated.®® An overview of the complete CH mechanism is
analogous to the scheme shown in Figure 2.5. The proposal of the CH mechanism
successfully clarified the process of oxidative addition of silanes and rationalized the
formation of by-products due to an a-8-hydrogen shift.*®

SIR,
(CH)P~_ _CO | (CeHaP_ | _co
(CsHs)aP/(l)lr\Cl + SHR, ———» (CsHs)aF’ﬂ")li\H
cl
\/ V
_ ” | s ko
I ~we” * SHR, ——= Ty
N IO
/\ A
1 2
R A
~, TS N AR A
TN D A2
/\
3 1 4

Figure 2.6. The original Chalk-Harrod Mechanism, comprising the crucial steps 1—2
oxidative addition of the silane, 2—3 formation of the C—H bond, and 3—4 reductive
elimination, introducing a second ethene, Note that ki, k» > ks. The central metal can be
platinum, iridium or rhodium. Adapted from Ref. 38.
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2.2.2 Modified Chalk-Harrod Mechanism

One shortcoming of the CH mechanism is that it failed to rationalize the formation of
alkenylsilane as side product, which also has been observed during the hydrosilylation of
alkenes.**4%9"% This side product is formed via the dehydrogenative hydrosilylation, while
the retained C—C double bond and the C—Si bond formed suggest that the silylation step
cannot be a step following hydrogenation.** The modified Chalk-Harrod (mCH) mechanism,
also known as the Seitz-Wrighton mechanism, was suggested in 1988 to solve this problem.**

Originally, this mechanism was proposed for a photochemical reaction: the
hydrosilylation of ethylene catalyzed by the cobalt complex [(CO),Co-SiR3], a follow-up
study of the analogous iron complex [(Cp*)(CO).Fe-SiRs].* It was observed that during the
initial activation of the catalyst (UV-irradiation), alkenylsilane was formed (detected by gas-
chromatography) instead of the expected hydrosilylation product.* The authors then traced
this side reaction by Fourier transform infrared spectroscopy (FTIR) and, in consequence,
adjusted the mechanism, Figure 2.7a.** They suggested that the side reaction takes place
when silane is lacking. Especially, the formation of the free vinylsilane and the acyl complex
[(CO)4Co-C(O)C,Hs] (see species 4 and 7 in Figure 2.7a) indicated a-f-elimination step of
the key species [(CO)3;Co-CH,CH,SiR3] (species 1 in Figure 2.7a), a product of the insertion
of the double bonded C—C species into the Co—Si bond. In this way, the characteristic feature
of the mCH mechanism — “silylation first” — was indirectly shown. Due to the instability of
the cobalt alkyl complexes, the authors failed to monitor further elementary steps by FTIR to
complete the catalytic cycle.** The proposed remaining steps of the mechanism are the result
of a convincing speculation based on *H-NMR observations rather than a conclusion from
concrete evidence.** The complete catalytic cycle is shown in Figure 2.7b.**

The proposal of the mCH mechanism improved the CH mechanism appreciably, as it
brings up the matter of an alterable sequence of the two crucial elementary steps in a
catalyzed hydrosilylation reaction, namely hydrogenation and silylation of the alkene.
Together with the CH mechanism, the mCH mechanism provides reasonable rationalizations
for the two experimentally most often observed side products of a transition metal catalyzed
hydrosilylation of alkenes.
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/‘ CO),Co-SiR,;] \\
T
[(CO)aTa -CH,CH,SIR,] [(CO);Co-SiR;]
SiR, '/sz
[(CO);Co-CH,CH,SIR]
R,SiH

Figure 2.7. a) Mechanism of S-elimination — evidence for C—C insertion into the M—Si bond.
b) Complete catalytic cycle of the modified Chalk-Harrod mechanism with a cobalt complex.

Adapted from Ref. 44.

2.2.3 c-Bond Metathesis Mechanism

The o-bond metathesis (SBM) mechanism was originally proposed for the C—H activation of
methane, as an alternative to the conventional oxidative addition, especially for d° complexes
where oxidative addition is impossible.* The first experimental indications of the SBM
mechanism were hydrogen-deuterium-isotope exchanges between the reactant methane and
the catalysts, most of them being complexes of lanthanides and actinide and of early
transition metals.*® As shown in the general trajectory (cleavage of the M—X bond by a Y-H
bond, Figure 2.8a), the Y—H bond was cleaved along with the M—X bond, by receiving the
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electrons from the M—X bonding orbitals instead of from the metal d orbitals.* The SBM
mechanism was adapted for a series of catalyzed chemical transformations. For instance,
Tilley et al. first proposed a new route to d° metal silyl complexes via the SBM mechanism in
the zirconium and hafnium catalyzed photochemical oligomerization of silanes.*® Later, the
SBM mechanism was suggested to rationalize the hydrosilylation reactions of
alkenes.*®1%1% Corey and Zhu studied Cp,MCl/nBuLi (M = Ti, Zr, Hf), an efficient catalyst
system not only for the standard hydrosilylation of alkenes but also for coupled isomerization
and hydrosilylation of internal olefins and dehydrocoupling reactions.’® They scanned all
plausible pathways and obtained three main products: RCH,CH,SiMePhH, product of the
hydrosilylation of olefins; R*CH,CH,SiMePhH (* denotes the isomerized olefin), the
product of the coupled isomerization and hydrosilylation of internal olefins; as well as
RCH=C(SiPhMeH)R, the product of dehydrocoupling.'®* The authors focused on enhancing
the selectivity of the reaction with respect to specified products by systematically varying the
reactant alkene from an electronic and steric point of view, while the other reactant was kept
as the secondary silane PhMeSiH,."* Based on their experimental findings, an overview of
all interconnected alternative mechanistic pathways was proposed.® It ensues from the
active species Cp,ZrHSIiR; (Figure 2.8b), which is generated from the original complex
Cp,ZrCl, (pre-catalyst) and nBuLi in the presence of PMes; and PhMeSiH,.** The route of
the SBM leads to the formation of species 3 (Figure 2.8b), an adduct of a metal
cyclopentadienyl complex and a silane.’®* Starting from species 3 (Figure 2.8b-c), further
processes follow, either hydrosilylation or dehydrocoupling/hydrogenation pathways,
depending on the type of olefins added. Both variants ended with the regeneration of species
3 (Figure 2.8¢c)"®

An overview over the fundamental studies on the C—H activation of alkanes (analog to
the activation of Si—H in the paragraph above) has counted the metal-alkyl SBM metathesis
(Figure 2.8d) as one of the most important classes.*® Kinetic experiments were reported to
support this mechanism: (i) the first—order rate constant of the reactions depend on the
concentrations of both the metal complex and the alkane, hinting at a transition state
constituted of equally participating metal complex and alkane. (ii) The entropy of activation
is strongly negative, which is typical for associative mechanisms entailing significant
organization. (iii) The relatively high primary kinetic deuterium isotope effect of an activated
deuterated alkane substrate (ku/kp = 3—6) indicates significant C—H bond cleavage in the
transition state.*
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As a side remark on the SBM mechanism, note that it was initially explored for Cp-based
catalytic system. The first mechanistic study assigning the SBM mechanism to a non-Cp-
based catalytic system was an experiment investigating yttrium complexes catalyzed
hydrosilylation of alkene.’® In that study, the metathesis reaction was determined to be a
slow process, following the fast olefin insertion into a reactive metal hydride bond.'%

? N y—H
Y—H H o
LM—X — LM—X —— L M----X > L M—Y
-X—H
b) /\ N
ZrCp; = - CpZ |
1
/HSiR3
Y
P PANT
CraZr_ |
\
~SiR,
Y
Reductive elimination - B- hydride elimination
NG ., —» CpZrH
R+ SR, =— o Y AT IS SR,
2
2 \H 4
SBM i/HSiRa
i ¢
H /H
Cp,Zr---- :'< | —= Cp,zr + 7SR,
i : SR, Y
RSi——H . 3

Figure 2.8. a) General procedure of s-Bond metathesis. b) SBM as one of the alternative
pathways for the zinc metallocene catalyst. Adapted from Refs. 45 and 101.
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SiMe,

Hydrogenation

Figure 2.8 (continued). c) Catalyst regeneration in the SBM mechanism for the zinc
metallocene catalyst. d) Crucial transition state suggested for the metal-alkyl SBM
mechanism. Adapted from Refs. 46 and 101.

2.2.4 Glaser-Tilley Mechanism

The GT mechanism was proposed later than the other three mechanisms for a catalysis
system based on a cationic Ru(l) complex: [Cp*('PrsP)(Hz)Ru=Si(H)PhEt,O][B(CsFs)s].>
The catalyzed reactions are the hydrosilylation of 1-hexene, ethylene, cyclohexene, styrene,
and 1-methylcyclohexene, with mono-substituted silanes PhSiHz; and HexSiHz.?* In most
cases the catalysis was successful with respect to the yield of the desired product, between
70% and 94%, except for two cases PhSiHs/ethylene and HexSiHs/1-hexene, with yields of
54% and 50%, respectively.?> Characteristic feature of this series of reactions is their
insensitivity to the steric properties of alkenes, which cannot be explained with the so far
well-established CH, mCH, or SBM mechanisms.? Experimentally, the addition of a
deuterated reactant, ethylene, in excess led to the formation of the pure isotopomer
PhSi(H).CD,CD-H, suggesting an irreversible olefin insertion — different from the reversible
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type found in the deuteration experiments for the other mechanisms.”®%%% Tq rationalize
this observation, a concerted addition of the C—C double bond across the Si—H bond was
proposed, in a manner analogous to the step of B—C bond formation in the hydroboration of
alkenes.” The hypothesis is theoretically comprehensible, as the 3-fold coordinated cationic
silicon center is formally isoelectronic with the monomeric boranes (Figure 2.9a).%* The full
catalytic cycle is shown in Figure 2.9b. A theoretical work explored the barriers and
energetics of this newly proposed mechanism in comparison with the CH and mCH
mechanisms for a simplified reaction model.*” That study revealed the energy profile of the
GT mechanism, involving rate-determining activation barriers at the essential step, the C—C
bond insertion into the Si—H bond in the initial phase, and the isomerization steps leading to
the regeneration of the catalytic active silylene species in the end phase.” More detailed
results of this work will be discussed in Chapter 4, where results of this earlier work will be
compared to the present results obtained in this thesis.

® «H ® H R ! H [R®] S‘..‘\\\\CHzCWR
uy=Ssi. -=-— [Ru—Si, — | [RU—Si, —» [RU=Si
. e e ~vpy,
b) /\/SiHQR H.SIR
Rl
®
[Ru]

[Ru] = Cp*(P'Pr3)Ru

H

Figure 2.9. a) Insertion of the alkene into the Si—H bond of the three-coordinated cationic
silicon center. b) Catalytic cycle of the Glaser—Tilley mechanism with a Ru(l) silylene
complex. Adapted from Ref. 21.
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2.2.5 Oxidative Addition of Silane

According to recent computational studies, the oxidative addition of silanes and the reductive
elimination of the product are the two energy demanding steps in the catalyzed
hydrosilylation of alkenes.?2?*3" The latter process can be viewed as the reversed form of the
first one. This reaction pair is not only important for the catalyzed hydrosilylation of alkenes,
but also occurs in various other catalytic reactions, which are stoichiometric with regard to
the silane.”*'% For this reason, it is worthwhile to discuss this important step in a separate
section.

Oxidative addition of silanes to transition metal complexes was normally studied on the
example of stable transition metal silyl compounds.’® Extensive experimental data and
theoretical results, along with the conditions and challenges of the formation of transition
metal silyl complexes was reviewed by Corey and Braddock-Wilking.'®® They introduced
two terms to classify the main interactions between the metal complex and the silane moiety.
The “classical” oxidative addition denotes the bonding nature of the transition metal silyl
compounds in a two-center, two-electron fashion. The term “nonclassical” oxidative addition
was assigned to a three-center, two-electron bonding situation (Figure 2.10a).'® One feature
of the more complicated nonclassical oxidative addition is the formation of a s-complex
involving an agostic bond.'® The extent of such an agostic interaction, M—(n’>~HSi), depends
on the orbital interactions between the metal center and the silyl moiety, being either a o-
bonding a z-back-bonding interaction; see Figure 2.10b.)%° The first interaction is between
the metal d,-orbital and the o-bonding orbital of Si—H; and the second interaction is between
the metal d,—orbital and the o*—anti—bonding orbital of Si—H.'%® In most cases, the -bonding

interaction dominates.*®

When other ligands are present, the Si—H bond is more basic than
H-H or C—H bonds and a better o-donor.’®® The Si—H bond is weakened when the fraction of
w-back-bonding rises, and the oxidative addition proceeds further in a classical fashion,
resulting in a fully separated Si-H bond.'® Over sixty experimentally characterized
complexes (by EPR, IR, NMR and XRD) were shown to contain a stable TM-Si moiety.
These complexes were based on the triads of titanium, chromium, manganese, iron, cobalt,
and nickel.’® Various compositions include three types of silane (monosilane, secondary, and
tertiary silanes) and two types of scaffold species (mono- and binuclear).’®> Bond dissociation
energies of the M—Si bonds are comparable for Rh and Ir, 48—56 kcal'mol *. M—H bonds are

of comparable strength (Rh), or slightly stronger, 57—61 kcal/mol (Ir).*®
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An improved description of the agostic bonds in a non-classical oxidative addition was

given in a more recent review of Corey,

where the investigated bonding types were
extended and the classification of the M—H-Si interactions refined into seven ranges
according to the Si—H distance (Figure 2.10c). Among them there are two recently reported
interactions: the IHI (interligand hypervalent interactions), and the SISHA (secondary
interactions between a silicon and a hydrogen atom), which were sometimes referred to as
M-H interactions with a silicon center.'®® Figure 2.10c shows a typical range of Si-H
distances and their corresponding bond nature.** A free silane remote from the metal center
has a Si—H bond length of 142—150 pm. The next span 170—180 pm is typical for a o-
complex which crosses over into an agostic bonding and on to an IHI complex during further
bond elongation from 180 pm to 210 pm. Differences between a o-complex, agostic bonding,
and IHI were discussed more explicitly in another review by Nikonov.'”” The SISHA was
identified mostly in polyhydride systems, featuring relatively long Si-H distances of
190-240 pm. Finally, complexes with a Si—H distance longer than 250 pm are referred to as
silyl hydride.** The criteria for distinguishing these six stages of oxidative addition are
mainly based on geometry factors such as bond distances and angles obtained by XRD, as
well as hydride chemical shifts and coupling constants from NMR, and stretching frequencies
from IR spectroscopies.” In the current theoretical study, gradual elongation of an originally
nonactivated Si—H bond was observed, which passes through the state of an agostic bonding
and hydride; see Section 4.2.1.
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Figure 2.10. a) Classical and nonclassical oxidative addition of silane. b) M-(#*-HSi) o-
bonding interaction and M-(s7°-HSi) z-back-bonding interaction. c) Typical range of the Si-H
distances, from left to right: 142—150 pm, 170—180pm, 170—180pm, 180—210 pm, 190—240
pm, 240-250 pm, >250pm. Adapted from Refs. 94 and 105.
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2.3 N-Heterocyclic Carbenes

This thesis explores rhodium complexes with N-heterocyclic carbenes. Ever since the 1960s,
the carbene chemistry has gradually gained in versatility and depth.'®® Traditionally, this
group of chemical compound was classified into two main categories, namely Fischer
carbenes™ and Schrock carbenes'*® (Figure 2.11).

Characteristics of the Fischer carbenes are: (i) metals are in a low oxidation state; (ii)
middle and late transition metals, (iii) z-electron acceptor ligands, and (iv) z-donor
substituents on the carbene atom (e.g., alkoxyl, alkylated amino groups). In contrast, Schrock
carbenes exhibit opposite features: (i) metals are in a high oxidation state; (ii) early transition
metals, (iii) z-electron donor ligands, and (iv) hydrogen and alkyl substituents at the carbene
moiety. These two types of carbenes are remarkably different in the bonding nature of the M-
carbene bond. Fischer carbenes have a o-type electron donation from the lone-pair of the sp?
hybridized orbital at the carbene carbon atom to an empty d-orbital of the metal, and a #-
electron back bonding between a filled d-orbital of the metal and an unoccupied p-orbital of
the carbene carbon atom, being electrophilic and in a singlet state. Schrock carbenes have a
covalent bond between a triplet carbene and a triplet metal moiety, which is polarized

towards the carbene carbon atom, turning it into a nucleophilic center (Figure 2.11).*%®
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Figure 2.11. a) Fischer carbene and b) Schrock carbene. Adapted from Ref. 108.

Both Fisher carbenes and Schrock carbenes are widely applied in the organic synthetic
chemistry, e.g., Fe(0), Mo(0), Cr(0), W(0), Mn(l), and Co(l) complexes (Fischer carbene),

111

and the active complexes generated from the precursor Tebbe’s reagent™ (Schrock carbene),

as well as Grubbs’ catalyst (Schrock carbene); see Figure 2.12. Application areas of these

carbenes are, e.g., the Wulff-Détz reaction'**** for the generation of phenolic compounds

(Fischer carbene), olefin metathesis™***°

111

(Schrock carbene), and alcohol reduction to alkenes
(Schrock carbene).
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C5H5 C|HA|M62

Figure 2.12. Examples for a Fischer carbene and a Schrock carbene: catalyst for the Wulff-
Dotz reaction (left) and the in-situ generated catalytic species from Tebbe reagent (right).
Adapted from Refs. 111 and 112.

2.3.1 Early Synthesis of NHC

The first N—heterocyclic carbenes were considered as a subclass of the Fischer carbene.''®
Yet in this case, the z-back donation from the metal to the carbene is negligibly small so that
the carbene ligands are stable enough to be isolated and can be synthesized as free species,*'

though it was first discovered as ligand in transition metal carbene complexes.**®

Wanzlick and Schonherr treated phenylimidazolium perchlorate with mercury acetate in
dimethyl sulfoxide (DMSQ) and obtained the complex bis(1,3-diphenylimidayolio)mercury
diperchlorate, which is heat-resistant (m.p. ca. 370°C) and stable with respect to acid (Figure
2.13a)."° However, the back reaction was easily stimulated by traces of hydrogen sulfide
involved in DMSO, and the original perchlorate salt and mercury sulfide were formed (Figure
2.13a).M° The novel compound, a transition metal carbene, was identified by NMR.**

At the same time, Ofele intended to adapt an in situ synthetic strategy to generate the

117

pyridinium alike NHC cation™™" (Figure 2.13b). Surprisingly, via simple heating in high

vacuum a new transition metal carbene complex was synthesized instead, in good yield.**’
The chemical constitution thereof was confirmed by NMR spectroscopy, as it exhibited the
same upfield shift on conversion from the imidazolium cation to a carbene ligand as reported

before by Wanzlick and Schénherr''®

who furthermore characterized it by IR and UV
spectroscopy.’*” The NHC-chromium-carbonyl compound was found to be chemical robust,
air-stable, and decomposed only above 175°C. It also features good solubility in common
organic solvents such as ether, tetrachloromethane, alcohol, and benzene, but is insoluble in
water. This preliminary communication soon stimulated great interest in a direct synthesis of
transition metal NHC complexes as well as in further studies of their chemical properties and

applications in catalysis.*®
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Figure 2.13. Pioneering studies on the metal-NHC compound: a) the discovery of Hg(I1)-bis-
NHC by Wanzlick and Schénherr and b) the isolation of a Cr(11)-NHC complex by Ofele.
Adapted from Refs. 116 and 117.

One of the earliest reviews on transition metal-carbene complexes was published already
in 1972.1'8 Representatives of different kinds of carbene compounds were introduced (Figure
2.14).™® The synthesis of modified carbene ligand was reported and the reactivity of such
transition-metal complexes was found to depend on the metal center.'® One of the most
noticeable finding was the synthesis of the complexes bearing saturated NHCs - the
dihydroimidazolinylidene.*'® As reported in the related experimental works, the electron-rich
dimers of such carbenes are susceptible to electrophilic transition metal complexes, the so-
called “carbene traps”, and can facilely form the corresponding transition metal-carbene
complexes.™™® Note this is a different strategy than the direct synthesis of complexes with
unsaturated NHCs reported earlier, which proceeds via a deprotonation reaction.**’

The next milestone in NHC chemistry was the breakthrough isolation of five free
carbenes by Arduengo et al.'?® In 1991, Arduengo and co-worker reported the synthesis,
structure and characterization of the first crystalline carbene.”® The 1,3-di-I-
adamantylimidazol-2-ylidene (the product complex in Figure 2.15) was synthesized via
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deprotonation of 1.3-di-1-adamantylimidazolium chloride (the reactant complex in Figure
2.15) in THF (tetrahydrofuran) at room temperature.*?°

— 1 =0 =

Figure 2.14. Different kinds of heterocyclic carbenes of the first generation. Adapted from
Reference 118.
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Figure 2.15. Synthesis of the first isolable NHC by Arduengo et al. Adapted from Ref. 120.

The product is oxygen- and moisture-sensitive and otherwise Kkinetically and
thermodynamically stable, its melting point being 240-241°C.*?° The stability of the carbene
was speculated to be enhanced by z-donation of the electron rich z-system (N—-C=C—N) into
the p—orbital of the carbene carbon atom, as well as the lowering of the in-plane carbene
orbital by the more electronegative nitrogen atoms.?® The importance of z-donation was first
highlighted by Wanzlick et al. in a series of publications directed towards the synthesis of
nucleophilic carbenes.® They especially suggested enhancing the stability by varying the
electronic features of the N atoms adjacent to the carbene atom.*** In one study they
emphasized this philosophy — “Wir missen uns daran gewohnen, dass sehr grofRe
Unterschiede in der chemischen Reaktivitat auf geringen lokalen Uberschussladungen
beruhen.” (Translated: “We should get used to the view that the great differences in the
chemical reactivity are caused by small local excess charges.”)'?? Besides such electronic
factors, the steric point of view is also to be noted. Bulky substituents at the wingtip nitrogen
atoms, e.g., adamantyl in Figure 2.15, also enhance the stability by hindering such species
from participating in coupling reactions with available electrophilic moieties.*?
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2.3.2 Development of the TM-NHC Complexes

The isolation of the NHC compounds enabled the synthesis of versatile metal-NHC
complexes. Research findings of the blooming period of the late 90s were extensively
documented by Herrmann in the review “N-Heterocyclic carbenes as ligands for metal
complexes — challenging phosphine ligands in homogeneous catalysis”.*?® In this review,
results of comparative studies between NHCs and phosphines (trialkylphosphanes and
alkylphosphinates) were summarized, most of them being PhD works at Technische
Universitdt Miinchen from 1992 to 2001.' The similarity in the electronic nature of the
NHC and phosphine was revealed by spectroscopic studies.”**?®* From structural and
thermochemical studies it was also concluded that NHC ligands bearing alkyl, aryl, amine,
and ether N-substituents are in most cases better donors than the phosphine ligands.*?**?* To
establish an easy access to NHC derivatives and their catalytic properties in versatile
reactions, the so-called “ammonia method” was described for large-scale synthesis (Figure
2.16).%
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Figure 2.16. The ammonia method for large-scale synthesis of functionalized carbenes.
Adapted from Ref. 123.

It was also noted that the oxidation reagent OsO, can be added across the C—C backbone
of five-member NHCs (Figure 2.17), which revealed a rare reactivity of the NHC ligand.'?®
According to Herrmann and co-workers, this reaction suggested little z-aromaticity of this
class of NHC,*?® which is in accordance with a subsequently published charge-density study
on free and metal-coordinated N-heterocyclic carbenes.’?**?* Regarding metal coordination
chemistry, this review pointed out the unique bonding feature of the M-NHC bond, compared
to the conventional Fischer and Schrock-type of carbenes, e.g., the rather long bond length (>
210 pm vs. < 200 pm).*?® Furthermore, the steric flexibility of the NHC ligand was
speculated to be the result of substantially reduced “z-backbonding”, which supposedly
changes the nature of the bond from “double bond-like” in the Schrock and Fischer carbenes
to “single bond-like” in the NHCs.**® For example, the NHCs can rotate around the metal-
carbon axis depending on the steric requirement, being much more adaptable than the
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classical Fischer- and Schrock-carbenes.'?® That review? gives a comprehensive summary

of the catalytic properties of metal-NHC complexes in versatile chemical transformations,

126,127 128-130

including Heck and Suzuki coupling, aryl amination,

134

amide a-arylation,
hydrosilylation, olefin metathesis,****** Sonogashira coupling,** ethylene/carbon monoxide
copolymerization,™®®  Kumada coupling,*®*  Stille  coupling,”*’,  hydrogenation,™®
hydroformylation,**® alkyne coupling,**® olefin cyclopropanation,*** arylation and
alkenylation of aldehydes,**? reduction of aryl halides,**® atom-transfer radical

144 and asymmetric catalysis in hydrosilylation reactions.**®> In addition,

polymerization,
further considerations such as the beneficial ionic liquid effects of the imidazolium salts, and

strategies to avoid catalyst leaching were summarized.®’

CHj

Figure 2.17. The first recorded reaction happening at the C—C backbone of NHC. Adapted
from Ref. 123.

Another extensive review by Crabtree studied the application of NHCs in comparison to
other well established ligands — “NHC ligands versus cyclopentadienyl and phosphine as
spectator ligands in organometallic catalysis”.**® As already mentioned in Section 2.1, NHC,
phosphine and cyclopentadienyl are the three main classes of ligands which are routinely
applied in a wide range of metal complex catalysts. This more recent review compared them
with respect to accessibility, synthesis, functionalization, degradation and cyclometallation.*®
It was pointed out that with respect to ligand substitution, the NHC maintains its advantages
over phosphine, because the substituents are not directly attached to the donor atom — the
carbene carbon atom, but to the adjacent nitrogen atoms or the carbon atoms on the backbone
(Figure 2.18).*® In other words, the immediate electronic environment of the carbene does
not have to be changed along with the total steric demand, as suggested by computational
results (DFT calculated frequencies).****" As a result, steric and electronic factors can be
treated independently in an approximate way.'*® In case a separate analysis of the electronic
effect is required, the author suggested to vary the nature of the azole ring, to achieve a
significant and analyzable change.'*®

24



Background

— 3 "

N 2

~< N\R |:|>
M

M

1
R

Figure 2.18. Comparison of substituted NHC and phosphine ligand. In an NHC ligand,
substitution is at the N1/N3 or C4/C5 atoms, avoiding a direct influence on the metal-ligand
bond; in a phosphine ligand, substitution is at the phosphor atom, which is directly bonded to
the metal. Adapted from Ref. 146.

Turning to the chelate NHC ligands, Crabtree reported significant coherence between the
length of the linker and the orientation of the azole rings.**® In one metallation experiment,
the factor of orientation turned out to be decisive for the selectivity of two competitive

reaction pathways (Figure 2.19).*4°

Whereas a methylene or ethylene linker favored the non-
chelated product with coplanar NHCs, linkers consisting of more than three carbon atoms led
to the formation of a chelate product with parallel orientated NHCs.**® The author counted
this effect as an analogy of the use of a linker group in the ansa-metallocene, which is applied
to fix the indenyl ligands.** It was also speculated that the rotational orientation by varying
the linkage length is more important for the fan-shaped NHC ligands than the cone-shaped

Cp or phosphine ligands**® (Figure 2.18).

Finally, Olaf Kihl in his review “The chemistry of functionalised N—heterocyclic
carbenes”, summarized the targeted synthesis of various NHC moieties.'*® He supplied rich
background information about the synthesis of versatile NHCs carrying phosphine-, amino-,
imino-, or oxygen functionalities.**® Synthetic strategies were explained by considering the
acidity/basicity of the source compound imidazole, the stability of the functional groups
relative to base and temperature, as well as the chiral moieties carried by the NHC.**® In a
nutshell, the “gold rule” is to introduce the functional group first and generate the carbene
last.**® Exceptions were only found in cases where the carbene carbon atom was situated in a
complicate surrounding, e.g., when the proton at the C2 atom and the protons from a
secondary amine substituent compete during deprotonation, or when the C2 atom and the
protons from an extended side chain at the N1/N3 atoms can interact. ****° In such cases, a
bulky base for deprotonation or shielding the side-chain protons with protecting groups
should be used. *481%°
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Turning to the catalysis, besides a group of cross-coupling reactions where the
phosphines and carbenes were successfully employed,*?***8*%! the catalytic activity of achiral
functionalized NHCs with established bis-carbene or bis-phosphino chelates were
compared.'® The catalytic performance due to functionalization was considered to be less
efficient than that due to the chelate effect.’*® Nevertheless, chiral modifications of NHC by
introducing a rigid scaffold at the nitrogen atoms are considered as a viable concept for

asymmetric catalysis. 6148152

The three abovementioned reviews complement each other regarding the research in the
field of NHC. Pertinent research activities are growing at a rapid pace, and the topic has been
thoroughly studied. Though an overview of all important research projects cannot be given
within the scope of this dissertation, representative works regarding the main categories will
be mentioned in the subsequent chapters.
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Figure 2.19. lllustration of the linkage effect. A non-chelated complex with NHC ligands
placed in coplanar fashion (left) is compared to a chelated complex with NHC ligands
arranged in parallel fashion. Adapted from Ref. 146.
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2.3.3 Stability and Aromaticity of NHC

Before the discovery of NHC, carbenes were mostly transient and highly reactive species of
short life time, such as Fischer'® and Schrock™® carbenes. The noticeable stability of a
simple imidazol-2-ylidene carbene has attracted great interest in the investigation of the
responsible electronic factors.*>* The first experimental study on the stability of carbenes
can be traced back to 1991.° Supported by structural information from an X-ray analysis
and ab initio calculations from the same group, Arduengo et al. drew the conclusion that the
ylidic character of this compound is rather weak, and the cyclic p,-p. delocalization is not
extensive either.*? This was followed by a theoretical investigation by Cioslowski, done at

154 and covalent bond orders™®

the MP2 level.*®® He determined the localized natural orbitals
to examine the electron distribution.’>® He compared the parent carbenium ion and an
imidazolium cation."®® According to his interpretation of electronic wavefunctions, he
concluded that the stability of this carbene is mainly due to o-backdonation from the carbenic
carbon to the adjacent nitrogen atoms, while the z-donation from nitrogen to carbon plays

%% in accordance with the suggestions of Arduengo.'® Furthermore,

only a minor role,
Cioslowski pointed out, that the z-electron stabilization has contributed to the unusually large
proton affinity rather than the stability of the NHC.**® As evidence, he listed the topological
change of one of the occupied localized natural orbitals (orbital 17 in Figure 2.20a and Figure
2.20b) and the high exothermicity of the protonation reaction.**® Comparing orbital 17 with
other orbitals (Figure 2.20b), it can be seen that the C—H bond which is formed during
protonation is of covalent nature, being similar to the other C—H bonds, e.g., orbital 14, 18,

and 20, but less ionic than the orbitals 8, 10, and 12.1*

Early comparative studies on the saturated and unsaturated NHCs considered above all
their different stabilities.” Heinemann and Thiel concluded from optimizations at the closed-
and open-shell restricted Hartree-Fock (RHF) level, followed by single-point calculations
using Magller-Plesset perturbation theory MP2/MP3 and a TZ2P basis set that the prototype of
the first isolated stable NHC has a substantially higher singlet-triplet splitting than its
saturated analogue, AEs r(unsaturated) — AEg r(saturated) > 15 kcal-mol™ (imidazol-2-

156

ylidene vs. imidazolin-2-ylidene)™ Kinetic stability of unsaturated NHCs was confirmed

towards the 1,2-hydrogen shifts (AE, > 45 kcal-mol™, E, = activation energy)."*’

More criteria were established to learn about the role of z-electron delocalization, e.g.,
the magnetic susceptibility, the Laplacian charge distributions, and low-energy ionization
processes such as removal of an electron from the lone-pair carbenic carbon.*® An

alternative charge analysis, following the *“atoms in molecules” approach, was used to
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evaluate the role of cyclic electron delocalization.**® Accordingly, the electron delocalization

in a unsaturated NHC is by far less pronounced comparing to benzene or the imidazolium

cation.”® A study of Frenking et al. revealed a dramatically reduced aromaticity of the

substituted NHCs compared to those of benzene derivatives and traced it to the facilitated

accommodation of the lone pair electrons by the endocyclic nitrogen atoms. That study relied
on calculations carried out at the BP86/def2-TZVPP and MP2/def2-TZVPP levels of

theory.**®

In a review, Bourissou et al. discussed in detail the stability of various types of carbenes,

including NHCs with different N-substituents.'®® Particularly, the important role of the z-

donation from the amino group was demonstrated by a modified NHC, comprising two
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Figure 2.20. Occupied localized natural orbitals of a) the molecule CsHgN, (1,3-
dimethylimidazole and b) CsHgN,", the corresponding imidazolium cation. Orbital 17 in b)

corresponds to the C—H bond. Adapted from Ref. 153.
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bipyridine frameworks (Figure 2.21).%° The additional electrons can delocalize into the bond
between the carbenic carbon and the attached donor or acceptor fragment (Figure 2.21).*%
Hahn gave more examples of extensively substituted NHCs — both symmetrically and

asymmetrically (Figure 2.22).*" The stability of the NHCs also sparked interest in the

synthesis of analogous heterocycles such as thiazol-2-ylidene, oxazol-2-ylidene, and PHC,
2.161

see Figure 2.2

Figure 2.21. Modification of the electronic properties of carbenes by using a 2,2’ -bipyridine
framework. D: donor, A: acceptor. Adapted from Ref. 160.

/ \ / » _H
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Figure 2.22. N-heterocyclic carbene vs. thiazol-2-ylidene, oxazol-2-ylidene, and P-
heretocyclic carbene. Adapted from Ref. 161.

A rather exotic carbene compound is the divalent carbon(0) C(NHC), (formally a
fragment of NHC), inspired by analogue carbodiphosphoranes C(PRs),.*** This compound
opens a new aspect in the application of NHC moieties. An NBO analysis suggested the
Lewis structure to be C=C=C, in a bonding situation of the type NHC—C«NHC.'®® The
NHC moieties were considered as closed-shell ligands, while the carbon atom has two lone
pairs of o- and 7- symmetry respectively.'®® The calculations were carried out at the level of
BP86/TZ2P.1%

In the following I will briefly describe how one can assess the degree of aromaticity in a
cyclic system. Huckel was the first who made a major contribution to the interpretation of the
electronic configuration of benzene and relevant compounds.®* He formulated the well-
known rule bearing his name from his study on benzene and hydrobenezene for estimating
the aromatic properties of a ring system.'®* The method was first proposed for planar, cyclic
conjugated hydrocarbons, but later on extended to molecules involving heteroatoms, e.g.,

pyridine, pyrrole and furan,'®**%
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Noteworthy is a study by Sauers where he calculated a series of heterocyclic 6z-cyclic
compounds using ab initio methods at the MP2/6-31G** level.'*® An important conclusion of
that work was that among several carbene/ylide systems, the imidazolyl carbene is the most
stable one which is comparable to furan and pyrrole.'®® To give an overview, the aromatic
stabilization energy (ASE), the following (X,Y) systems (O,0), (O,NH), (NH,NH), (NH,S),
and (S,S) (Figure 2.23) were calculated and compared to those of pyrrole and furan.*®® The
resulting ASEs range from 7.65 to 21.2 kcal-mol™ in the following order: (0,0) < (NH,0) ~
(S,S) < (NH,S) < furan < (NH,NH) < pyrrole, the ASE of the imidazolyl carbene being 21.2
kcal-mol .26

Figure 2.23. The general chemical structure of five-member ring systems involving
heteroatoms X and Y. Adapted from Ref. 166

In general, Huckel’s rule implies that a cyclic conjugated molecule with [4n+2] z-
electrons (an odd number of electron pairs) is stable and aromatic, due to the stabilization
caused by a resonance effect.’® Later, the unstable counterpart with [4n] z-electrons or an
even number of electron pairs was defined as anti—aromatic.’>* With the Hiickel molecular
orbital (HMO) method,*®" a posteriori or a priori criteria for aromaticity were proposed for
more complicated conjugated systems, especially in the 1970s.°**® The most successful
semi-empirical criterion was suggested by Hess and Schaad.'®® After classifying single and
double bonds in hydrocarbons in eight types according to the number of attached hydrogen
atoms, they discovered a linear dependency of the HMO z-energies on the number of each
type of bond.'®® The resonance energy was then calculated as the energy difference between
the HMO energy of the whole cyclic system and the additive energy from individual (double)
bonds in the corresponding localized structure.’®® The defined resonance energy and the
observed stability were confirmed to correlated in excellent fashion for an extensive data

set. 168

Alternatively, applying the graph theory from pure mathematics, Gutman et al.
introduced the TRE concept (topological resonance energy) which depends solely on the
topology of a conjugated system.*®® The TRE approach not only predicted the chemical
behavior of a large number of neutral conjugated systems, but it was also used for studying

169

conjugated radicals, ions, and even systems in excited states.”™ An essentially identical idea
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170

was reported at the same time by Aihara,”"" although the reasoning was different. Thus, there

are two different terminologies for the same criterion, TRE and the “A-Il resonance
energy”.’® From the 1980s to the first decade of this century, several new criteria or
improvements of old criteria were suggested for quantifying the aromaticity, e.g., the absolute

I,*"* the nucleus-independent chemical shift by Schleyer,'® the

173

hardness by Zhou et a

theoretical bond and strain energies by Grimme,
|.,174

the multicenter bond indices by

the anisotropy of the current-induced density by Herges et al., '™ the
177

Giambiagi et a
delocalization index by Poater et al.,'" and the aromatic fluctuation index by Matito.

2.3.4 Steric Properties of NHC

In organometallic chemistry, the NHC compounds were first introduced to replace phosphine
ligands.'”®* These two types of ligands differ in (local) symmetry. The monodendate
phosphine ligand has at most a C3 axis and NHC ligands at most a C, axis. In case of chelate
complexes, the phosphor atom is not directly bonded to the metal but on other bidentate or
polydentate ligands which are mostly rigid. In contrast, almost all bis- and polydentate NHCs
are directly bonded to the metal via their carbene atom. With respect to these differences in

178,179

steric properties, a new descriptor of steric demand (buried volume) was introduced for

1,180

the NHC ligands, in analogy to the “Tolman cone angle”™" of the phosphine ligands.

The buried volume %Vg,, of the ligand is defined as the upper hemisphere of a spherical
space centered on the metal atom, within a semi-empirically determined radius that depends
on the M—C bond length between metal and NHC.*® This method is mostly suitable for
NHCs with flat ligands, e.g., aryl groups, which are perpendicular to the imidazole plane,*®*
because such a spatial arrangement is space-demanding in two orthogonal directions (Figure
2.24) and can be best gauged by the sphere-model.*®" According to the authors, this concept
is also appropriate for describing asymmetrically substituted NHC complexes, i.e., systems
exhibiting uneven spatial distributions.!”®*®* The buried volume was applied in a study of the
interplay between electronic and steric factors of saturated and unsaturated NHC
complexes,'®! as will be described below in Section 2.3.5 “Stability and Reactivity of the
TM-NHC Bond”.

It should be noted that the buried volume was originally proposed for monodentate NHC
ligands.*®* In the current work, | studied catalysts bearing a bidentate NHC ligand. This class
of bis-NHC ligands differs from the monodentate NHC or phosphine ligands in their basic
scaffold so that in most cases there is no local symmetry axis. In this respect, either the buried

180

volume™ or the Tolman cone angle™ is adequate for describing the steric demand. Instead

of occupying the whole semisphere, the present bis-NHC ligand separates the space in
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proximity to the metal center in two variable proportions, depending on the ligand
conformation. A dihedral angle y between the two imidazole rings is introduced to describe
this specific flexibility of the bidentate NHC ligand (Figure 2.25).* Rotational isomerization
of the ethylene bridge leads to conformational changes for which two main spatial forms can
be discerned, “bent” and “open”, according to the size of the dihedral angle y between the
planes of the two imidazole rings (Figure 2.25). A ligand conformation is referred to as
“open” if y > 140°, otherwise as “bent”. Accordingly, the side, to which the bis-NHC ligand
is bent, is defined as the “front” side of the catalyst complex (Figure 2.25).%
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Figure 2.24. lllustration of the concept “buried volume”, adapted from Ref. 181.

Figure 2.25. Classification of “open” and “bent” conformations of the ethylene bridged bis—
NHC ligand. Simplified symbols depict complexes in front view. Adapted from Ref. 93
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2.3.5 Stability and Reactivity of the TM-NHC Bond

By virtue of the growing numbers of pertinent publications, key questions like the
stability and reactivity of the M-NHC bond arose. Crudden and Allen comprehensively
reviewed the potential decomposition pathways and the key reactions catalyzed by NHC-
metal complexes.’® In the first part of that review, they distinguished between two pathways,
the associative reductive elimination and the displacement of NHC ligands by competing
ligands. Examples were arranged according to the chelation situation of the complexes and
the ancillary ligands, as well as the central metal atoms. The second part of the review
presented findings in the range of C—H/C—C activations, the generation of the NHC-metal
complexes, as well as the reactivity of the z-bond of the unsaturated NHC ligands.®* Based
on the material presented, the authors summarized that the factors that facilitate the reductive
elimination of monodentate NHC ligands: above all the presence of positive charges on the
metal, but also the appropriate auxiliary ligands, alkyl- or aryl-groups trans or cis to the o-

donor ligand NHC,*® as well as the steric bulkiness of the NHC ligands.*®?

It is noteworthy that the migratory insertion reactions of the free carbene are reminiscent
of the chemistry known for the isoelectronic carbon monoxide and isonitriles, but more
complex (Figure 2.26a)."82*% In the case of chelated NHCs, this process does not necessarily
lead to the de-complexation but can also form complexes bearing NHC ligands with an
oxidized carbene atom (Figure 2.26b).*#%'® The reaction is favored both kinetically (E, = 7.8
kcal'mol™, activation energy) and thermodynamically (Hz = —32.2 kcal'mol*, reaction

182

enthalpy).

As the denticity increases from bidentate to tridentate, the flexibility of the NHC ligand
decreases and its steric hindrance increases.’® Some tridentate NHC-metal complexes can
decompose at high temperatures.’®!#18 Fyrther information of the NHC-metal-bond
stability was revealed in a series of displacement reactions. NMR spectroscopic evidence
suggested the displacement of carbene in small, unobservable concentration, resulting from

the presence of the competing ligands,*®*#%’

or even replacement of the NHC ligands by
phosphine ligands, which are generally considered more labile.'®® Exchange between NHC
ligands and free NHCs in the environment was also observed.'®® The relation between the
stability and reactivity of the TM-NHC bond was illustrated by 15 Pd-NHC complexes in two
Mizoroki—Heck reactions.’® The mechanism assigned to these reactions is known for

involving many key intermediates which are prone to decomposition.*®’
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Jacobsen et al. introduced quantified basic factors for clarifying the NHC-metal bonding
properties.’® Motivated by experimental observations such as different catalytic activities
between saturated and unsaturated NHC ligands, and the completely different stabilization
types between the 16-electron complex IrCI(I1tBu), and 14-electron complex
[Ir(1tBu),] [PFs]”, steric and electronic contributions were separated.®*® The authors

concluded from their datasets of monodentate NHC-metal complexes'®

that, generally, the
NHC ligands bind more tightly than phosphines to the transition metal, and the bond
dissociation energies of saturated and unsaturated NHC ligands differ hardly, being around 1
kcal-mol *.*®° Additionally, the authors analyzed the frontier molecular orbitals of the
saturated NHC ligand.*®" The choice of this simplified model type was aimed at facilitating
the analysis, so that only three 7z atomic orbitals are needed for describing the interactions
between the NHC and the metal center (Figure 2.27).2% Two interactions were suggested
explicitly for group 11 and group 9 metals — d—=z* back-donation and #—d donation
(d—>MO04 and MO1—d), respectively (Figure 2.27).'%° Furthermore, they proposed that the
electronic nature of the metals could influence the z partition in the s-dominated NHC-metal
bonds. As a result of an enhancement of the # fraction, late transition metal-NHC compounds

can be more stable than their phosphine counterparts.*®

a
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Figure 2.26. Alternative pathways induced by migratory insertion of a methyl group: a) de-
complexation of monodentate NHC ligand and b) oxidation of the carbenic carbon atom in a
chelate NHC ligand. Adapted from Ref. 182.
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Figure 2.27. a) The frontier orbitals of a saturated NHC involved in the NHC-metal bonding
and b) the NHC ligand as o-donor, z*-acceptor, and z-donor, adapted from Ref. 189.

The steric effect of chosen saturated and unsaturated Ru-NHC complexes was analyzed
regarding the dependence of the M—C bond dissociation energy on the buried volume.*®
Note that the combined QM/MM method chosen by the authors overestimate the bond
strength for NHC ligands with small N-substituents and exclude the feasibility of NHC-metal

complexes bearing bulky N-substituents.*®

Moreover, though the saturated NHC ligands
generally feature slightly larger buried volumes than their unsaturated counterparts,
experimental data give evidence for stronger NHC-metal bonds in saturated than in saturated

Ru-NHC complexes. **° Thus, the steric effect may not be readily understood in this way.

In addition to the different stabilities, distinct catalytic activities of saturated and
unsaturated M-NHC complexes were also reported and discussed.’***%? Theoretical studies

190,191

focused on the comparative analysis of the metal-NHC bond properties. The main

findings are as follows. (i) The difference in the catalytic activities originates from very small

changes in the donor partition of the M-NHC bond.*®

(i) 7-donation from NHC to metal,
instead of the biased z-back donation, may contribute to the catalytic process as well.*" (iii)
Systematical variation of the N-substituents affects the reaction kinetic more clearly in the

unsaturated NHC, most likely due to a larger electron delocalization in the five-member
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ring.** An experimental study traced the solution dynamics by NMR spectroscopy.'* On the
example of the a-arylation of ketones and Buchwald-Hartwig amination catalyzed by
palladium complexes bearing unsaturated and saturated NHCs, it was determined that the
catalytic activity can be induced by the steric demand as well.'*> The superior catalytic
activity of the saturated NHC complexes was nicely illustrated in a study based on a series of
palladium bis-NHC catalysts for Suzuki-Miyaura coupling,'*® where the catalytic activity of
the complexes bearing different ligands decrease in the order (sat-NHC),PdCl, > (sat-
NHC)(unsat-NHC)PdCI, > (unsat-NHC),PdCl,.**

Crabtree pointed out that the NHC-metal bond is inert as the reactivity of NHC carbenes
is much smaller than that of Schrock and Fischer carbenes.**® The main argument is that the
NHCs are not involved as intermediates in many reactions, unlike the latter two classical
metal carbenes.**® Especially, he investigated the advantages of the NHCs such as the
electronic and steric adjustability by analyzing the frontier orbitals.**® The stability of the
NHC-M bond was rationalized as follows. While the carbene carbon atom prefers to remain
in sp® hybridization in order to accept z-donation from the adjacent nitrogen p-orbitals and to
maintain the aromaticity of the ring, cleavage of the M-NHC bond requires intermediates
with an sp® carbon; therefore, it is less likely.**® Furthermore, the orientation of the NHC
ligand with respect to other co-ligands may be related to the degree of back-donation.**® As
shown in Figure 2.28, the orientation of the p, orbital (left), and the two N—C o -orbitals
(middle) of NHC, as well as the three X—P o -orbitals (right, only one orbital depicted) of
phosphine are all fixed in space relative to the ligand orientation. Hence the acceptor ability
of the ligand depends not only on substituents on the ligand, electronic features of co-ligands,
and metal, but also on the relative orientation of the ligand (Figure 2.28).*° It is conceivable
that the NHC ligand tends to behave as z-acceptor or even z-donor (left) — depending on the
occupancy of the carbene p,-orbital — and whether the metal d orbital is perpendicular to the
azole ring. The o-interactions requires the 6* orbital of the NHC carbene (middle) and the
metal d orbital to be aligned in the same plane.

The electronic influence of the NHC ligands on the transition metal complexes can be
evaluated directly by calculating the M-NHC bond dissociation energies.****® Frenking et al.
carried out theoretical studies on metal-NHC complexes by varying either the metal

center, 18419

or using carbene analogues, e.g., silylene and germylene.®* Different types of
carbenes were also compared, e.g., aNHC — abnormal NHC vs. the most stable isomer form

of NHC' (Figure 2.29).
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The most important findings of their work can be summarized as follows. First, no clear
trends were found for metals of the same group or the same period.'**** Second, to describe
the bonding situation in a more precise way, it is necessary to consider concurrently various
charge partitioning methods such as natural bond orbital analysis (NBO), charge
decomposition analysis, atoms in molecules theory and energy decomposition analysis. %
Third, the metal-NHC bonds are more stable than the metal-silylene and metal-germylene
bonds.*** Finally, the stabilities of "HNC (normal NHC, see Figure 2.29), aNHC and IMID
follow the trend: IMID > nNHC > aNHC.'*® Nevertheless, the less stable aNHC is also
widely applied in organometallic chemistry besides the relatively more stable nNHC.*"® A

comprehensive analysis of the prevalence of aNHC comparing to the nNHC was given by

E% [>@ X%@

Figure 2.28. Frontier orbitals which can be involved in n-backdonation. From left to right
are: the p, orbital of the carbenic carbon atom, the N-C o —orbitals and the P—X (X=aryl,
alkoxyl, or halides) o -orbitals. Adapted from Ref. 146.
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Figure 2.29. Three types of NHC: normal NHC (nNHC), abnormal NHC (aNHC), and the
most stable isomer form of NHC (IMID) according to Tonner’s definition. Adapted from
Ref. 195.

An indirect way of evaluating the electronic influence of the NHC ligands on the
transition metal is, for instance, the analysis of binding energies of co-ligands.'*®?° There are
many other interesting experimental observations which have revealed the properties of
metal-NHC bonds from various aspects, e.g., the exchange of NHC and iodo ligands between
two different Pd(l1)-complexes.”®*

This thesis aims to study the applicability of bis-NHC-Rh(I) complexes in the
hydrosilylation of olefins. Rhodium complexes of similar constitution were determined as
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active catalysts for related chemical transformations such as hydrogenation,?%2%22%

0

hydrosilylation of ketones,>"?%?% hydroformylation,?® and hydroamination.””® Many of

these complexes are applied in asymmetric catalysis.

2.3.6 Free NHCs

NHC compounds are more than promising ligands in the transition metal catalysts. Several
free NHCs are also found to be catalytic active. For instance, as summarized in a mini-review
by Fuchter from 2010, NHCs can mediate the addition of silyl pro-nucleophiles (utilized for
safety reason, e.g., trimethylsilyl cyanide), to a variety of electrophiles, promote organic and
inorganic polymerization, and the reduction of carbon dioxide by hydrosilanes.”* Grasa et al.
also reported that the bare NHCs can act as excellent nucleophilic catalysts for

transesterification and acylation reactions.”*°

38



Computational Methods

3 Computational Methods

In Chapter 4,% all calculations were carried out with the software package Gaussian 03,

using the hybrid B3LYP DFT approach.?*?* For main group elements, the standard 6-
31G(d,p) basis set was applied to all atoms except Rh. For Rh, the Stuttgart-Dresden effective
core potential MWB28 was employed.?”> TSs were located with the synchronous transit-
guided quasi-Newton method.?**?!” For each stationary state, a normal mode analysis was
carried out to confirm a local minimum with no imaginary frequency, or a TS with exactly
one imaginary frequency, checking also the direction of the reaction coordinate at the TS.
Discussions are based on relative enthalpy barriers (RB) H,, i.e., the enthalpy difference (see
below) between the transition state and the immediately preceding intermediate as initial
state. As convergence criterion, the elements of the density matrix were required to change at
most by 10°® au and on average at most by 10°® au.

All calculations were applied to models in the gas phase to keep the present results
comparable to those of previous computational studies.???**" Thus, the thermochemical
analysis was done at room temperature, i.e. 298.15 K, for systems in vacuum.
Experimentally, olefin hydrosilylation by primary silanes is explored in organic solutions of
rather low dielectric constants. As standard methods are insufficient for accurately
determining Gibbs free energies for reactions in solution,* the reaction profiles are shown on
the basis of calculated enthalpies. However, at the end of this chapter, (formal) entropy
contributions —TAS are also provided for steps where external molecules enter or depart the
metal coordination sphere, i.e., oxidative addition and concerted elimination. Furthermore,
free energy contributions AGsoy Of solvation (at room temperature) were estimated by
carrying out single-point calculations with dichloromethane as solvent (dielectric constant =
8.93) at key intermediates and TS structures using a polarizable continuum model;?8%
atomic radii for determining the molecular cavity were specified using the united-atom

model.?%°

In Chapter 5%

applied DFT functionals involve four types of exchange functionals,
namely the generalized-gradient approximations Becke88 (B88),*2*** Perdew-Burke-
Ernzerhof (PBE),???** modified Perdew-Wang (mPW), 22°2%0227229 and Tao-Perdew-
Staroverov-Scuseria (TPSS), % as well as four types of correlation functionals, namely Lee-
Yang-Parr  (LYP),?*  Perdew86,>'  PBE,?**®  and  Perdew-Wang 91
(PW91).2%5226232233 T\wg additional functionals, M06-L%** (GGA) and M06%° (hybrid GGA

— HGGA) were chosen as they were recommended for energies of TM systems.?*®> The M06-
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L functional, although being “semi-local”, was reported to perform, in general, better than the
hybrid functional B3LYP.2* Table 3.1 provides details on the exchange-correlation
functionals employed; for hybrid functionals, the percentage of the exact exchange is also
given.

Table 3.1. Components of each density functional applied in the present study, including
percentage of EEX, (exact exchange), and references for X (exchange) and C (correlation)
functionals. Adapted from Ref. 225.

Functional EEX, % Refs. for X Refs. for C
B3LYP 20 212,213 214

BP86 - 212 231

PBEO 25 222-224 222,223

PBE - 222,223 222,223
mPWPW - 225, 226, 227, 232, 233 225, 226, 232, 233
MPW1K 42.8 225, 226, 227, 228, 232, 233 225, 226, 232, 233
MPW3LYP  21.8 225, 226, 227, 229, 232,233 214

BLYP - 212 214

B3PW91 20 212,213 225, 226, 232, 233
MO06-L - 234 234

MO06 27 235 235

TPSS - 230 230

All calculations were carried out using the Gaussian suite of programs, Gaussian 092

for M06-L and M06; Gaussian 03%'* for the other functionals. Geometries for molecules in
the gas phase were optimized with the functionals B3LYP, BP86, BLYP, B3PW91, PBE,
PBEO, mPWPW, MPW1K, M06-L, M06, MPW3LYP, and TPSS, starting from the reported
B3LYP structures.®

The basis set, effective core potential, and the procedure for evaluating the
thermochemistry data are the same as used in Chapter 4. The discussion of results is based on
the relative enthalpy barriers H,. Corresponding relative Gibbs free energy barriers G, and
zero-point energy barriers E, (in kcal-mol™) are given for comparison (Table 5.2 in Chapter 5)
For species consisting of two weakly interacting moieties, the basis set superposition error,

estimated by the counterpoise method,**’

was found to increase activation barriers E, by at
most ~1 kcal-mol™ (Table 5.2 in Chapter 5). For complexes discussed in Section 5.3.2, a
natural bond orbital (NBO) analysis was carried out invoking the program NBO 3.1 included
with Gaussian 09.282° Geometry results including crucial bonding and nonbonding

distances are given in the Appendix .
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In Chapter 6, all calculations were carried out with the generalized gradient

3%! or Gaussian 09.2° Except for the choice of

approximation BP86 using Gaussian 0
functional, the computational details are as same as for Chapter 4 and 5. The semi-local
functional was confirmed to be an adequate method for calculating the chosen catalysis
system, as will be discussed in Chapter 5.2* The energetics of the calculated species will be
discussed on the basis of calculated Gibbs free energies, which is directly related to the
reaction kinetics via the Eyring-Polanyi equation.?*! Relative enthalpies and energies are also
given for comparison with the previous studies.®*#?! For the discussion of the electronic
structures in Section 6.2.2, an NBO analysis was carried out with the same package given in

the last paragraph.

To assess the regioselectivity, the difference (AH,) between the two crucial relative
activation barriers (RB) along the anti-Markovnikov (aM) and Markovnikov (M) pathways,
Ha(aM) and Ha(M) were calculated and compared to a criterion for the selective formation of
the aM product. As shown in Eq. (1),

k(M) _ exp(-G,(M)/RT)

k(aM) exp(-G,(aM)/RT)
=exp{[H,(aM) - H,(M)]/RT}-exp{[S,(M) - S, (aM)]/ R}, 1)
~exp{[H,(aM)—-H,(M)]/RT}

this criterion can be derived from the Eyring-Polanyi equation®*! and is based on the rate
constants k(M) and k(aM), which describe the velocities of the two competitive steps leading
to the formation of M and aM intermediates. The entropy term can be neglected in this case,
because its contribution to the two compared activation barriers is similar, being less than 1
kcal-mol ™. Besides, the analysis based on relative enthalpies allows one to compare the
results in Chapter 6 to those in Chapter 4 and 5.

In general, the program NBO 3.12°%?%° implemented in Gaussian provides supporting
information about the electronic features of the analyzed transition metal complexes. Besides
its charge analysis, the program also performs an analysis of the natural atomic orbitals
(NAO type, occupancy, and energy), the general quality of the determined natural Lewis
structure (number of the valence and non-valence electrons), the analysis of the natural bond
orbitals, including the occupancy of the orbital, type of bonding, coefficients of the two
participating natural hybrid orbitals and details of their composition (percentage of
participating NAOs). Finally, the donor-acceptor interactions between the NBOs are
estimated, giving additional information of the electron delocalization in the analyzed system.
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4 Full Pathways of the Mechanisms

The catalyst models studied in this thesis are a series of bis-NHC Rh(l) complexes. In this
chapter, the full catalytic cycles of the GT, CH, mCH, and SBM mechanisms are studied on
an example of this family, a Rh(l) complex involving an ethylene bridged, N-methyl-
substituted bis-NHC ligand, denoted as 1 (Figure 4.1).

Figure 4.1. Optimized structure of the bare catalyst complex bis-NHC-Rh (1) 1. Adapted
from Ref. 93.

In Chapter 2, the stability of the N-heterocyclic carbenes and the TM-NHC bonds, as
well as the reactivity and catalytic activity of this group of compounds were discussed based
on results of various experimental and theoretical studies. Comparing to the monodentate
NHC ligand, bi-chelating NHC ligands recently received increasing attention for their higher

thermal and chemical stability.*?

Connecting two NHC rings via a “bridge” also opens a new
aspect of catalyst design whereby the spatial requirement of the ligand can be tuned by its
flexible conformation. Additional complex modifications are possible if stereo-centers are

introduced by the bridge.

Recently, various Pt(Il) catalysts with bis-NHC ligands were found to be comparable

with the Karstedt catalyst®**°

regarding the catalytic activity and the regioselectivity in olefin
hydrosilylation.”® Related bis-NHC Rh(l) catalysts showed good catalytic activity in the
hydrosilylation of ketones.?** These findings motivated the present computational exploration
of a Rh complex of this type in olefin hydrosilylation (Figure 4.1). In the following the full
catalytic cycles of all four types of mechanism — GT, CH, mCH, and SBM - including

variants where appropriate will be addressed in detail.

Before entering the catalytic cycle, the two rings of the bis-NHC ligand form a bent
structure, which during the course of CH, mCH, and SBM mechanisms changes to an almost

co-planar, open conformation, y ~ 160°; see Figure 2.25 in Section 2.3.4. An experimental
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study of bis-NHC rhodium catalysts with different bridge lengths concluded that (CH,),
bridges generally favor an essentially square-planar Rh(l) conformation,** as also calculated
in this thesis. Recall that a square-planar motif is common to transition metal complexes with

d® configuration.?*+2%

As model reaction hydrosilylation of ethylene CH,CH, by monosilane SiH4 was chosen.
In this way, the model system was kept elementary as a comprehensive study of the overall
enthalpy profiles can be carried out for all pathways of the four mechanisms. This choice of
model avoids side reactions such as g-hydrogen elimination or double-bond isomerization;
focusing rather on the essential steps of the actual catalytic cycles.

In general, the (formally) bare active reaction center of the bis-NHC-Rh complex is

2 or norbornadiene,®® during an

generated by removing ligands, e.g., cyclooctadiene?
induction period. On the current model catalyst, two ethylene moieties were considered as
ligands which can be removed at the expense of 23.7 kcal-mol™ for the first, and of 30.8
kcal-mol™* for the second ethylene ligand. These energies are almost compensated by
consecutive (GT) or synchronous (CH, mCH, and SBM) coordination of the reactants. Silane
coordination at the bare catalyst entails an enthalpy gain of 23.6 kcal-mol™*; coordination of

both reactants, silane and ethylene, induces a total enthalpy gain of 40.1 kcal-mol ™.

Hydrogen transfer from the silane (SiH,) to the olefin (CH,CH,), formation of a C—Si
bond, as well as the displacement of the product with the help of additional reactants, SiH,4
and CH,CHs, are the crucial steps of hydrosilylation. Detailed catalytic cycles of the most
favored reaction pathways of each mechanism, along with alternative pathways and side
reactions are presented in Sections 4.2 and 4.3.

Intermediates are denoted with labels that indicate the mechanism and enumerate a
structure along the path, e.g. GT2 (Figure 4.2). TSs are designated in analogous fashion, by
the two structures they connect, e.g. GT2-3 (Figure 4.2). The model reaction is overall
exothermic, with a total change in enthalpy of —27.3 kcal-mol .
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4.1 GT Pathway

For the GT mechanism complex GT1, a Rh-silylene complex that formally consists of the
bare catalyst 1 and a coordinated SiH, molecule, 2 (Figure 4.2), was chosen as reference for
calculating enthalpies in the catalytic cycle (Figures 4.2 and 4.3). Crucial geometry
parameters of all optimized structures of the GT mechanism are collected in Table 4.1.
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Figure 4.2. Catalytic cycle of the GT mechanism showing all crucial steps. Enthalpies of
intermediates and transition states, relative to GT1, in kcal-mol™. The isomerization steps
GT4 — GT5 — GT6, with the highest (relative) enthalpy barrier at 7.2 kcal-mol™, are
omitted for clarity; see Figure 4.3. Adapted from Ref. 93.

The initial Rh-silylene structure GT1 is especially stabilized by two H-Rh interactions.
In the next reaction step, the reactant ethylene 3 coordinates to the silyl group in a position
remote from the metal center, to yield structure GT2 (Figure 4.2), followed by the insertion
of 3 into a Si—H bond via TS GT2-3. This last transformation GT2 — GT3, the actual
hydrosilylation, is the decisive step of the GT mechanism (Figure 4.3) where the C—Si bond
is formed and one hydrogen atom is transferred from 2 to 3 to form the alkyl ligand at the Si
center in the intermediate GT3 (Figure 4.2). The corresponding (relative) activation barrier is
calculated at H, = 18.5 kcal-mol™ (Figure 4.3); it is the second highest of this mechanism.
The coordination environment of the metal center in the initial structure GT1 (Figure 4.2;
Rh—Si=2.31 A, see Table 4.1) is locally similar to that in GT3 where the product is bound
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via a stable Rh—Si bond, 2.32 A. Therefore, the displacement of product 4 is expected to be
challenging. Indeed two isomerization steps are required, GT4 — GT5 — GT6 (Figure 4.3)

which will be discussed in a moment.

AH, kcal/mol

-32 1 GT4 GT5 GTé
-35.3 373 -37.4

GT4 GT6

Figure 4.3. Upper panel: enthalpy profiles of the most favored pathway in the GT
mechanism. The catalytic active species GT1 is used as enthalpy reference. Crucial steps
with highest relative activation barriers are marked by arrows. Relative enthalpies of each
intermediate and TS are given in kcal-mol™. Lower panel: Product elimination for the GT
mechanism. Relative activation barrier H, is given in kcal-mol™. Adapted from Ref. 93.

From GT3 to GT4, the Rh—Si bond between 1 and 4 is elongated to 2.41 A as a second
SiH4 molecule coordinates at the metal center, with Rh—Si = 2.82 A (Table 4.1). This new
coordination takes place on the less substituted back side of the catalyst; hence the system has
to overcome only a low (relative) activation barrier, 7.7 kcal-mol™ (Figure 4.3). Finally, in
the step GT6 — GT1, the original Rh-Si bond is cleaved via the highest (relative) activation
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barrier GT6-1 of the GT mechanism, H, = 37.3 (1) kcal-mol™ (Figure 4.3). The catalytic
cycle closes with structure GT1 of the rhodium complex.

Table 4.1. Crucial distances indicating the formation of silylene complex and the product, as
well as the dihedral angle y in all optimized structures of the GT mechanism. Distances are
given in A and angles in degree. In case of Rh—Si distances, values in the first and second
columns are given for the first and second silane, respectively. Adapted from Ref. 93.

Rh—Si C-Si C-H y
GT1 231 - - - 106.5
GT2 231 - 3.47 3.09 107.8
GT2-3 219 - 2.06 1.70 106.8
GT3 232 - 1.88 1.09 108.1
GT3-4 247 - 1.88 1.10 103.6
GT4 241 2.82 1.88 1.09 98.6
GT4-5 245 2.75 1.88 1.09 96.4
GT5 246 2.67 1.90 1.09 99.0
GT5-6 2.68 2.50 1.89 1.09 96.5
GT6 252 2.48 1.89 1.09 99.2
GT6-1 3.02 2.28 1.89 1.09 101.1

It was not possible to describe the elimination of product 4 without the isomerization
steps GT4 — GT5 — GT6 where the silane 2, just introduced, and product 4 change places
relative to the metal center (Figure 4.3). In step GT4 — GT5, with a relative activation
enthalpy of 5.4 kcal-mol™, 4 rotates from the front to the back side, followed by a shift of 2
from the back to the front side, GT5 — GT6, with a relative activation barrier of 7.2
kcal-mol™. During these isomerization steps, the Rh-Si distances of the two silane moieties
change in opposite directions (Table 4.1): the first one, of the eventual product, elongates to
2.52 A in GT6 while the corresponding bond of the second silane shortens to 2.48 A.

Because the GT pathway involves an undercoordinated metal center, it is not
competitive for the present Rh catalyst, as will become clear from Sections 4.2 and 4.3.

4.1.1 GT: the Silylene Complex

One characteristic of the GT mechanism is the formation of a catalytic active silylene
complex.”> Compared to the other three mechanisms in the following sections, the GT
mechanism is the only one starting from a rhodium-silane adduct instead of a rhodium-silane-
olefin adduct. In the current study, GT1 (the rhodium-silylene complex) was calculated to be
thermodynamically less favored than CH1 (-23.6 kcal-mol™* vs. —40.1 kcal-mol™, relative
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enthalpies with respect to separate bare catalyst and reactants, see Figure 4.14 at the end of
this chapter. However, it was reported that rhodium silane adducts can be stable enough to be
isolated.?*® At this point, it is worthwhile to recall one pioneering study on the Rh catalyzed
hydrosilylation of alkenes, to gain insight into an alternative mechanism based on rhodium

silane adduct.?*’

In the year 1987, Ruiz et al. applied the pentamethylcyclopentadienyl rhodium complex
to the hydrosilylation of ethylene and observed the formation of a mixture mainly composed
of the dehydrogenated product alkenylsilanes.?*’ The desired product alkylsilane was a minor
component.?*” Though the catalysis was unsuccessful, the experimental results were actually
very interesting, indicating the concurrent decomposition of the crucial intermediate in the
CH mechanism and the formation of the main side-product of in the mCH mechanism - a
“composite” of the experiment® of Chalk and Harrod and the experiment** by Seitz and
Wrighton. Note that the mCH (Seitz-Wrighton) mechanism was published a few months after
the work of Ruiz et al. The only reference regarding the catalysis mechanism for Ruiz et al.
was the work of Chalk and Harrod,*® while the mechanism proposed by Seitz and Wrighton
was being developed at the same time. Whereas Seitz and Wrighton tried to improve the CH
mechanism by closer examination of the elementary steps starting from the metal-alkene
adduct (olefin first), see Section 2.2.2.* Ruiz et al. estimated that the first step — the oxidative
addition of silane (silane first) — is rate-limiting along the reaction pathway.?*’ They reported
the intermediate after this step to be a novel and a surprisingly inert species
[(Cp*)Rh(H)2(SiEts),] (Figure 4.4). The structure of the same complex has been studied by

Fernandez et al. in 1984.2%
/// b) "’/// \\\‘\‘
Ru
i
/,// H28|/l 2 “PHs
H

Figure 4.4. Comparative stereo view of the species [(Cp*)Rh(H)(SiEts)2] (a) and [(Cp*)
(PH3)Ru(H)2(SiH2R)] (b); R=ethylene. Adapted from References 246 (a) and 21 (b).

Being described as the “four-legged piano stool”,?*® this complex involves two Rh-Si
distances of 2.38 A, being close to the Ru—Si distance (2.30 A, computed) reported in the
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DFT study on the GT mechanism.®” The close resemblance between these two catalytic active
species, [(Cp*)Rh(H)2(SiEts),] and [(Cp*) (P'Prs)Ru(H)-(SiHR)] can be clearly seen (Figure
4.4). They only differ in the central metal (Rh vs. Ru) and one ligand (silane vs. phosphine).
The stable intermediate discovered by Ruiz et al. seems to be closely related to the family of
the GT -silylene complex. Besides, NHC stabilized transition metal (\V/(1), Co(l), and Fe(l))
silylene compounds were recently successfully synthesized.?*® It would be of great interest to
investigate whether such a compound is catalytically active in the hydrosilylation of alkenes,
and whether the GT pathway would be preferred in that case.
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4.2 CH and mCH Pathways

Unlike the GT mechanism where the catalytic cycle starts from a Rh(l) silylene complex, in
the two types of the Chalk-Harrod mechanism, CH and mCH, both reactants 2 and 3 initially
bind to catalyst 1, forming complex CH1 which serves as reference for reaction and
activation enthalpies of the subsequent steps (Figure 4.5). Both variants of the Chalk-Harrod
mechanism comprise three phases: (i) oxidative addition of 2 together with addition of 3, (ii)
formation of the product, and finally (iii) elimination of the product, concerted with a
regeneration of the catalytic species CH1. Figure 4.5 shows crucial intermediates of the
energetically most favored pathways. For both types of mechanisms, CH and mCH, three
variants each were studied (Figure 4.6). For intermediates of the two less favorable
alternative pathways of CH and mCH the nomenclature is extended, invoking extra labels “a”
and “b” where appropriate (Figure 4.6). The complete enthalpy profiles of the CH and mCH
pathways, including the details of the product elimination, are given in Figure 4.7.
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Figure 4.5. Catalytic cycles of the CH mechanism (outer cycle) and the mCH mechanism
(inner cycle). Enthalpies of intermediates and transition states, relative to CH1, in kcal-mol™.
The isomerization steps CH6 — CH7 — GT3 — CH1 and the insertion of a second silane
GT3 — GT4 are given in Figure 4.7. Adapted from Ref. 93.
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4.2.1 Variants of the Initial Phase

Experimental results suggest oxidative addition of silanes on transition metals to be
exothermic, with a small activation barrier, because the driving force of this step is the
formation of a strong M—Si bond, associated with the cleavage of a weaker sp° Si—H bond.**
Three variants of the first phase of the CH mechanism were considered, namely indirect
oxidative addition (I0A) [a silyl hydride complex forms via an 7?(Si-H) intermediate], direct
oxidative addition (DOA), and coupled oxidative addition (COA) (a silyl hydride complex
forms synchronously with a hydrogenation or silylation of the olefin) (Figure 4.6). The first
two variations of the oxidative addition may easily be discriminated by the Si—H distance. An
uncoordinated Si-H bond is 1.42-1.50 A; in an #? intermediate, the Si—H distance is
elongated to 1.70-1.80 A, and in a hydride complex this distance is larger than 2.5 A% Inthe
following, only the kinetically preferred variant IOA of the Chalk-Harrod mechanism will be
discussed and major differences of the alternative variants DOA and COA will be briefly
described. For each of the three variants of oxidative addition, the first activation barrier was
calculated to be the highest during this first stage of olefin hydrosilylation.

The 10A pathway starts with a two-step oxidative addition of 2. The Si—H distance at
first increases from 1.50 A to 1.60 A (CH1 — CH2), and then to 2.63 A (CH2 — CH?3)
(Table 4.2), with the silyl moiety and the hydride ligand to be transferred, arranged in cis
coordination (Figure 4.6). If one starts the oxidative addition with the hydrogen, which in
CH1 is part of an activated Si—H bond (Si—H = 1.70 A), one obtains an alternative structure,
CH2b, and thus the COA pathway. Returning to 10A, in the first step, CH1 — CHZ2, the SiH,
moiety rotates such that the SiH; moiety is pointing to the front of the complex (Figure 4.6),
passing its highest enthalpy barrier, 8.6 kcal-mol™ (Figure 4.6). CH2 is slightly less stable,
by 3.7 kcal-mol™, than CH1, a consequence of the higher spatial demand of the bis-NHC
ligand toward the front of the catalyst. Therefore even higher energy differences between
CH1 and CH2 are expected for bulkier N-substituents or larger silanes which are often used
in experiment.” Subsequently the hydrogen separates from the silyl group while proceeding
over a relatively small barrier, Hy(CH2 — CH3) = 4.5 kcal-mol ™.

Along the alternative pathway DOA, oxidative addition encounters a relatively high
barrier, Hy(CH1 — CH?2a) = 26.7 kcal-mol™ (Figure 4.6). The barrier of COA, Hy(CH1 —
CH2b) = 12.0 kcal-mol™*, is by 3.4 kcal-mol™* higher than that of the preferred pathway 10A.
The main difference in the final states of these three variants is the relative positioning of the
three ligands H, SiH3, and C,H, (Figure 4.6).
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The modified Chalk-Harrod mechanism (Figure 4.6) starts at structure CH2 where 2 and
3 are advantageously positioned for silyl transfer. The preferred pathway was explored,
namely the COA (which leads to the final structure CH6 via intermediate mCH3) as well as
the two 10A variants, IOA1 and IOA2. A DOA variant, similar to that of the CH mechanism,
was also considered but turned out to be very unfavorable because of the trans-coordination
of silyl and ethylene moieties (Figure 4.6).

Along the COA variant, the Si—H distance increases to 3.14 A (CH2 — mCHS3).
Simultaneously, the C—Si distance shortens by 1.33 A to 1.90 A, which represents a normal
C—Si bond (Table 4.2). However, this variant is more complicated than the COA variant of
the CH mechanism because several bonds are simultaneously cleaved or formed (Figure 4.6).
The coupled C=C bond activation and Si—Rh bond cleavage (CH2 — mCH3) features a
higher barrier (H, = 22.3 kcal-mol™, Figure 4.6) than the step to CH3 of the CH mechanism
because the ligand sphere of the metal center has to rearrange notably.

Both 10A variants of the mCH mechanism start with the oxidative addition CH2 — CH3
of the CH mechanism and continue with the isomerization CH3 — CH3a which facilitates
forming the C—Si bond.

All variants of CH and mCH reunite at CH6 (Figure 4.6). The indirect oxidative addition
IOA is kinetically preferred at the start (!) of both mechanisms. However, in total the IOA
variant is favored only for the CH mechanism, whereas for the mCH mechanism the compact
chemical transformations of the COA variant are kinetically preferred.

In the following, earlier results on the oxidative addition, obtained with essentially the
same computational methodology as used here will be discussed. For hydrosilylation by a
Ru-silylene complex with phosphine and cyclopentadienyl ligands,®’ the 10A pathway,
shared by both the CH and the mCH mechanism, was determined favorable, with a barrier G,
= 24 kcal-mol™. For a Ru(ll) complex with phosphine and chlorine ligands,? the highest
enthalpy barrier, Ha = 9.0 kcal-mol™*, of the DOA variant of the CH mechanism was
calculated similar to that of the IOA pathway presented here. A Ru(ll) complex with aryl and
chlorine ligands was determined to exhibit a very facile oxidative addition, H, = 0.6
kcal-mol %, again for both mechanisms, CH and mCH.?* However, the Si—H distance remains
so short, 1.73 A, that the “oxidative addition” is not finished yet according to the definition in
the first paragraph of this section.** For Rh(I) phosphine complexes,®® higher activation
energies E,, 17.3 kcal-mol™* on the CH pathway and 15.7 kcal-mol™ on the mCH pathway,
were calculated for the DOA variant. In short, for the oxidative addition of the CH and mCH
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mechanisms, the current bis-NHC Rh(l) catalyst model is competitive to or better than the
catalysts previously studied.?*?*%"#2
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Figure 4.6. Alternative pathways of the oxidative addition during the CH (upper panel) and
the mCH (lower panel) mechanism. Enthalpy values of intermediates (sketched) and
transition states (arrows) in kcal-mol™*, with reference to CH1. Adapted from Ref. 93.
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4.2.2 Formation of the Product

After the oxidative addition the CH mechanism continues with the hydrogenation of the
olefin. Passing over a very low barrier, Hy(CH3 — CH4) = 1.8 kcal-mol ™, the C—H distance

Table 4.2. Crucial distances indicating the oxidative addition and product formation, as well
as y in all optimized structures in the CH and mCH mechanism. Distances are given in A and
angles are given in degree. Two Si—H distances are given to demonstrate the isomerization of
silane during the oxidative addition. Adapted from Ref. 93.

Si-H C-Si C-H Y
CH1 1.70 1.50 3.29 2.60 97.8
CH1-2 151 1.52 3.57 2.86 92.0
CH2 1.48 1.60 3.23 2.74 92.2
CH2-3 150 214 3.18 2.43 89.3
CH3 149 2.63 3.18 2.28 107.4
CH3-4 - 3.49 1.41 146.8
CH4 - 3.39 1.17 150.6
CH4-5 - 2.80 1.16 134.7
CH5 - 2.63 1.15 102.3
CH5-6 - 2.03 1.12 105.3
CH6 - 1.90 1.12 101.6
CH6-7 - 1.90 1.10 108.8
CH7 - 1.90 1.10 108.8
CH7-GT3 - 1.90 1.10 100.9
GT4-CH1 - 1.90 1.10 102.4
CH1-2a 4.03 1.49 2.91 2.30 150.1
CH2a 412 150 3.15 2.41 150.3
CH2a-3a - 3.35 2.18 142.7
CH3a - 3.59 2.13 142.0
CH3a-4 - 3.52 1.66 146.8
CH1-2b 2.33 1.50 3.78 1.44 94.9
CH2b 3.09 1.49 2.87 1.16 134.8
CH2b-6 - 2.04 1.13 108.2
CH2-mCH3 2.88 1.48 2.09 2.43 99.8
mCH3 3.14 1.56 1.90 2.43 115.7
MCH3-CH6 - 1.88 1.77 105.2
CH3-3a - 3.50 2.15 140.6
CH3a—mCHa - 2.10 2.75 111.1
mCH4a - 1.90 2.44 127.2
mCH4a—-CH6 - 1.89 2.12 109.2
CH3a—mCH4b - 2.11 2.74 106.5
mCH4b - 1.90 2.45 132.9
mCH4b-5b - 1.89 2.32 119.9
mCH5b - 1.88 2.50 107.2
MCH5b-CH®6 - 1.89 1.76 104.1
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of CH3 shortens by 1.11 A, to 1.17 A in CH4 (Table 4.2). Two further steps, CH4 — CH5
— CH6, complete the silylation of the alkyl species. The first step, CH4 — CHS5, combines
ligand isomerization and reorientation of the pertinent moieties. The C—Si bond actually
forms in the second step, CH5 — CH®6. Overall, the C—Si distance shortens in two steps, by
0.76 A (CH4 — CH5) and subsequently by 0.73 A (CH5 — CHBS), to reach the final value,
1.90 A, in CH6 (Table 4.2). The reorientation step CH4 — CH5 proceeds over a small
barrier of 2.3 kcal-mol™*; the silylation step CH5 — CH6 exhibits an activation enthalpy of
6.3 kcal-mol™ (Figure 4.6).

The DOA variant of the CH mechanism joins the lowest pathway at CH4, after two very
facile isomerization steps, CH2a — CH3a — CH4, the highest barrier being 0.6 kcal-mol™
(Figure 4.6). Complex CH2b of the COA variant transforms in one step to the product CH6,
via a barrier of 6.4 kcal-mol™. Along all routes of the CH mechanism, the formation of the
product, hydrogenation and silylation of the olefin, requires less activation enthalpy than the
oxidative addition; see Section 4.2.1.

Because in the overall preferred COA variant of the mCH pathway the silylation has
already occurred, the hydrogenation step which is relatively facile can subsequently be
accomplished, Hy(mCH3 — CH6) = 2.1 kcal-mol™, because the initial state is relatively
high in energy (Figure 4.6). The C—H distance shortens by 1.31 A (Table 4.2). In the 10A
variants of mCH the silylation of the olefin is unfavorable; both barriers are quite high:
Ha(CH3a — mCH4a) = 25.1 kcal-mol™, Hy(CH3a — mCH4b) = 24.8 kcal-mol™.
Afterwards both mCH variants merge with the CH pathway, via very low hydrogenation
barriers, Hy < 1 kcal'mol™* to reach intermediate CH6. Unlike on the CH pathways, product
formation, especially silylation, is the crucial step of the mCH mechanism for all three
variants (Figure 4.6).

The CH and mCH mechanisms share the enthalpy reference CH1; therefore, one can
directly compare their energetics. Oxidative addition on the CH pathway, has the highest
relative activation barrier calculated at 8.6 kcal-mol™* (Figure 4.6). In contrast, on the
preferred mCH pathway, coupled oxidative addition and hydrosilylation have the highest
relative activation barrier at 22.3 kcal-mol™ (Figure 4.6). In view of these relative enthalpy
barriers, the CH mechanism is favored over the mCH mechanism.
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4.2.3 Elimination of the Product

During the final stage of the catalytic cycle, starting from structure CH6, the mechanisms CH
and mCH share the same route for product elimination (Figure 4.7). After two C—C bond
rotation steps, CH6 — CH7 — GT3, where Rh—H bonds are cleaved and re-formed, one
obtains the silylene complex GT3, an intermediate of the GT mechanism.

To reconstitute the initial state CH1, the product has to be eliminated and new reactants,
a silane and an olefin moiety, have to be added at the metal center. First a silane is added,
GT3 — GT4, before addition of ethylene extrudes the product via a low barrier, H,(GT4 —
CH1) = 9.3 kcal-mol™ This barrier is by 27.9 kcal-mol™ (1) lower than that of the final step
of the GT mechanism (Figure 4.7 vs. Figure 4.3).

The present results, namely that both CH and mCH mechanisms pass through one step of
the GT mechanism, GT3 — GT4, match the findings of a previous study*’ on Ru(l)
complexes. In that earlier work, the product is subsequently eliminated, forming an analogue
of GT1, before ethylene is inserted to form the analogue of CH1. Here a notably more
favorable ending of the catalytic cycle is presented, which is closed by ethylene assisted
product elimination, forming CH1.
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Figure 4.7. Enthalpy profiles of the most favored pathways of the CH and mCH
mechanisms. CHL1 is used as enthalpy reference. Crucial steps with highest relative activation
barriers are marked by arrows. Relative enthalpies of each intermediate and TS are given in
kcal-mol™. Adapted from Ref. 93.
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Figure 4.7 (continued). Enthalpy profiles of the product elimination for the CH and mCH
mechanisms. Relative activation barrier H, is given in kcal-mol™. Adapted from Ref. 93.

4.2.4 CH: bis-NHC and trans-Effect

The coupled C=C bond activation and Si—Rh bond cleavage (CH2 — mCH3, COA in mCH)
features a higher barrier (H, = 22.3 kcal-mol ™, Figure 4.6) than the step CH1 — CH2b
(COA in CH, Figure 4.6) possibly because of a trans-effect; see the optimized structures of
the two transition states in Figure 4.8.

In the TS CH1-2b, the bonds Rh—C (Rh-NHC) and Rh—C (Rh-olefin) in trans position
are 2.05 A and 2.16 A, respectively. Possibly the relatively strong o-donation from the NHC
carbene to the Rh atom strengthens the Rh-NHC bond and causes the Rh-olefin bond to
loosen (Rh—C = 2.16 A, left-hand side of Figure 4.8), facilitating the reorganization of the
olefin moiety and enabling it to approach more easily the hydrogen atom. In contrast, in the
TS CH2-mCH3, the olefin binds more strongly to the Rh center (Rh—C = 2.05 A, right-hand
side of Figure 4.8), as a consequence of the loosened Rh-NHC bond in trans position (Rh—C
=2.16 A, right-hand side of Figure 4.8), thus being more difficult to migrate. The weakening
of one of the Rh-NHC bonds may be due to the increased coordination number of the Rh
center (one more Rh—H bond in CH2-mCH3 compared to the TS CH1-2b, Figure 4.8). In
the TS CH2—mCH3, the mobilization of the silyl group is correlated with the shortening of
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the Rh-NHC bond trans to it (Rh—Si = 2.76 A, Rh—C = 2.01 A, right-hand side of Figure
4.8).

Apparently, the strength of the two Rh-NHC bonds can remarkably affect the bonding
situation in their respective trans positions. If both moieties, coordinated at the metal center,
to form a bond, can be mobilized due to a trans effect, e.g., the hydrogen atom and the
ethylene moiety in the TS CH1-2b, then this reaction occurs easily (left-hand side of Figure
4.8). If due to two simultaneous, but opposite trans effects one moiety is loosened from the
metal center, but the other one is held back, e.g., the silyl and the ethylene moieties in the TS
CH2-mCH3), then the reaction may exhibit a higher activation energy.

Figure 4.8. Optimized structures of the transition states CH1-2b and CH2-mCH3.
Distances are given in A. Adapted from Ref. 93.
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4.3 SBM Pathway

The catalytic cycle of the SBM mechanism shares the oxidative addition (IOA) with the CH
pathway, the two-step process CH1 — CH2 — CH3 (see Figure 4.6 in Section 4.2). The
SBM mechanism proceeds with the insertion of a second silane 2, as also found previously.*’
This insertion requires an activation enthalpy of 6.5 kcal-mol™. In consequence, the agostic
bond between the Rh and f-C—H bond in CH4 breaks upon going from CH4 to SBM5
(Figure 4.9). The hydrosilylation product forms immediately, SBM5 — SBM6 (Figure 4.9).
The corresponding TS SBM5—6 features a four-member ring Rh—C-Si—H, characteristic for
the SBM mechanism. During this step, the two bonds Si—C and Rh—H form, and two others
break, Rh—C and Si—H. Crucial geometry parameters of all optimized structures of the SBM
mechanism are given in Table 4.3.
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Figure 4.9. Catalytic cycles of the SBM mechanism. Enthalpies of intermediates and
transition states, relative to CH1, in kcal-mol™. Adapted from Ref. 93.

In addition to the hydrosilylation of ethylene, this transformation simultaneously
accomplishes a hydrogen transfer from silane to rhodium (Figure 4.9). The highest relative

barrier of the mechanism SBM, 8.6 kcal-mol™ (IOA), is slightly lower than the highest
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barrier of the CH mechanism, 9.3 kcal-mol™ (product elimination); Figure 4.10 vs. Figure
4.7. However, considering the highest absolute barriers in the overall catalytic cycles, CH is
favored over SBM (10.6 kcal-mol™ of CH5-6 vs. 12.5 kcal-mol™ of SBM5-6, (Figure 4.10)
In the SBM mechanism, the elimination of the product starts by inserting a second ethylene.
This induces a rotational isomerization of the silyl group and cleavage of the Rh—H bond to
the product. The enthalpy barrier of this final step, 4.0 kcal-mol™, is notably lower than that
of the product elimination step of the CH mechanism (Figure 4.10 vs. Figure 4.7).

Experimentally, the SBM mechanism is known to promote also olefin hydrogenation.?%*®

Hence this potential side reaction was also examined. In this side reaction, the system
undergoes two hydrogen transfer steps instead of passing via the four-member ring structure.
One hydrogen atom is transferred from Rh to C, CH4 — SBM5. A second hydrogen atom
migrates from Si via Rh to the C center, thus avoiding a temporary under-coordination at the
metal center, SBM5 — SBMG6S (Figure 4.10). Consequently, the silane remains partially
unsaturated, with only three covalent bonds formed at the Si center (Si—Rh, 2xSi—H); the
third Si-H is elongated by 0.16 A to coordinate also to the metal center. With 20.9
kcal-mol™, the activation enthalpy of this step is much larger than the competing highest
barrier along the desired hydrosilylation pathway, 6.3 kcal-mol™ (Figure 4.10). Thus, with
the bis-NHC-Rh catalyst studied, ethane is highly unlikely as side product of the SBM
mechanism. This finding is an important advantage of the present Rh catalyst over the Ru
catalysts studied experimentally where this side reaction was observed.?

Table 4.3. Crucial distances, as well as the dihedral angle vy in all optimized structures in the
SBM mechanism. Distances are given in A and angles are given in degree. Adapted from
Ref. 93.

C-Si C-H Y
CH4-SBM5 3.77 1.13 153.6
SBM5 2.72 1.13 152.7
SBM5-6 2.09 1.11 152.7
SBM6 1.90 1.10 151.8
SBM6-CH1 1.88 1.09 155.6

In summary, for the bis-NHC Ru(l) model catalyst examined here, the SBM and CH
mechanisms were calculated kinetically very similar. Oxidative addition at the beginning of
the catalytic cycle is rate-limiting in the SBM mechanism whereas the highest enthalpy
barrier of the CH mechanism was calculated for the final step, product elimination (Figure
4.10). In both mechanisms the backward reaction is notably more difficult, with barriers of
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17.8 kcal-mol™ for CH1 — GT4 and 16.1 kcal-mol™ for CH1 — SBMB®. A potential short-
coming of the SBM mechanism may be the relatively crowded arrangement at the metal
center in its key intermediate, SBM5-6. This aspect may be problematic for larger reactants,
silanes and olefins (see Section 4.3.1), and for steric more demanding N-substituents on the
bis-NHC ligand.
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Figure 4.10. Enthalpy profiles of the most favored pathway in the SBM mechanism (upper
panel), and product elimination as well as potential side reaction (lower panel). CH1 is used
as enthalpy reference. Crucial steps with highest relative activation barriers, are marked by
arrows. Relative enthalpies of each intermediate and TS are given in kcal-mol™. In the lower
panel, H, is given in kcal-mol™. Adapted from Ref. 93.
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4.3.1 SBM: Change in the Coordination Sphere

The cleavage of the Rh—H—C agostic bond in CH4 (Figure 4.11) occurs with assistance of
the addition of a second silane (TS CH4-SBMS5). The coordination sphere around the metal
center changes notably during this process. In the final state SBM5, the Rh center is
relatively crowded. The weakening of the interaction between the metal and the NHC-ligand
or other coordinated moieties can be observed in the change of the bond length. Besides the
cleaved agostic bond, three additional bonds are weakened, i.e., one Rh—C (Rh-NHC) bond
(from 2.01 A in CH4 to 2.12 A in SBMS5), one Rh—Si bond (from 2.31 A in CH4 to 2.37 A
in SBM5), and one Rh—C bond (from 2.08 A in CH4 to 2.14 A in SBM5).

Figure 4.11. Optimized structure of intermediate CH4, TS CH4—-SBMS5 (upper panel) and
SBMS5 (lower panel). Distances are given in A. Adapted from Ref. 93.
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4.4 Performance of the bis-NHC Ligand

Catalysts with the same metal center but different ligands do not necessarily share the same
mechanistic features.?* In the following the electronic and spatial characteristics of the
present bis-NHC ligand will be discussed and its influence on the hydrosilylation reaction

catalyzed will be analyzed.

% and thus facilitate the

NHC ligands are strong o-donors and weak r-acceptors,
formation of stable catalyst complexes with strong ligand-metal bonds, which in the present
case are strengthened even more by the two binding sites of the bidentate ligand. Along the
various pathways, the Rh-NHC bonds vary in the range 1.93—-2.23 A; the average value over
all calculated stationary states is 2.06 A. When one NHC ligand is moving away from the

metal center, the other one draws closer.

A noteworthy feature of the Rh(l) catalyst studied is the flexible conformation of the bis-
NHC ligand system. The present bridged bidentate bis-NHC ligand does not occupy a full
hemisphere of the metal center, but mainly divides space into two parts in a flexible fashion.
The spatial requirement varies as the ethylene-bridge changes its conformation, altering the
dihedral angle between the two imidazole rings. To delineate these conformational changes in
a quantitative way, the dihedral angle y between the imidazole rings was determined by
fitting a plane to the five atoms of each ring.

Figure 4.12 presents pertinent results for the structures along the various reaction
pathways, delineating the values of y together with crucial distances C—Si and C-H of
intermediates and TSs along the most favorable pathways of each of the four mechanisms.
One notes some obvious correlations between changes in the dihedral angle y and crucial
transition states, e.g., of the oxidative addition in the CH pathway.

The dihedral angle y hardly changes in the GT mechanism; this reflects the fact that in
this mechanism the actual reaction does not take place at the catalyst center, but occurs
remotely on the silylene ligand. In contrast, the correlation between angle y and the formation
of the various bonds can clearly be seen for the other mechanisms CH, mCH, and SBM.
During the indirect oxidative addition, CH1 — CH2 — CH3, of the CH and the SBM
mechanisms, angle y first decreases by 6° and then increases by 10° (Table 4.1 — Table 4.3).
In this way, space is cleared as needed for the spatial requirement of the reactants and their
migration. One observes an analogous effect in the mCH mechanism, where angle y changes
up to 20° at about the same stage of the mechanism. In contrast, during the SBM mechanism,
angle y changes even up to 60°, not in a single peak, but rather in a plateau-like phase during
which the catalytic transformation occurs (Figure 4.12).
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Figure 4.12. Dihedral angle y (in degree) between the two imidazole rings (solid line), C—Si
(squares) and C—H (triangles) distances (in A) along the most favored pathways of the GT,
CH, mCH, and SBM mechanisms, starting with the catalytically active species GT1 and
CH1, respectively. No distances are given for GT1 as the reactants are separated. For SBM,
C-Si distances are measured between ethylene and the second SiH; moiety. Shading
indicates the crucial steps of product formation. Adapted from Ref. 93.

The phases with larger values of the dihedral angle y occur at crucial steps of the various
mechanisms. In fact, they are decisive for obtaining low barriers with the bis-NHC ligand. A
test calculation where the dihedral angle y was constrained at the value of CH4, 150°, during
the formation of the C—Si bond, CH4 — CH5 — CHB6, results in the (more direct) activation
barrier CH4 — CH6 (Figure 4.13) which, however, is by 16.7 kcal-mol™ higher than that
calculated with the flexible bis-NHC ligand.

In Table 4.4 the energetics and the ligand geometry of the crucial reaction steps of the
various mechanisms pathways are compared along the most favored pathways. The CH and
SBM mechanisms are equally preferred with highest barriers of ~9 kcal-mol™, while the
mCH and GT mechanisms, with highest barriers of 22 kcal-mol™ and 37 kcal-mol™,
respectively, are not competitive. Rh—Si bond cleavage is difficult in the latter two
mechanisms, whereas this process is facilitated by an incoming additional reactant in the
SBM and CH mechanisms. The hydrogenation of the olefin is never rate-limiting in any of
the four mechanisms. Only in the mCH mechanism, formation of the C—Si bond is notably
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more difficult than C—H formation, with Hy(CH2 — mCH3) = 22 kcal-mol™ compared with
Ha(mCH3 — CH6) = 2 kcal-mol™. Only for the CH and SBM mechanism does one find

drastic changes in the dihedral angle 7, by more than 40°, between the two imidazole rings, to

enable C—H bond formation.

AH, keal/mol

Figure 4.13. Enthalpy profile CH4 — CH5 — CH6 explored with a flexible bis—NHC ligand
(green) and with the bis-NHC dihedral angle fixed at its value for CH4, 150° (red). This
alternative pathway CH4 — CH6 has an activation barrier relative to CHS — CH6 that is by

16.7 kcal-mol™* higher. Adapted from Ref. 93.

Table 4.4. Pertinent activation barriers H, in kcal-mol™ of various mechanisms and
geometric characteristics of the corresponding transition structures: dihedral angle y between
the two NHC moieties, distances of C-Si or C—H bonds formed. Adapted from Ref. 93.

GT CH mCH SBM
TS GT6-1 GT4-CH1 CH2-mCH3 CH1-2
Ha(max) 37 9 22 9
y 101 106 100 92
TS GT3-4 CH5-6 CH2-mCH3  SBM5-6
Ha(C-Si) 19 6 22 6
y 104 105 100 153
d(C-Si) 1.88 2.03 2.09 2.09
TS GT3-4 CH3-4 MCH3-CH6 CH3-4
Ha(C-H) 19 2 2 2
y 104 147 105 147
d(C-H) 1.10 1.66 1.77 1.66

Finally it is worthwhile to compare the present results for the bis-NHC Rh(I) complex as
catalyst to results of previous DFT studies on Rh and Ru complexes, mainly involving
phosphine and chlorine ligands. The highest relative barriers of the favored mechanisms in
previous studies vary substantially. Sakaki et al. determined for a phosphine-based Rh
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catalyst, using SiHMes, the mCH pathway to be preferred over CH for the hydrosilylation of
ethylene, with E, = 15.7 kcal-mol *.%* Beddie and Hall calculated the GT mechanism as
preferred over CH and mCH, with G,= 18.9 kcal-mol™, when adding SiH, across ethylene,
using a Ru complex with phosphine and cyclopentadienyl ligands.? In three studies on Ru
complexes with varying ligands, Tuttle et al. examined adding diethoxymethylsilane to
diethoxymethylvinylsilane.?>?* Using phosphines and chloride as ligands of a Ru complex,
studying the CH, mCH, and SBM mechanisms, Tuttle et al. found SBM as lowest energy
pathway, with Hy = 21.8 kcal-mol % A Ru complex with chloride and acetonitrile was
identified to proceed also to favor the SBM mechanism (over GT and CH), with H, = 13.1
kcal-mol™.% For a Ru complex, with a cymene ligand instead of acetonitrile, the preferred
mechanism changed to CH out of the CH, mCH, and SBM mechanisms studied, with H,; =
15.5 kcal-mol ™

Earlier works suggested the catalysis to start with stepwise addition of the reactants,
beginning with silane to yield a metal-silylene®” or a metal hydride complex* as catalytic
active species. In contrast, it was determined that the common active species of the CH, mCH
and SBM mechanisms involves not only silane but also the olefin (CH1); this species is
energetically favored over the Rh-silylene complex (GT1) which was also studied for the GT
mechanism (Figure 4.14). This provides a further hint that the GT mechanism is unlikely in
the current system, as its intermediate is so much less stable. For the oxidative addition
(separation of Si and H by more than 2.50 A) at the present Rh complex, a lower activation

barrier was calculated than determined previously for Ru complexes.?#?**’
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Figure 4.14. Profiles of the most favored pathways of the mechanisms GT, CH, mCH, and
SBM, relative to the bare catalyst and separate substrates. Reaction enthalpies for the
formation of the catalytically active species GT1 and CH1 in kcal-mol™". Steps where
reactants are added or the product is eliminated are marked by arrows. Adapted from Ref. 93.
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Entropy contributions, thus far not included in the discussion, affect most activation

barriers only in a marginal way, by less than 5.4 kcal-mol™. Exceptions occur when an extra

reactant is added (Table 4.5). These latter barriers increase by up to ~10 kcal-mol™ (GT3 —

GT4) if one includes the term —TAS in full; however, these entropy corrections are certainly

an upper bound.?***° This correction renders the ethylene-assisted product elimination,
presented here for the first time, more difficult, but should not invalidate the preferred

reaction pathways discussed here in view of the calculated very low barriers.

Table 4.5. Enthalpy AH and entropy contributions —TAS as well as solvation effects AGsoy Of
crucial activation energies, relative to the preceding intermediates. AGsoy Values determined
in single-point fashion at structures optimized in the gas phase (kcal-mol™), see Chapter 3.

Adapted from Ref. 93.

AH —TAS AGsoy AH —TAS AGgu
GT2-3 18.5 54 32 CH5-6 6.3 0.1 —2.1
GT6-1 37.5 1.8 -13 CH2-mCH3 223 0.8 —-4.1
CH1-2 8.6 0.7 -138 SBM5-6S 20.9 —2.2 —0.3
GT4-CH1 9.3 6.8 038 SBM6-CH1 4.0 6.2 -1.5
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4.5 Conclusion

In this chapter, a computational study of olefin hydrosilylation by a bis-NHC Rh(l) model
catalyst was presented, for the model reactants ethylene and monosilane. All four popular
mechanisms were addressed: Glaser-Tilley GT, Chalk-Harrod CH, and its modified variant
mCH, as well as c-bond metathesis SBM.

Along the various pathways, the ethylene bridged bis-NHC catalyst ligand is able to
change between “bent” and “open” conformations, enabling a total of three variants each of
the oxidative addition for the CH as well as the mCH mechanism. The indirect oxidative
addition turned out to be the most favorable variant of the CH mechanism, with the final step,
displacement of product, to be rate-determining. In this last step, insertion of an additional
reactant (ethylene) facilitates cleavage of the Rh—Si bond. The other variants, coupled
oxidative addition and direct oxidative addition, the latter involving a separation of Si and H
to trans-coordinated sites, were calculated to exhibit notably higher activation barriers. The
silylation steps of all variants of the mCH mechanism have high barriers of which the variant
starting with coupled oxidative addition turned out to be most favorable. Overall the SBM
mechanism was calculated to have the lowest relative barriers, slightly lower than that of the
CH mechanism. Formation of ethane as side reaction of the SBM mechanism is much less
favorable than hydrosilylation. The GT mechanism was also ruled out as the relative barrier
of the cleavage of the Rh—Si bond and displacement of the product was calculated very high.
Absolute rate-determining barriers with respect to the full catalytic cycles are 16.3, 10.6, 26.0
and 12.5 kcal-mol™ for GT, CH, mCH and SBM mechanisms, respectively. In summary, the
CH and SBM mechanisms feature the most favorable enthalpy profiles for hydrosilylation by
the bis-NHC Rh(l) catalyst.

A crucial aspect of hydrosilylation by metal complexes is the release of the product
where a metal-Si bond needs to be cleaved. Indeed, elimination of the product involves the
highest barriers of the mechanisms studied (the second highest in the case of SBM).

The ethyl-bridged bis-NHC model ligand used in this study makes the resulting metal
complex a very attractive catalyst for the hydrosilylation of olefins. The Rh-NHC bonds are
rather stable. Yet, the bidentate character of the ligand allows notable elongations in one of
these two metal-ligand bonds, while the other one remains tight and thus prevents a loss of
the ligand which might occur without the ethyl bridge. On the other hand, this bridge is
flexible enough to permit the required arrangement of the two imidazole rings relative to each
other.
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5 Method Dependence of Competing Mechanisms

In the preceding chapter, all four mechanisms for the hydrosilylation of ethylene by
monosilane were computationally examined.*® The four mechanisms were explored with the
hybrid functional method B3LYP, as to date it is most commonly used in computational
studies.?®® It was concluded that the two preferred mechanisms are SBM and CH, while their
highest relative barriers (HRB) differ by only 0.7 kcal-mol*.%* This chapter addresses the
question, important to computational and experimental chemists alike, whether the results
obtained by a DFT based method are sensitive to the functional chosen. The importance of
this question can be illustrated by reference to the catalysis model, where small changes in
the energy results might evoke a change in mechanistic preference.

Beddie and Hall also studied the method-dependent mechanistic preference of olefin
hydrosilylation.?®®> They examined two key reaction steps (including 4 intermediates and 2
transition states), comparing a series of DFT and “ab initio” methods, in conjunction with
basis sets of various degrees of flexibility along the pathways of the GT and CH
mechanisms.®®?> They based their discussion on single-point calculations of structures
optimized at the B3LYP level in a preceding mechanistic study.*” With the “ab initio”
methods MP2 and MP4SDQ they determined the CH mechanism as preferred. In contrast, the
MP3 method, all DFT methods and the CISD method confirmed the preference of the GT
mechanism. Their CCSD and CCSD(T) calculations predicted a change in the preferred
mechanism from CH to GT when the basis sets were increased.?*

This chapter, addressing hydrosilylation by the Rh(I)-bis-NHC complex, extends the
mechanistic study of the last chapter, where two characteristics of this system were revealed
that render the present case more complicated than the case just described.? For the example
addressed in the last chapter, firstly, the pathways of the four mechanisms are interrelated at
several junctures. Secondly, the potential energy profiles of the SBM and CH mechanisms
are overall flat.*® Therefore, it is worthwhile to extend the scope of the study beyond single-
point calculations employing other functionals. Rather, in this methodological study
considerably more crucial structures were included and each of them was optimized for the
chosen functionals. Also, it seemed interesting to use an extended set of DFT methods
because the performance of the most popular functionals has been widely reviewed against
experimental and ab initio data.”>® Especially, the accuracy of functionals in calculating
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geometries of TM complexes and reaction energetics of catalytic systems based on TM

complexes®’ have been assessed.
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By analyzing the energies calculated with several functionals for competing mechanisms,
this chapter aims at exploring a potential method dependence of DFT studies in homogenous
TM catalysis on the example of a somewhat intricate case.

The following discussion will focus on the energetics, RBs in particular. The overall
strategy of the comparison is as follows. First it is shown that for each of the four
mechanisms a complete set of all stationary points along the most favored pathways,
determined with the functional BP86, results in an energy profile that is rather parallel to that
previously calculated with the B3LYP approach.”® Then, two crucial barriers of the GT
mechanism, and three crucial barriers each for the CH, mCH, and SBM mechanisms will be
optimized with three additional functionals, mPWPW, PBE, and PBEO, and the influence of
these five functionals on the ranking of the barriers will be analyzed. Next, the comparison
will be extended to seven additional density functionals, BLYP, B3PW91, MPWI1K,
MPW3LYP, M06-L, M06, and TPSS, for the four most important barriers, obtained by full
optimization of the intermediate and TS structures with all chosen functionals. It will be
examined in particular how the preferred mechanism may change depending on the
functional used. Finally a case of a strong change in barrier height and how this barrier is
described by an extended set of functionals will be discussed in detail.

In addition, changes in geometries evoked by the various functionals were examined. To
assess the quality of the structures calculated for the inspected catalyst system with the 12

functionals, the bonding distances of the optimized bare catalyst to X-ray diffraction data
were compared (Figure 5.1, Table 5.1).
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Figure 5.1. Sketch of the structure of the catalyst precursor, the Rh(l) bis—=NHC
cyclooctadiene (COD) complex. The active species is the shaded upper part, the Rh(l)
bis—=NHC complex. The lower part shows the spectator ligand COD. Hydrogen atoms on the
ligands are omitted for clarity. Adapted from Ref. 221.

Table 5.1. Characteristic distances (A) of the experimentally determined and calculated
structures of the catalyst precursor, the Rh(l) bis-NHC COD complex. See Figure 5.1 for the
numbering of the atoms. ® Adapted from Ref. 221.

Rh—NHC Within NHC Rh—-COD

Rh—-C; Rh-C; Ci—N; Ci—-N» C,-N3 C,-Ns Rh-C3; Rh-C, Rh-Cs Rh-Cg
XRD 205 204 137 138 137 136 226 222 225 222
B3LYP 207 205 137 136 137 136 229 225 227 224
BP86 205 204 137 138 138 137 226 222 225 222
mPWPW 205 204 137 138 138 137 226 222 224 222
PBE 205 204 137 138 138 137 225 221 224 221
PBEO 205 205 13 136 136 135 224 220 222 220
BLYP 208 206 138 139 138 137 231 226 229 226
B3PWI1 205 204 13 137 136 135 225 221 223 221
MPW1K 205 204 135 135 135 134 224 220 223 220
MPW3LYP 207 205 136 137 136 136 229 225 227 224
MO6-L 207 205 13 137 136 136 224 220 223 220
MO6 206 204 136 136 136 135 226 223 225 222
TPSS 207 205 137 138 137 137 225 221 223 221

?Distances calculated with the 12 functionals used in this study differ at most by 0.05 A from
the corresponding X-ray data, thus confirming that the selected functionals are appropriate
for modeling the Rh(I) bis-NHC catalyst.
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5.1 Differences between B3LYP and BP86 for the Four
Mechanisms

Figure 5.2 shows the complete reaction profiles, obtained with the B3LYP and BP86

functionals, of the most favored pathways of the four mechanisms under study, with

intermediates and transition states (TSs) completely optimized. Apparently, the two

functionals B3LYP and BP86 result in rather parallel energy profiles, such that it is possible

to evaluate analogous crucial RBs of each mechanism; see below the detailed discussion.
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Figure 5.2. Enthalpy profiles (kcal-mol™) of the four mechanisms calculated by the B3LYP
(solid lines) and the BP86 method (dashed lines). Note that chl = mch2, ch2 = mch3 = sbm1.
The largest changes in activation enthalpies AH, (more than 1.5 kcal-mol™ in absolute terms)
are explicitly given. Triangles indicate notable geometric differences |Ad| > 0.1 A in the
intermediate or the transition state structures. Adapted from Ref. 221. For the numerical
values of the relative enthalpies and crucial distances, see Tables Al and A2 of the
Appendix.

First labels will be introduced for easy reference of the RBs to be discussed. Labels in
lower-case are used to identify the mechanism, followed by a number that indicates the
ranking according to the barrier height in the same mechanism, starting with the highest, as
obtained with the B3LYP method.” For example, the label “gt2” denotes the second-highest
RB along the GT pathway. The same label also identifies the corresponding TS, while the
prefix “i”, as in “igt2”, marks the intermediate, immediately preceding that TS, in the present
example TS gt2. This ranking focuses on the highest RBs, but does not account for smaller
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(or less important) barriers, such as those of the isomerization steps (I1S) or the addition of a
second silane (AS). Often, these less important barriers are shared by several mechanisms.
Unless otherwise noted, IS or AS barriers are lower than the crucial HRBs selected for the
more detailed comparison in Section 5.2. First the energy data and then the geometry results
will be discussed.

Going from B3LYP to BP86, four of the overall five RBs along the GT pathway
decrease, barrier gt1 by 4.1 kcal-mol™, gt2 by 9.3 kcal-mol ™, one AS by 2.1 kcal-mol™, and
one IS by 2.7 kcal-mol™. The two HRBs gtl and gt2 also feature the largest absolute
changes. These changes reflect the well-established fact that GGA functionals tend to yield
lower RBs, as a rule underestimating experimental values.?*®*%° Barrier gt2 remains higher
than the AS, by 10.9 kcal-mol™* (B3LYP) and 3.7 kcal-mol™* (BP86). Hence the energy
profiles calculated with these two functionals run sufficiently well in parallel (Figure 5.2) to
justify restricting further calculations to gtl and gt2 when additional functionals will be
evaluated (Section 5.2).

Passing altogether via nine TSs (Figure 5.2), the CH pathway is more complicated than
the GT pathway. Changing from the B3LYP to the BP86 functional, one IS and one AS (of
GT) barriers decrease by 1.8 kcal-mol™* and 2.1 kcal-mol™, respectively, while the HRB ch1l
increases by 2.4 kcal-mol™. In this way, chl is the HRB of both profiles. The second-highest
RB ch2 also keeps its rank at the BP86 level, with its value essentially unchanged, by 0.1
kcal-mol™. Because the energy profile along the CH pathway is relative flat, ch2 is only by
2.3 (B3LYP) and 1.4 kcal-mol™ (BP86) higher than ch3 (Table Al of the Appendix). Thus it
seemed advisable to include also ch3 in the next step of the evaluation strategy. Note that the
RB ch3 is lower than AS by 1.4 kcal-mol™ at the B3LYP level, but higher than it by 1.8
kcal-mol™ at the BP86 level. Based on the consideration that ch3 represents one crucial step,
the C—Si bond formation ch3 was chosen instead of AS.

The mCH pathway involves in total seven activation barriers. Four RBs changed by
about 2 kcal-mol™ at the BP86 level, compared to the B3LYP results: mch1, mch4, one AS
(= AS in GT and CH) and mch2 (= chl). While the RBs mchl, mch4, and AS decreased by
2.0 kcal-mol™, 1.6 kcal-mol™*, and 2.1 kcal-mol™, respectively, barrier mch2 (= chl)
increased by 2.4 kcal-mol™. Both mchl and mch2 (= chl) remain the HRBs at the BP86
level. The third HRB mch3 (= ch2) is also ranked the same in both profiles. Hence mchi,
mch2 (= chl), and mch3 (= ch2) were selected for further evaluation in Section 5.2.

Finally, three of the six activation barriers along the SBM pathway changed remarkably:
one IS (= IS of CH), sbm2, and sbm3. While the first barrier is reduced by 1.8 kcal-mol™ at
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the BP86 level, the other two barriers increase by 3.0 kcal-mol™ (sbm2) and 3.6 kcal-mol™
(sbm3). Note that the highest barrier of the SBM mechanism is identical to the second highest
one of the CH mechanism, sbm1 = ch2. The two highest B3LYP barriers sbml and sbm2
exchange their ranks at the BP86 level, while RB sbm3, 7.6 kcal-mol™, comes close to RB
sbm1, 8.7 kcal-mol™ at this level of theory. Therefore also for the SBM mechanism, three
HRBs were included for further evaluation. Due to the smooth potential energy surface at the
B3LYP level, sbm2 is of the same height as the AS (6.4 vs. 6.5 kcal-mol™), while RB sbm3
is only by 0.4 kcal-mol™ lower than one 1S RB. At the BP86 level, som2 is by 4.0 kcal-mol™
higher than the AS, and sbm3 is by 5.0 kcal-mol™ higher than the IS.

Regarding the locations of the eight barriers chosen above, it can be summarized that in
total, one barrier is selected from the shared initial phase (ch2 = mch3 = sbml), four are
chosen from the crucial C—Si or C—H bond formations (gt2, ch3, mchl, and sbm2), and three
are related to the elimination of product (gt1, chl = mch2, and sbm3). Hence the current set
of RBs includes all key steps along the most favored pathways of the four mechanisms, see
Figure 5.3.

Aside from the changes in enthalpy differences just discussed, the functional BP86 in
some cases also entailed noteworthy structure changes. In view of the complexity of the
system under study, only interatomic distances pertinent to the reaction were examined.
These are either bonding distances of specific structures, e.g., the distances Rh—Si and Rh—H
in the silylene complexes igtl and igt2, or distances describing bond formation or cleavage,
e.g., the distances Si—C and Si—H in igt2 and gt2 (Table A2 of the Appendix). In Figure 5.2,
triangles point out where the variation in crucial non-bonding distances is above 0.1 A.
Altogether there are seven structures along the GT pathway, five along the CH and SBM
pathways, and six along the mCH pathway which revealed at least one noticeably changed
non-bonding distance when the functional was altered from B3LYP to BP86 (Figure 5.2,
Table Al of the Appendix). Two conclusions can be drawn from Figure 5.2. First, all
activation barriers which are sensitive to an alteration of the functional contain an
intermediate or/and a transition state, where some (non-) bonding distances were described
differently by BP86 and B3LYP. Second, it is apparent that especially in the GT structures
many changes over 0.1 A occur, most frequently for the interactions between the rhodium
and the silane subunits; see Table A2 of the Appendix. These differences involve either the
formation or cleavage of the Rh—Si bond, or a hydrogen transfer reaction between the two
units. In general, B3LYP predicts the non-bonding Rh—Si and Rh—H distances longer, and

the Si—H distances shorter than BP86, except for one case in the transition state mchl (Table
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A2 of the Appendix). Further deviations were found in the non-bonding distances between
rhodium and the ethylene subunits, and the ethylene and the silane subunits. In these latter
cases, BP86 predicts the two units to be much closer to each other than B3LYP. Except for a
few distances of these three types (Rh-silane, Rh-ethylene, silane-ethylene), all crucial
distances were calculated rather consistently by B3LYP and BP86 (Table A2 of the
Appendix).

In summary, the current analysis shows that geometries determined by the B3LYP
approach and the more economical BP86 functional are quite comparable. The energy
profiles run almost parallel, and the crucial barriers along each pathway were in the majority
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Figure 5.3. Overview of the interrelated pathways of the four mechanisms and location of the
eight selected relative barriers. Less important steps shown in light gray. Relative enthalpy
barriers (kcal-mol™) were calculated with the B3LYP method in Chapter 4. Sketches of the
transition state structures are depicted to illustrate the chemical transformation occurring in
the various steps. Adapted from Ref. 221,
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of cases also the most sensitive to this functional change. The relative energies obtained by
single-point calculations BP86//B3LYP vary by -3.4 kcal-mol™ to 2.2 kcal-mol™ with respect
to the relative energies determined in full optimizations at the BP86 level (Table Al of
Appendix). The most significant changes were found in the structures involved in the barriers
gtl, gt2, chl, ch2, sbm2, and sbm3, showing that geometry changes have a larger impact on
the energetics of these structures (Table Al of Appendix).

5.2 Optimization of Eight Selected Barriers by Five Functionals
Next, using a total of five functionals, all pertinent structures for the set of eight barriers,
selected in the preceding section, were optimized. In addition to BP86, two other semi-local
functionals, mPWPW and PBE, were chosen. Besides B3LYP, the hybrid counterpart of
PBE, PBEO was also employed. Depending on how the rankings of the selected crucial
barriers are affected by the various functionals, potential changes in the preferred mechanism
can be monitored. Secondly, the barrier heights of four functionals will be compared to those
of the corresponding B3LYP results.

5.2.1 Ranking of Barriers

In Figure 5.4, for each of the five functionals, the calculated relative enthalpy barriers H, are
arranged in descending order. The ranking spectra have qualitatively similar profiles. The
first two HRBs (three in the case of B3LYP) stand out for their remarkable heights. The
remaining sequence is rather flat, while barriers in a certain position vary typically no more
than 1 kcal-mol™ among the five functionals

All chosen functionals predict the barriers gtl and mchl to be the two highest ones,
amounting to 33 kcal-mol™ and 20 kcal-mol™, respectively, for the semi-local functionals.
These same barriers are up to 4 kcal-mol™ higher for the two hybrid functionals. Depending
on the functional, the second highest barrier, mch1, is by 3.6-9.5 kcal-mol™* higher than the
next lower one (Figure 5.4). Therefore, also for this extended set of functionals, the GT and
the mCH mechanisms are not competitive with the CH and the SBM mechanisms. The
remaining six barriers decrease rather smoothly and largely independently of the functional,
with relatively small successive decrements, 0.1-2.3 kcal-mol™. Yet, there is one exception:
with B3LYP, Ha(gt2) is 9.2 kcal-mol™ higher than the subsequent barrier Ha(ch1), Figure 5.4.
This finding reflects the fact that only B3LYP yields barrier gt2 rather high, whereas the
other four functionals all predict gt2 to be comparable with the barriers of the preferred
mechanisms CH and SBM (Figure 5.4).
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The hybrid functionals B3LYP and PBEO produce two rather similar rankings: gt2 > chl
(= mch2) > ch2 (= mch3 = sbm1) > sbm2 with only ch3 and sbm3, of almost the same height,
exchanged at the end of the series. The ranking changes when the semi-local functionals
BP86 and mPWPW were applied: chl (= mch2) > shm2 > gt2 > ch2 (= mch3 = sbml). These
four functionals all predict barriers ch3 and sbm3 to be the two lowest barriers of the
inspected series. Only for PBE, ch3 ranks higher: sbm2 > chl (= mch2) > ch3 > ch2 (= mch3
=sbml), but ch3 is still not the highest relative barrier along the CH pathway.

Focusing on the preferred mechanisms, the crucial barriers are chl, ch2 = sbml, and
sbm2 (Table 5.2). With the semi-local functionals BP86, mPWPW, and PBE, the barriers of
chl and sbm2 are higher than determined with the hybrid functionals. With B3LYP, sbml (=
ch2) is the highest relative barrier along the SBM pathway, whereas PBEO predicts the
barriers sbom1 and sbm2 to be essentially equal (Figure 5.4). All three semi-local functionals
yield sbm2 as highest barrier on the SBM pathway (Table 5.2). The three barriers chl, ch2,
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Figure 5.4. Eight crucial enthalpies of activation H, (kcal-mol™) calculated with the density
functionals BP86, mPWPW, PBE, PBEO, and B3LYP. For each functional, the barriers are
arranged according to descending heights. Adapted from Ref. 221.
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and sbm2, crucial for the overall preferred mechanism, as well as barrier gt2 (see above), will
be studied further in Section 5.3, using a larger set of functionals.

Table 5.2 gives a brief overview over the mechanisms CH and SBM which are preferred
as their highest relative barriers (HRB) are calculated lower than the HRBs of the GT and
mCH mechanisms. Only BP86 and PBE yield substantial differences AH, = Ha(chl) —
Ha(smb2) for these crucial barriers, AH,(BP86) = 2.3 kcal-mol”" and AH.(PBE) = —2.2
kcal-mol™" (Table 5.2). BP86 predicts the largest CH barrier chl, 11.7 kcal-mol™, to be
higher than the largest SBM barrier smb2, 9.4 kcal-mol™'; the corresponding PBE results
appear in reverse order, Ha(ch1) = 9.6 kcal-mol™" and Ha(sbm2) = 11.8 kcal-mol™". Thus far
in this study, PBE is the only functional to prefer the CH mechanism over SBM. The semi-
local functional mMPWPW yields similar results as BP86: Hs(chl) = 11.1 kcal-mol™,
Ha(sbm2) = 9.5 kcal-mol™'; only the difference of these enthalpy values is reduced,
AHa(mPWPW) = 1.6 kcal-mol ™.

For the two hybrid functionals, not only the differences in barriers were reduced, AH,
(B3LYP) = AH, (PEBO) = 0.7 kcal-mol™", but also the most dominant barrier along the SBM
pathway is changed from sbm2 to sbml (Table 5.2). The oxidative addition of the first silane,
sbml = ch2 (Figure 5.4), is predicted as HRB of the SBM mechanism by both B3LYP and
PBEO: Hy(sbm1) = 9.0 kcal-mol™" and Ha(sbml) = 8.6 kcal-mol™, respectively. In contrast,
for the semi-local functionals BP86, mPWPW, and PBE, the actual metathesis step sbmz2 is
the HRB of the SBM mechanism (Figure 5.4). At variance with the SBM mechanism, all five
functionals considered here yield the ethylene-assisted product elimination chl as the HRB of
the CH pathway.

77



Method Dependence of Competing Mechanisms

Table 5.2. Selected relative barriers (kcal-mol™) calculated with five density functionals.
Adapted from Ref. 221.

Ha Ga Ea Ea,corr

BP86 gtl 33.23 33.46 33.58 -
gt2 9.27 13.55 10.57 11.23

chl 11.72 22.53 11.94 -

ch2 8.71 9.77 8.98 -

ch3 7.35 5.65 7.11 -

mchl 20.28 20.33 20.57 -

sbm2 9.38 9.11 9.45 -

sbm3 7.64 16.31 7.39 -

mPWPW gtl 33.31 34.01 33.74 -
gt2 8.93 13.43 10.27 10.89

chl 11.08 22.21 11.35 -

ch2 8.78 9.89 9.05 -

ch3 7.58 5.73 7.30 -

mchl 20.34 20.83 20.72 -

sbm?2 9.48 9.14 9.52 -

sbm3 6.82 12.65 6.23 -

PBE gtl 33.25 34.04 33.71 -
gt2 7.69 11.78 8.98 9.59

chl 9.65 20.69 9.97 -

ch2 8.52 10.03 8.86 -

ch3 9.12 7.08 8.78 -

mchl 20.17 20.20 20.46 -

sbm?2 11.81 7.73 10.79 -

sbm3 5.92 15.24 5.75 -

PBEO gtl 35.86 37.00 36.40 -
gt2 10.75 15.45 12.15 12.64

chl 9.77 19.61 9.96 -

ch2 9.03 10.24 9.33 -

ch3 6.99 6.33 6.96 -

mchl 20.22 20.54 20.60 -

sbm2 8.97 8.70 9.00 -

sbm3 7.12 13.75 6.31 -

B3LYP gtl 37.30 39.07 37.95 -
gt2 18.59 24.03 20.07 21.10

chl 9.35 16.16 8.88 -

ch2 8.61 9.30 8.79 -

ch3 6.29 6.42 6.42 -

mchl 22.23 23.32 22.85 -

sbm?2 6.38 7.01 6.70 -

sbm3 4.04 10.28 3.50 -

5.2.2 Performances of Density Functionals
Next the relative barrier heights of the four functionals X = BP86, mPWPW, PBE and PBEO
are compared to those of the corresponding B3LYP results (Figure 5.5). For only one barrier,
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ch2 = mch3 = sbm1, the same result was obtained by all five functionals. In all other cases,
the functionals X yield three reduced barriers (gtl, gt2, mchl; Figure 5.5), and four increased
barriers (chl = mch2, ch3, sbm2, sbm3; Figure 5.3). For most functionals the variations of
gt2, mchl, shm2, and sbm3 are larger than 2 kcal-mol™*. From this point of view, GT and
SBM are the two mechanisms for which hybrid and semi-local functionals most likely furnish
large variations. Barriers of the CH mechanism are less sensitive to the choice of the
functional. Among the set X, the GT barriers are reduced, the SBM barriers are increased
relative to the B3LYP results.

Comparing the semi-local functionals to each other, one notes rather similar RBs for
BP86 and mPWPW, with deviations of at most 0.8 kcal-mol™ (Figure 5.5; Table 5.3). PBE
results differ from those of BP86 and mPWPW, predicting barriers ch3 and sbm2 higher, and
barriers gt2 and chl lower, by up to 2 kcal-mol™ (Figure 5.5; Table 5.3). For the RBs gt1,
mchl and ch2, all three semi-local functionals yield the same height (Figure 5.5). The
structures determined by the semi-local functionals BP86, mPWPW, and PBE are quite
similar, with exceptions only for the non-bonding distances C—Si of igt2, two distances
Rh—Si of ichl and sbm3, and the distance Rh—C of ich3 (Table A3 of the Appendix).

PBE predicts ch3 by 2.1 kcal-mol™ and sbm2 by 2.8 kcal-mol™ higher than PBEO
(Figure 5.5). In contrast, the RBs gtl and gt2 are obtained lower, compared to PBEOQ, by 2.6
kcal-mol™ and 3.2 kcal-mol™, respectively. The functionals PBE and PBEO vyield very
similar values, within 1.2 kcal-mol™, for the RBs chl, ch2, mchi, and sbm3 (Figure 5.5).
Also the underlying geometries agree quite well, except for two non-bonding distances Rh-Si
and Rh—H of sbm3 (Table A3 of the Appendix).

For the RBs gt2, mchl, sbm2, and sbm3, the results of the hybrid functional PBEO differ
notably from those of the analogous B3LYP results (Figure 5.5) although both hybrid
functionals contain comparable fractions of exact exchange; see Table 3.1 in Chapter 3.
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Figure 5.5. Changes AH, (kcal-mol™) of eight selected barriers calculated with the
functionals BP86, mPWPW, PBE, and PBEDO, relative to the corresponding B3LYP results.
Adapted from Ref. 221.

Table 5.3. Change AHx = Hx — H(B3LYP) (kcal-mol™) in the formation enthalpies of
selected intermediates (IM) and the corresponding transition states (TS), relative to the
B3LYP results, calculated with 4 functionals. Adapted from Ref. 221.

BP86 mPWPW PBE PBEO

igtl -13.64 1533 -21.62 —-21.28
gtl -17.71  -19.31 -25.67 2271
igt2 —6.48 —6.70 —9.97 —8.84
gt2 -1580 -16.36 —-20.87 -16.67
ichl -12.76 = -1435 2150 —20.74
chl -10.39 1261 -21.20 —20.32
ich2 -10.80 1157 1577 —13.82
ch2 -10.71  -11.40 -15.87 —13.40
ich3 -11.89 1286 -17.67 -16.56
ch3 -10.83 1158 1484 -15.86
imchl -10.49 1124 1553 -13.59
mchl -12.45 -13.14 1759 -15.61
ishm2 -19.82 -21.73 -2951 -26.56
sbm2 -16.81 -18.63 -24.08 —-23.97
isbm3 -14.31  -15.82 2238 —20.74
sbm3 -10.70 -13.08 2049 -17.66

5.3 Optimization of Four Selected Barriers by 12 Density
Functionals

From the test set discussed in Section 5.2 four barriers were selected for re-examination with
an even larger set of functionals. For this purpose, four barriers were chosen, including the
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three HRBs chl, ch2 (= sbm1) and sbm2 of the dominant mechanisms CH and SBM (Figure
5.6) as well as RB gt2 (Figure 5.7). The latter barrier was chosen for further evaluation of the
large variation in activation enthalpy noted for the set of five functionals (Section 5.3.2).

5.3.1 Mechanism Preference between CH and SBM
Figure 5.6 shows how the activation enthalpies of the barriers chl, ch2 (= sbml) and sbm2
vary for the 11 functionals relative to the results calculated for B3LYP. The corresponding
values are given in the Table A4 of the Appendix.

The following findings are particularly noteworthy: (i) the semi-local and hybrid
functionals of the same composition behave remarkably similar for chl and ch2 (see

AH, kcal/mol ch1 sbm2
4 -

11 |
0_I . i

o N B O

4 - ch2

Figure 5.6. Changes AH, (kcal-mol™) of the enthalpy barriers chi, ch2 (= sbm1), and sbm2
calculated by 11 functionals, relative to the corresponding B3LYP results. Adapted from Ref.
221.

PBE/PBEO, mPWPW/MPW1K, and MO06-L/MO06); (ii) results with the functionals MO06-L
and MO6 predict the two CH barriers quite differently than the other functionals; (iii) for
sbm2, all 11 functionals yield higher activation enthalpies than B3LYP with the smallest
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differences obtained for functionals that contain the LYP correlation part. Considering these
results, the HRBs of the CH and SBM mechanisms may be changed from what has been
reported in Section 5.2.1. Thus the analysis of activation enthalpies H, of the HRBs was
extended to seven additional functionals (Table 5.4).

First the HRBs of each of the two mechanisms CH and SBM will be analyzed. The
highest relative barrier calculated with most functionals for the CH mechanism is chl, the
reductive elimination, see Figure 5.6. Exceptions are obtained for MO06-L, MO06, and
MPW3LYP (Table 5.4); the first two of these exceptional functionals actually predict the chl
step to occur without effort, Hy(M06-L) = 0.6 kcal-mol™* and H,(M06) = 1.5 kcal-mol™*
(Table 5.5).

Table 5.4. Highest relative (enthalpy) barriers H, (HRB) of the CH and the SBM
mechanisms as calculated by 12 functionals in kcal-mol™. For each functional, the difference
Ha = Ha(CH) — Hy(SBM) between the HRBs of the CH and the SBM pathways is also shown.
Note that sbm1 = ch2. Adapted from Ref. 221.

CH SBM AH,
HRB Ha HRB Ha

BP86 chl 11.7 sbm2 94 2.3
mPWPW chl 11.1 sbm2 9.5 1.6
PBE chl 9.6 sbm2 11.8 —2.2
PBEO chl 9.8 sbml 9.0 0.8
B3LYP chl 9.3 sbml 8.6 0.7
BLYP chl 9.3 sbml 8.6 0.7
B3PW91 chl 12.3 sbml 9.2 3.1
MPW1K chl 10.4 sbml 9.0 14
MO06—L ch2 6.6 sbm2 9.1 -2.5
MO06 ch2 6.7 sbm2 7.8 -1.1
MPW3LYP ch2 8.5 sbml 8.5 0.0
TPSS chl 10.4 sbm2 10.8 -0.5
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The dispersion energy, which is included in these two functionals but missing in the
other functionals, has a notable influence on the height of the barrier chl. For instance, by

Table 5.5. Selected relative barriers (kcal-mol™) calculated with 12 density functionals. Note
that ch2 = sbm1. Eg;s was calculated with Grimme’s script DFT-D3. Adapted from Ref. 221.

Ha Ga Ea Ea + Edisp

B3LYP chl 9.35 16.16 8.88 4.35
ch2 8.61 9.30 8.79 9.34

sbm2 6.38 7.01 6.70 8.38

BP86 chl 11.72 22.53 11.94 1.79
ch2 8.71 9.77 8.98 9.14

sbm2 9.38 9.11 9.45 11.75

BLYP chl 9.34 16.54 9.93 -
ch2 8.63 9.38 8.81 -

sbm2 7.16 7.85 7.16 -

B3PW91 chl 12.33 21.13 12.93 -
ch2 9.19 10.38 9.19 -

sbm2 8.14 8.00 8.14 -

PBE chl 9.65 20.69 9.97 -
ch2 8.52 10.03 8.86 -

sbm2 11.81 7.73 10.79 -

PBEO chl 9.77 19.61 9.96 -
ch2 9.03 10.24 9.33 -

sbm2 8.97 8.70 9.00 -

mPWPW  chl 11.08 22.21 11.35 -
ch2 8.78 9.89 9.05 -

sbm2 9.48 9.14 9.52 -

MPW1K chl 10.44 19.93 11.03 -
ch2 9.02 10.33 9.02 -

sbm2 7.36 7.16 7.36 -

MO06-L chl 0.62 10.86 1.21 -
ch2 6.63 7.60 6.63 -

sbm2 9.11 9.13 9.11 -

MO06 chl 1.48 12.73 2.08 -
ch2 6.69 8.50 6.69 -

sbm2 7.76 7.37 7.76 -

MPW3LYP chl 7.92 15.79 8.51 -
ch2 8.54 9.56 8.54 -

sbm2 6.49 7.12 6.49 -

TPSS chl 10.36 21.06 10.96 -
ch2 9.00 10.76 9.00 -

sbm2 10.83 10.53 10.83 -

adding a dispersion correction”®*?®* to the BP86 and B3LYP results, barrier chl was reduced
to 1.8 kcal-mol™ (BP86) and 4.4 kcal-mol™ (B3LYP), deviating from the M06—L and M06
results by only 1-2 kcal mol™ (Table 5.5).
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In case of the SBM mechanism, five of the six semi-local functionals (except for BLYP)
predict the metathesis step sbm2 (Figure 5.6) to be the HRB instead of sbom1 = ch2 (Table 5.4
and Table 5.5). One of the six hybrid functionals, M06, also favors sbmz2, just as the semi-
local functionals, whereas the other five hybrid functionals all favor sbml as the HRB (Table
5.4 and Table 5.5). In summary, the majority of functionals predict chl as HRB of the CH
mechanism and sbm2 as HRB of the SBM mechanism.

Next the HRBs of the CH and SBM mechanisms are compared to each other. All hybrid
functionals, except M06 and MPW3LYP, slightly favor SBM over CH. The differences AH,
= Ha(CH) — Hy(SBM) of enthalpy barriers are 0.7 kcal-mol™ for B3LYP and PBEO, 3.1
kcal-mol™* for B3PW91, 1.4 kcal-mol™ for MPW1K, whereas these differences AH, are —1.1
kcal-mol™* for M06 and 0 kcal-mol™ for MPW3LYP (Table 5.4). Among the semi-local
functionals, BP86, BLYP, and mPWPW also result in the SBM to be favored, with AH,= 2.3,
0.7, and 1.6 kcal-mol™*, respectively (Table 5.4). In contrast, the functionals PBE, M06-L and
TPSS vyield the opposite preference, CH over SBM, with values of AH, = —2.2, —2.5, and
—0.5 kecal-mol , respectively. In total, seven functionals favor the SBM mechanism and five
functionals the CH mechanism. However, the relative barrier heights of CH and SBM are in
most cases quite close to each other (Tables 5.5). The highest relative enthalpy barriers
differed by more than 2 kcal-mol™ only in four cases: BP86, B3PW91, PBE, and MO06-L
(Table 5.4). In summary, all functionals agree that the CH and SBM mechanisms are
competing in the catalytic hydrosilylation of ethylene by the Rh(l) complex under study.

5.3.2 A Closer Look at the Barrier gt2

All functionals but MO06 yield a lower value for the activation barrier gt2 than B3LYP (Figure
5.7); the MO06 calculations predict the enthalpy barrier gt2 slightly higher, by 0.4 kcal-mol™
(Table 5.6). Relatively small deviations AH,, within 2 kcal-mol™ of the B3LYP result, were

AH, kcal/mol Q
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Figure 5.7. Changes AHa of the barrier gt2 (kcal-mol—1) calculated with 11 functionals,
relative to the corresponding B3LYP result. Adapted from Ref.221.
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also obtained with the two semi-local functionals BLYP and MO06-L as well as the hybrid
functional MPW3LYP (Figure 5.7, Table 5.6). In other words, the smallest deviations AH,
from the B3LYP result were determined within the M06 family of functionals and for the two
other functionals also containing the LYP correlation part (BLYP, MPW3LYP).

The effect of the LYP functional contribution becomes even more apparent when the
results of functionals with the same exchange part are compared to each other: BP86 vs.
BLYP as well as B3LYP vs. B3PW91. Despite the same exchange functional, Becke88, the
activation enthalpies calculated by BP86 and BLYP differ by more than 7 kcal-mol™ (Figure
5.7, Table 5.6). B3PW91 results predict the barrier to be more than 6 kcal-mol™ lower than
with B3LYP (Figure 5.7, Table 5.6). In fact, the activation enthalpies calculated by
functionals involving a correlation part other than LYP (except for M06-L and M06) all show
relatively large deviations AH, (in absolute terms) from the B3LYP results obtained, —4 to
—11 kcal'mol™* (Table 5.6). In comparison to the correlation part, the exact exchange affects
the barrier height of gt2 to a smaller extent. This weaker influence can be observed by
comparing the results of the functional pairs PBE/PBEO (25% EEX) and M06-L/M06 (27%
EEX) where the activation barrier increases by 3.1 kcal-mol™ and 1.8 kcal-mol™,

Table 5.6. Energetics and structures involved in the activation barrier gt2 calculated with 12
functionals: (i) change AHx of the enthalpies Hx (kcal-mol™) of the intermediate igt2 and the
transition state gt2 relative to the corresponding B3LYP results,? (ii) resulting change AH, in
the activation enthalpy relative to the B3LYP result,? (iii) imaginary frequencies vy (cm %)
of the transition state structures, and (iv) crucial distances (A) in the intermediate and the
transition state structures. Adapted from Ref. 221.

AHx AH; vgo C-=Si C-H C-C Si-H

igt2  gt2 igt2 gt2 igt2 gt2 igt2 gt2 igt2 gt2
B3LYP - - — 7371 347 206 3.09 170 134 141 147 157
BP86 —6.5 -15.8 -9.3 628i 3.24 207 289 173 135 142 149 158
BLYP 19 01 -18 702i 354 207 315 170 135 143 149 1.58
B3PW91 -4.0 -10.2 -6.2 677i 3.32 206 29 172 134 141 148 156
PBE —-10.0 —20.9 -10.9 610i 3.15 2.07 289 174 135 142 149 157
PBEO —-8.8 -16.7 —-7.8 668i 3.17 2.06 288 173 134 140 148 156

mPWPW —6.7 -16.4 -9.7 6281 3.24 207 289 173 135 142 149 157
MPW1K —6.0 -10.4 -4.4 724i 323 205 291 171 133 140 147 155

MO6-L —-6.5 —-79 -14 718i 331 206 290 172 133 141 147 155
MO6 —-93 -89 04 752i 321 206 291 172 133 141 147 156
MPW3LYP -28 -3.1 -04 739 341 206 303 170 133 141 148 157
TPSS —6.4 -13.4 —-7.0 693i 3.17 206 288 169 134 142 148 157

%Formation enthalpies Hy relative to the separated reactants Rh(l) bis-NHC complex, silane,
and ethylene. 85
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respectively, when going from the semi-local to the corresponding hybrid functional (Figure
5.7, Table 5.6). The activation barrier gt2 increases remarkably, by 5.3 kcal-mol™, in the
functional pair mMPWPW/MPW!1K, likely due to the large contribution, 42.8% EEX, of exact
exchange in MPW1K (Figure 5.7, Table 5.6).

All structures of igt2 and gt2, agree very well among the various functionals (Table 5.6).
Within the pairs of semi-local and their corresponding hybrid functionals (BLYP/B3LYP,
PBE/PBEO, mPWPW/MPW1K, M06-L/MO06), the distances C—Si and C—H, characterizing
the two bonds being formed during the reaction step, were predicted consistently. Varying the
correlation part resulted in larger changes in the non-bonding distances C—Si and C—H of
igt2; see the results for BP86/BLYP, B3LYP/B3PW91 and MPW1K/MPW3LYP in Table
5.6. The energy results of the functionals M06-L and MO06 are very similar to those of
B3LYP, but the non-bonding distances, C—Si and C—H in the initial state igt2, between the
ethylene and the silane moieties, are by ~0.2 A shorter (Table 5.6). In contrast, all functionals
consistently describe (Table 5.6) the lengths of the bonds elongated and ultimately cleaved,
C—C and Si—H, both in the local minimum (igt2) and the TS structure (gt2). In summary, the
correlation functional also seems to have a stronger influence on the structure than the
exchange functional, especially regarding bonds to be formed.

Analysis of the HOMO-LUMO gaps of igt2 and gt2, as calculated by the various
functionals, showed no correlation with the strong variations of the barrier heights.
Furthermore, an NBO charge analysis of all structures gave very similar results for all
functionals considered. The higher activation barriers gt2, determined with the functionals
B3LYP, BLYP, MPW3LYP, MPW1K, MO06L, and MO06, correlate with larger absolute
values, by 9 to 142 cm*, of the imaginary frequency (Table 5.6). Thus, as expected, the
curvature of the energy profile near the TS gt2 is larger for higher barriers while the reaction
coordinate remains similar for all functionals, as discussed above.
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5.4 Conclusion

In Chapter 5, barriers of four hydrosilylation mechanisms for a set of density functionals
were compared, employing a strategy where the set barriers was restricted to crucial ones
while the set of functionals was eventually extended to 12 functionals.

In general, the GT and mCH mechanisms were confirmed to be less favorable than the
CH and SBM mechanisms, as predicted in Chapter 4 using the B3LYP function. The CH and
SBM mechanisms were calculated to be in general favorable and to have comparable highest
relative barriers (HRBS).

Overall the most crucial activation barriers along the CH and SBM pathways differ very
little, up to 3 kcal-mol™*, suggesting an intrinsic competitive nature of the two mechanisms in
the catalytic cycles studied. The preference among these two mechanisms may well change
with the steric demand of the olefin (here: ethylene) and the silane substrate (here:
monosilane).

Two functionals, M06-L and MO06, predict the HRB along the CH pathway, reductive
elimination of the product (chl), very facile. Thus, for these two functionals, only two crucial
barriers sbml (= ch2) and sbm2 are to be compared for the mechanisms CH and SBM. These
characteristic steps are of the oxidative addition of the first silane to the metal (ch2) and the
actual o-bond metathesis step (sbm2).

Turning to the other functionals, the current study suggests that the differences among
the crucial barriers, as obtained by the twelve density functionals, are more affected by the
correlation part than the exchange part. Furthermore, for the crucial step (gt2) of the GT
mechanism, the LYP functional behaves similar as the functionals M06-L and MO06, but
notably different from the functionals PBE, PW91, and TPSS. Enthalpy barriers gt2,
calculated by these two groups of functionals differ by ~10 kcal-mol™ whereas structures
remained relatively similar.
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6 Regioselectivity Induced by Catalyst Modification

In general, hydrosilylation of terminal aliphatic olefins follows the anti-Markovnikov (aM)
selectivity, whereas hydrosilylation of aromatic olefins leads to the formation of
Markovnikov (M) products, due to the stabilization of the Lewis-acidic or electrophilic metal
center by the z-electrons of aromatics, which promotes the formation of «-phenylalkyl

86,262,263

intermediates. For aliphatic 1-olefins, a Markovnikov regioselectivity can be

promoted by specific ligand systems 2042

or by varying the size or the substitution sides of
the transition metal.®® The regioselectivity of the hydrosilylation of aromatic olefins can also
be tuned by choosing the ligand” or controlling the conditions of the catalytic process.?’
Regarding theoretical work done in this area, computational studies rather focused on the
hydrosilylation of alkynes, C—C triple bonds, instead of alkenes.?®®*® In the previous
chapters, the potential catalytic activity of a bis-NHC-Rh(I) complex in the hydrosilylation of
alkenes has been revealed.”® %! In the current chapter, possible regioselective control of a
series of complexes featuring the same basic framework as the one explored before will be
tested, in a model reaction for the hydrosilylation of a terminal aliphatic alkene. 1-butene,
monosilane, and later dimethylsilane were chosen as reactants, to remain comparable with the

experimental investigations.”’

Rhodium complexes of the same ligand type have been applied to the hydrosilylation of
ketone,*? leading to unselective formation of silyl ether (desired product) and silyl enol ether
(side product). Experimentalists have modified the catalyst ligand and analyzed the evoked
changes in selectivity for the silyl ether.?*® Bulky ligands of reduced o-donor ability were
found to improve the catalytic activity.?*> However, the chemistry behind this finding was not
understood.?** In a sequel to this study, a mechanism based on a Rh-silylene complex was
proposed?” which actually suggests the bis-NHC ligand being remote from the catalytic active
center. This proposal was not able to rationalize the previously observed impact of ligand

modification on the catalytic activity.?*

In this regard, although the problem of
hydrosilylation of an alkene will be addressed here instead of a ketone, it might still be
possible to shed some light onto this unsolved problem and to gain a better understanding of

the catalytic properties of the bis-NHC Rh(I) complexes.
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6.1 Location and Energetic Features of the Regioselective Step

In this section, the crucial steps which are relevant for the regioselectivity of the studied
model catalysis will be located. With respect to the two silanes applied, the models are
denoted as S (monosilane) and DS (dimethylsilane). Both of them differ only to a minor
extent from the previous model, ethylene + monosilane.”® Recalling the results from the
Chapter 4 and 5, the two most favored mechanisms, Chalk-Harrod and o-bond metathesis,
initially proceed through three identical steps, generating a crucial intermediate, an ethyl-
complex, labeled “CH4” in Chapter 4, after the (endothermic) hydrogenation of the
olefin,% and then continue with the (exothermic) silylation of the ethyl complex via different
pathways to form the final product ethylsilane.”® As shown in Figure 6.1 and Table 6.1, the
energy profiles of the CH pathways with ethylene and 1-butene, a model reactant for terminal
aliphatic alkenes which can also isomerize to an internal alkene, are essentially parallel to
each other. In other words, being independent of the reactant chosen, the catalysis proceeds
along the same pathway (CH), passing through the same sequence of catalysis stages: first the
hydrogenation of alkene and then the silylation of alkyl moiety (Figure 6.1).

The first stage of the catalytic process, the 3-step hydrogenation, referred to as the “IOA”
in Chapter 4,% will predetermine the regioselectivity of the hydrosilylation of 1-butene. The
hydrogen transfer can also proceed in a concerted way, being described as “COA” in the
previous work, because it is coupled with the oxidative addition of silane.® In the current
chapter, both “IOA” and “COA” will be studied with respect to their effect on the
regioselectivity, as will be explained in the next paragraph. The intermediates and transition
states will be denoted according to the corresponding regioselective pathway, on which they

Ha, kcal/mol ——1-butene

---- ethylene

8.7/10.0
1-2M 2.6/3.3

1.1/3.7

Figure 6.1. Enthalpy profile of the CH pathway, calculated for the hydrosilylation of 1-
butene (solid line) and ethylene (dashed line). Relative barriers in the stepwise hydrogenation
of olefin (M pathway) are given in kcal'mol™* (1-butene/ethene). Detailed energetic data of
the full pathways are given in Table 6.1.
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are located. For instance, 1-2_aM denotes the transition state 1-2 along the aM pathway.

The catalytically active species consists of both silane and olefin coordinated in an 5
manner to Rh (CH1 in Chapter 4).% Starting from this complex, two different H atoms of the
silane can be transferred to the ethylene, either the initially activated one (COA), or another
one that is still bound to the silyl group (I0A).*® An alteration from COA to I0A needs a
change in the relative position between the migrating H atom and the olefin, enabling the
former to bind to either end of the double bond.*® Whereas the two C atoms in the double
bond cannot be discriminated in ethylene, they are different in 1-butene, generating two
regioselective reactions (Figure 6.2). Hence, altering the preference of these two reactions for
the C—H bond formation implies a redirection of the regioselectivity. In the following, the
main part of the discussion will focus on the comparison between the COA-aM, and I0A-M
pathways in various models, abbreviated as aM and M pathways, respectively. Besides this
factor, side effects caused by a possible reorganization of the reactants, e.g., the rotation of 1-
butene will be addressed in addition at the end of this chapter.

H, kcal/mol

COA-aM
I0A-M

———= the exothermic product formation

Figure 6.2. Enthalpy profile of the pathways for the hydrogenation of 1-butene, leading to
the formation of aM or M intermediates, illustrated are aM (black) and M (red) pathways,
and the subsequent exothermic product formation (dashed). Relative enthalpies of the TSs
and the intermediates are given in kcal-mol™*, with respect to the initial state 1.

The 10A-M (stepwise hydrogenation) starts with the activation of one Si—H bond via a
rotation of silane (Figure 6.2). This step exhibits the highest RB for the M pathway
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(1/1-2M/2M); see Figure 6.1 and Table 6.1. This rotation of silane, featuring the highest
barrier as mentioned before, prepares the position of H atom relative to the olefin double
bond, generating a favorable arrangement for the bond formation between the two atoms (C
and H) located in proximity. The regioselectivity can be controlled by this step, as explained
in previous paragraph. To make it easier for the reader, extensions aM and M will be added
to the label of the next intermediate 2. Due to the simultaneous cleavage and formation of the
Si—H and Rh—H bonds, the rotation of silane destabilizes 2M with respect to complex 1
substantially, H(2M) — H(1) = 6.2 kcal-mol™* (Figure 6.2).

Table 6.1. Relative enthalpies H of the intermediates and TSs shown in Figure 6.1 in
kcal'mol ™. Zero-point references are the seperated bare catalyst and reactants (bis-NHC-
Rh(1)/C,H4/SiH3 and bis-NHC-Rh(I)/C4Hg/SiH3). The labels of the structures are consistent
with those in Chapter 4.

C,H4/SiH; H CaHg/SiH; H

CH1 -51.36  CH1 (1) -51.24
1-2 4265  1-2(1-2M)  -41.21
CH2 -47.32  CH2 (M) -45.04
CH2-3 -4469  CH2-3 -41.78
CH3 -46.73  CH3 -42.93
CH3-4 -4560  CH3-4 -39.23
CH4 -49.77  CH4 -44.75
CH4-5 -47.47  CH4-5 -40.49
CH5 -48.12  CH5 -43.09
CH5-6 -40.77  CH5-6 -33.09
CH6 5413  CH®6 -50.38
CH6-7 5229  CH6-7 -48.00
CH7 -57.42  CH7 -53.11
CH7-GT3  -5057  CH7-GT3 -45.79
GT3 6431  GT3 -58.92
GT3-4 -58.67 GT3-4 -54.62
GT4 7213 GT4 -70.30
GT4-CH1  -60.41  GT4-CH1 -58.00

CH1+prod. -78.83 CH1+prod. -72.85

Comparing the first steps of the M and aM pathways, along the concerted pathway aM
the system has to overcome a higher RB: H, = 11.0 kcal-mol " (1/1-2aM/2aM) (Figure 6.2).
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As shown by a NBO analysis, a radical is formed on the carbon atom to which the hydrogen
atom is migrating. Note that the direct hydrogen transfer is considered here only for the
nearest carbon atom. For the distant carbon atom, test calculations showed that only the M
pathway is possible. One reaction, 1 — 2, with the highest relative barrier in the crucial step
of the regioselectivity, is described here to determine the ratio of reactions forming 2. Starting
in the basic model S with ethylene bridged, N-methyl-substituted bis-NHC ligand (1,1-
dimethyl-3,3-ethylenediimidazolium) from 1, the M pathway is by 1 kcal'mol™ more
favored, corresponding to an aM fraction of 16 %.
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6.2 Modification of the Catalyst Ligand

In order to vary the structural and electronic properties of the catalyst, the bis-NHC ligand
was modified as follows. (i) The linker connecting the two NHC moieties was varied in
length (methylene or ethylene bridge). (ii) The wingtip nitrogen atoms were functionalized by
a methyl group or a chlorine atom, representing an electron-donating and an electron-
withdrawing substituent. Unsubstituted NHCs (—H at the nitrogen atom) will be examined for
comparison. (iii) The C—C double bond of the imidazole ring is saturated (imidazoline) or
chlorinated (4,5-dichloroimidazole) (Figure 6.3). From a systematic combination of these
three types of modifications 14 catalyst models are generated which were applied to the
catalytic systems S and DS (Table 6.2).

Figure 6.3. Modifications on the bis-NHC ligand: (i) variation of the linkage length, n=1,2;
(i) substitution at the wingtip nitrogen atom; (iii) saturation/chlorination of the C—C double
bond.

For convenience, abbreviations will be introduced for each modification. In group (i), the
methylene bridge is denoted with 1, and the ethylene bridge with 2. In group (ii), the methyl,
hydrogen, and chlorine N-substituents are denoted by m, h, and c, respectively. In group (iii),
u denotes the unsaturated (imidazole), s the saturated (imidazoline), and c the chlorinated
(4,5-dichloroimidazole) NHC ligands on both sites of the bridge (Table 6.2). The label of
each catalyst model is composed of the abbreviations of these three groups, in that order
(Table 6.2). For instance, label 1mu denotes the catalyst with a NHC ligand that features a
methylene bridge (1), is N-methyl substituted (m), and C—C unsaturated (u). These same
labels are also used as extensions to specify the intermediate and TS structures, as well as the
relative barriers in the corresponding models. For example, 1-2aM_1mu refers to the TS
1-2aM in the model 1mu, and Ha(aM_1mu) refers to the RB Ha(aM) in the same model.
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Table 6.2. Notations for modifications i-iii in Figure 6.3. The full label of a catalyst model is
composed in the form i+ii+iii. For modification i, 1 = methylene bridge, and 2 = ethylene
bridge. For modification ii, m = methyl, h = hydrogen, and ¢ = chlorine. For modification iii,
u = unsaturated-, s = saturated-, and ¢ = chlorinated NHCs.

i Alteration of the bridge length

1
2
i Substitution at N atoms of the ligand
N—-CH; N-H N—CI
Im 1h 1c
2m 2h 2C
il Saturation and chlorination of the C—C backbone

- C-H C-Cl - C-H - C-H
Imu 1Ims 1Imc 1lhu 1lhs lcu 1cs
2Zmu  2ms 2mc  2hu 2hs 2cu 2cs

6.3 Impact of the Modifications

In this section, the impact of the modifications (i) to (iii) on the regioselectivity will be
analyzed based on the difference AH, between the two RBs H,(aM) and Ha(M) (Table 6.3,
Figures 6.4-6.6). Within each group of modifications, the models will be also compared
among themselves: (i): methylene vs. ethylene; (ii): —CHs; vs. —H vs. —Cl; and (iii):
unsaturated vs. saturated vs. chlorinated (Figure 6.4). The corresponding ratio of the aM and
M product (aM%, M%), which is calculated according to the equation detailed in the Chapter
3, is given in Table 6.3 at the end of this section. Crucial electronic and structural properties
of selected intermediates and TSs will be analyzed at the end of this section to rationalize the
change in regioselectivity evoked by the modifications.

6.3.1 Length of the Linkage

The analysis starts with modifications in position (i), which generates two types of catalyst
models: first the methylene-linked bis-NHC ligands and second the ethylene linked congener
(Figure 6.4). The first type of ligand favors the formation of the aM product in both S and
DS systems (Ha(aM) < Ha(M)), while the second type yields various regioselectivities
depending on other factors in the system S and a consistent reversed regioselectivity (Ha(M)
< Ha(aM)) in the system DS (Figure 6.4, Table 6.3). In Section 6.4, the connection between
this modification and the M and. aM regioselectivities will be analyzed.
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In general, the regioselectivity promoted by the methylene bridge is sufficiently high
(AH;(aM-M) = —2.5 to —6.4 kcal'mol* in S and —5.0 to —7.3 kcal'mol* in DS, except for
1mc, Figure 6.4, Table 6.3), the corresponding ratio of the aM product being hundred percent
(Table 6.3). In comparison, the regioselectivity caused by the ethylene bridge is less
pronounced (AHz(aM-M) = —0.5 to 1.4 kcal'mol ™ in S, except for 2hu (—7.6 kcal'mol ), and
AHs(aM-M) = 0.8 to 4.3 kcal-mol* in DS, except for 2mc (9.0 kcal-mol™), predicting a
dominant ratio of one regioisomer in five cases (2hu in S (aM) and DS (M), 2mu, 2ms and
2mc in DS (all M regioselectivity, Figure 6.4, Table 6.3).

|
H,, kcal/mol aM /M

i methylene-bridge ethylene-bridge
1 2
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Figure 6.4. Comparison of the relative activation barriers Ha(aM) and Ha(M) (in kcal-mol™)
in group (i), models with methylene and ethylene linkers. Each catalyst model was tested for
two systems: 1-butene/monosilane (S, first row), and 1-butene/dimethylsilane (DS, second
row).

6.3.2 Substitution on the Nitrogen Atoms

Regarding modifications at the wingtip nitrogen centers, i.e. modifications of type (ii), the
models can be sorted into three sets according to the substitution on the N atom, —CHs, —H,
and —ClI (Figure 6.5,). Only in two sets one observes consistent regioselectivity induced by
these modifications, i.e. dominating over the other effects, when applied to the system S: —H,
—Cl1 (Figure 6.5, Table 6.3). Overall the differences in activation barriers (AHg) correlate less
well with the N-substitution than the length of the ligand linkage. In other words, in general
modification (i) dominates over modifications of type (ii).
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Comparing the three subsets 1mu/ims/1mc, lhu/lhs, and 1cu/lcs to each other, one
notes that the chlorine substituent increases AH, most notably: AH,(aM-M) = —5.7 kcal'mol
(lcu) and —6.4 kcal'mol™ (1cs) in S; AHa(aM-M) = —7.3 kcal'mol™ (lcu) and —5.0
kcal'mol ™ (1cs) in DS. Also the non-substituted models are apparently appropriate choices
for enhancing the regioselectivity: AHa(aM-M) = —5.9 kcal'‘mol™* (1hu) and —4.7 kcal'mol™*
(1hs) in S; AHx(aM-M) = —6.4 kcal'mol™ (1hu) and —5.7 kcal'mol™* (1hs) in DS. The
methyl-substituted models are more regioselective when the NHC moieties are unsaturated,
i.e., when the modifications (ii) and (iii) are combined: AHa,(aM-M) = —6.1 kcal'mol " (1mu)
in S; AHx(aM-M) = —6.2 kcal'mol* (1mu) in DS. For saturated NHC ligands, methyl
substituents on N hardly induce any differences in the two RBs: AH;(aM-M) = -2.5
kcal-mol™ (1ms) in S, and AH,(aM-M) = —0.3 kcal-mol™* (1ms) in DS.
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Figure 6.5. Comparison of the relative activation barriers Hy(aM) and Ha(M) (in kcal-mol™)
in group (ii), models with various N-substituents: —CHs, —H, and —CI. Each catalyst model
was tested for two systems: 1-butene/monosilane (S, first row), and 1-butene/dimethylsilane
(DS, second row).

Turning to the remaining subsets 2mu/2ms/2mc, 2hu/2hs, and 2cu/2cs, the N-methyl-
substituted models obviously promote a reversed regioselectivity (formation of the M product
preferred) in both catalysis systems S and DS (Ha(M) < Ha,(aM), Figure 6.5), while the N-
non-substituted and N-chlorine-substituted models switch the regioselectivity, when applied
to the systems S, aM, and DS, M.
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6.3.3 Modification of the C—C backbone

In the last group of modifications (iii) — saturation/chlorination of the C—C double bond — no
dominant regioselectivity can be observed within any set of models. Apparently, this
modification has a smaller influence on the regioselectivity than the other two types of
modifications.

In most cases, the saturated NHC ligands decrease the values |AH,| compared to the
unsaturated NHC: 1mu/1ms, 2mu/2ms, 1hu/lhs, 2hu/2hs, in S and DS; 1mu/1lms, 2mu/2ms,
lhu/lhs, 2hu/2hs, 1cu/lcs, and 2cu/2cs in DS, reducing the corresponding ratio of the
dominant product (Figure 6.6, Table 6.3). In contrast, chlorination of C—C double bond
hardly changes the yield of the aM product, except for 1mu/1mc in the model S (Table 6.3).
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Figure 6.6. Comparison of the relative activation barriers Hy(aM) and Ha(M) (in kcal-mol™)
in group (iii), models with differently modified C—C backbones: unsaturated, saturated, and
chlorinated. Each catalyst model was tested for two systems: 1-butene/monosilane (S, first
row). and 1-butene/dimethvlsilane (DS. second row).
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Table 6.3. Relative activation barriers Hy(aM) and Hy(M), and their differences, AH, =
Ha(aM) — Ha(M), in kcal-mol™. The corresponding ratio of the aM and M product (aM%) are
predicted according to the equations given in Chapter 3.

Ha(aM) Ha(M) aM% M%
n= 1 2 1 2 1 2
S
mu 48 11.0 109 100 100 84
ms 81 109 106 102 99 77
me 92 113 103 99 75 091
hu 28 39 87 115 100 0
hs 33 76 81 84 100 18
cu 55 92 113 98 100 29
cs 51 89 115 100 100 12
DS
mu 31 125 92 82 100 100
ms 70 117 73 83 64 100
mc 27 169 83 7.9 100 100
hu 24 112 88 7.3 100 100
hs 07 76 64 68 100 78
cu 22 114 95 95 100 97
cs 32 86 82 78 100 79

98



Regioselectivity Induced by Catalyst Modification

6.4 Analyses of the Reaction Kinetics

In total, there are seven models predicting a selective formation of the aM product in S (1mu,
1ms, 1hu, 2hu, 1hs, 1cu, and 1cs), and six in DS (Imu, 1mc, 1hu, 1hs, 1cu, and 1cs, Table
6.3). Considering that the reaction 1—1-2aM—2aM is endothermic (Figure 6.2), the
backward RBs in the abovementioned models are also checked (Figure 6.7, Table 6.4).

AH, keal/mol )
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12 RB / backward RB
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Figure 6.7. Comparison of the forward and backward relative activation barriers along the
aM pathway for all models, kcal-mol ™.

Among the models listed for S, 1mu, 1hu, and 1hs involve relatively low backward RBs:
3.2 kcal'mol ™, 1.4 kcal'mol™, and 2.7 kcal-mol™*, respectively (Table 6.4). All six models
involving DS as reactant have low backward barriers (0.8-3.0 kcal'mol—1, Table 6.4).
Besides, the reaction 1—1-2aM—2aM is less endothermic in the methylene models than in
the corresponding ethylene models, except for 1hu/2hu (Figure 6.7, Table 6.4). In order to
check if there is a correlation between the enthalpy Hgr(aM) of reaction and the activation
barrier Ha(aM), one examines their potential for a (linear) correlation, in the spirit of the
Bronsted-Evans-Polanyi principle.”’*?"® In the present case, no such correlation was
discovered (Figure 6.8).

This result indicates that the explored elementary step 1—1-2aM—2aM does not only
include the basic reaction AB + C — A + BC (corresponding to SiH + C — Si + HC), but
very likely also other parts of a chemical reaction. To study the case in detail, one aims to
rationalize the impact of modifications on the regioselectivity by analyzing each involved
complex individually.
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Figure 6.8. Investigation of the Brgnsted-Evans-Polanyi relationship on the aM reaction in
both S (butene/monosilane) and DS (butene/dimethylsilane) systems, as catalyzed by 14
catalyst models. Relative barriers H, are plotted against the enthalpies of reaction Hg
(kcal-mol ™).

Seven of the eight catalyst models that show a good regioselectivity contain a methylene
bridged bis-NHC ligand, one an ethylene bridge (2hu). By comparing the reaction barriers
for aM and M with the two bridge lengths, H,(aM, n=1) with Hy(aM, n=2), and the RBs Ha(M,
n=1) with Ha(M, n=2), one concludes that complexes with the shorter bridge in general have
lower barriers Hy(aM) (—13.3 kcal'mol™* < Ha(aM, n=1) — Ha(aM, n=2) < —2.0 kcal'mol*,
Table 6.5), but the corresponding barriers Hy(M) change to a lesser extent with the linkage
length, up to 4.9 kcal-mol ™ (Table 6.5).

Apparently, the main reason for the increase of AH, in the methylene models is the
change in the relative barrier height Ha(aM), whereas the fluctuations of H,(M) play a minor
role. In consequence, the following analysis focuses on the electronic structures and
geometries of the intermediates and TSs involved in the aM pathway, 1/1-2aM/2aM. The
influence of the modifications on the M pathway will be discussed subsequently.

First seven regioselective models will be investigated, 1mu, 1ms, 1lhu, 2hu, 1hs, 1cu,
and 1cs for S, in order to search for the difference in electronic structure caused by the
methylene bridge. Starting with the models 1mu and 2mu, the results of the NBO analysis
are compared. In the initial state 1_1mu, Rh and H of the activated Si—H bond form a weak
covalent bond Rh—H (1.62 e, 50% from Rh and 50% from H), which then donates one
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Table 6.4. Forward and backward relative activation barriers (RB, BRB) along the aM
pathway, and the corresponding reaction enthalpies (Hg) in kcal-mol™, as well as the NBO
charge on Rh (e) in the initial state 1 and the TS 1-2aM.

charge on Rh

RB BRB Hg 1 1-2aM
S 1mu 4.8 3.2 1.4 -0.58 —-0.56
2mu 11.0 3.2 7.8 —-0.56 -0.55
1ms 8.1 6.5 1.6 -0.51 -0.54
2ms 10.9 1.2 9.7 -0.54 -0.54
1mc 9.2 6.9 2.4 -0.58 -0.55
2mc 11.3 2.3 9.0 —-0.56 —-0.56
lhu 2.8 1.4 2.9 -0.60 —-0.56
2hu 3.9 3.8 0.1 -0.54 -0.59
lhs 3.3 2.7 0.6 -0.49 -0.52
2hs 7.6 3.3 4.3 -0.51 -0.54
lcu 5.5 4.4 1.3 -0.58 —-0.56
2cu 9.2 3.9 5.3 -0.55 -0.57
1cs 5.1 4.0 1.1 -0.50 -0.53
2¢s 8.9 2.8 6.1 —-0.53 -0.55
DS 1mu 3.1 2.8 0.8 -0.61 —-0.59
2mu 125 3.8 8.7 —0.54 -0.61
1ms 7.0 6.0 1.0 -0.51 —-0.56
2ms 11.7 0.9 10.8 -0.54 -0.57
1mc 2.7 2.1 1.5 -0.61 -0.59
2mc 16.9 6.8 10.1 —-0.53 -0.60
lhu 2.4 1.1 2.8 -0.62 -0.60
2hu 11.2 11.1 0.1 -0.52 -0.60
lhs 0.7 0.8 -0.1 —-0.46 -0.54
2hs 7.6 3.1 45 -0.48 -0.58
lcu 2.2 2.8 0.2 -0.61 —-0.59
2cu 11.4 5.0 6.4 —-0.53 -0.61
1cs 3.2 3.0 0.2 -0.49 —-0.56
2¢s 8.6 1.3 7.3 -0.50 -0.57

electron to the half-filled (0.89 e) p orbital of the carbon radical in the TS 1-2aM_1mu. In
contrast, no metal hydride is formed in the initial state 1_2mu. Rather, the 1s orbital of the
loosened H atom donates one electron to a vacant sp-hybrid orbital of Rh. In the TS
1-2aM_2mu, the half-filled (0.93 e) p orbital of the carbon radical donates one electron to
this H 1s orbital (donation in the reverse direction compared to 1-2aM_1mu). Because the H
transfer process is coupled with the activation of the Si—H bond, one also has to examine the
Si—H distances in the initial states 1_1mu and 1_2mu. In the methylene model, the activated
Si-H bond is 1.91 A ie., in the range of a secondary interaction® (Table 6.5). In the
ethylene model, the Si—H distance is 1.75 A, corresponding to a bond of a three-centered
agostic type of interaction® (Si-H—Rh), Table 6.5).

In consequence, the hydrogenation of the olefin in the latter case (2mu) is associated
with the cleavage of a rather stable agostic bond, thus requiring more activation energy than
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the standard hydrometalation process in the methylene model (1mu). The same electronic
features are also observed in 1Imc/2mc and 1cu/2cu for reaction model S.

Next the changes Ad(C—H) in the crucial distances C—H, from the TS 1-2aM to the
product 2aM (“late” transition states of endothermic reactions) were checked. For the models
1mu/2mu, and 1lcu/2cu, Ad(C—H) is greater in the methylene models (lower TS) than in the
ethylene models (higher TS) where Ad(C-H, n=1)/Ad(C-H, n=2) = 0.48/0.27 A, and
0.47/0.30 A. The corresponding RBs are H,(aM, n=1)/Ha(aM, n=2) = 4.8/11.0 kcal-mol ",
and 5.5/9.2 kcal'mol™, respectively (Table 6.5). This finding is in consistent with the

Hammond postulate: in an endothermic reaction, the more similar the TS structure and the

product structure are, the less stable is the TS.?

Table 6.5. The lengths of the activated Si—H bond in 1 (d(Si—H), A) and the change in the
crucial distance C—H from 1-2aM to 2aM (Ad(C-H), A).

d(Si—H) Ad(C—H)
n= 1 2 1 2
S
mu 191 175 048 0.27
ms 1.87 174 044 0.26
mc 193 175 048 0.25
hu 263 178 0.37 0.93
hs 1.79 175 040 0.59
cu 191 178 047 0.30
Ccs 1.88 1.77 047 0.32
DS
mu 1.84 171 051 045
ms 1.76 169 054 0.31
mc 192 169 043 045
hu 271 171 049 0.44
hs 1.70 169 039 0.59
cu 1.86 1.72 050 0.45
CcS 1.82 171 054 034

Likewise, in 1ms/2ms and 1cs/2cs, the metal hydride and the agostic bond are
determined in the starting species 1 in the methylene and ethylene models, respectively
(Table 6.5). A change in the C—H distance from TS to the product correlates with the height
of the relative barrier: Ad(C—H)(n=1)/Ad(C—H)(n=2) = 0.44/0.26 A, and Ha(aM, n=1)/Ha(aM,
n=2) = 8.1/10.9 kcal-mol* for 1ms/2ms and S; and Ad(C—H)(n=1)/Ad(C—H)(n=2) =0.47/0.32
A, and Ha(aM, n=1)/H,(aM, n=2) = 5.1/8.9 kcal-mol* for 1cs/2cs and S (Tables 6.3 and 6.5).
A minor difference between these two pairs and the models discussed in the preceding
paragraph (1mu, 1cu) is the extent of Si—H bond activation. As shown in Table 6.3, the Si-H
distances are 1.87 A in 1_1ms and 1.88 A in 1_1cs. Thus these models S have shorter Si-H
bonds than the model S 1_1mu, and 1_1cu (both 1.91 A, Table 6.5). Apparently, the Si-H
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bond is activated to a greater extent in models with unsaturated NHC ligands due to the more
electronegative metal center. For instance, the charges on Rh according to a natural
population analysis are —0.58¢ in 1_1mu and —0.51¢ in 1_1ms (Table 6.4).

The group of models consisting of unsubstituted NHCs (1hu, 2hu, 1hs and 2hs model S)
exhibits some particularities. First, the agostic bond is determined not only with the two
ethylene bridged models, but also with 1hs (Table 6.5); second, the models 2hu and 1hs in S
feature more similar reaction enthalpies (0.1 kcal'mol ™ and 0.6 kcal-mol*, Table 6.4) and
activation barriers (3.9 kcal'mol™* and 3.3 kcal-mol ", Table 6.4) than the models of the same
bridge length. In the exceptional case 2hu, the C—H distance in the TS is less similar to the
one in the product than in 1hu, model S (Ad(C—H, n=1)/Ad(C—H, n=2) = 0.37/0.93 A, Table
6.5).

So far, the intermediates and TSs in the seven ligands that provide high regioselectivity
for reaction model S have been analyzed (1mu, 1ms, 1hu, 2hu, 1hs, 1cu, and 1cs). For the
other catalytic system DS, the results are similar, except for 1ms, 1mc, and 2hu. Note that the
activation barrier along the M pathway Ha(M) is in general lower with DS than with S as
reactant. This lowering of Ha(M) is one of the factors which are responsible for the decrease
of AH, in 1ms and 2hu: Ha(M, S) = 10.6 kcal-mol™* and 11.5 kcal-mol™ (1ms, 2hu); and
Ha(M, DS) = 7.3 kcal'mol ™ in both cases, Table 6.3. In system 2hu, the barrier Hy(aM)
increases at the same time, Hy(aM, S) = 3.9 kcal'mol™*, Hai(aM, DS) = 11.2 kcal-mol ™,
possibly because the TS is closer to the product structure in DS than in S (Ad(C—H, S) = 0.93
A, Ad(C-H, DS) =0.44 A, Table 6.3).
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Figure 6.9. Two types of hydrogenation of 1-butene catalyzed by the Rh(l)-bis-NHC
complex: hydrometalation (1-2aM_1mu, left), and agostic bond mediated H transfer
(1-2aM_2mu, right).

Up to this point, the decrease of the activation barrier Hy(aM) along the aM pathway in
the methylene models has been traced back to a better Si—H activation in the initial state. Yet
the charge analysis does not show a correlation between the degree of this bond activation
and the electronegativity of the metal center. Neither does this observation correlate with the
type of silane. By comparing the geometries of these two groups of models (methylene vs.
ethylene), one notices an increased symmetry around the metal center in the methylene
models, compared to the ethylene models. For example, in the TS 1-2aM_1mu, the two
carbon atoms of the Rh—NHC bonds, the hydrogen atom from the activated Si—H bond, and
the terminal carbon atom of the olefin are arranged approximately in a square-planar manner,
and the silyl group is positioned perpendicular to this plane (Figure 6.9). Likewise this spatial
arrangement is less favored in the ethylene model due to steric repulsion. As the ethylene
linkage is able to “rotate”, this moiety prefers a staggered conformation and blocks the
backside of the catalyst complex, so that the silyl group cannot migrate further from the H
atom after the Si—H bond activation (Figure 6.9).

It is possible that not only the silane, but also the 5-coordinated 1-butene can rotate in
the coordination sphere. Such a rotation will cause an additional change in the position of the
reactants relative to each other. Test calculations showed that the ethylene bridge facilitates
the rotation of 1-butene more than the methylene bridge. In addition, the correlation between
one type of oxidative addition and one regioselective pathway will be reversed due to this
rotation, see Figure 6.10: left side: COA-M, I0A-aM, and right side: COA-aM, 10A-M. Note
that the TS along the COA-M pathway is by 3.0 kcal'mol™ higher than the TS along the
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Figure 6.10. Enthalpy profile of the different pathways (exemplified by model 2mu in S) for
the hydrogenation of 1-butene, starting from two energetically comparable initial states 1 and
1’, ending in the formation of aM or M intermediates. Dashed line, solid line, and dotted
lines are used to mark the aM and M pathways, as well as the rotation of 1-butene. Relative
enthalpies of the TSs and the intermediates are given in kcal-mol ™, with respect to the initial
state 1. In case of the corresponding methylene model (1mu), 1” is higher than 1 in enthalpy
by 2 kcal-mol™; and the rotation of 1-butene occur via two steps, each TS has a relative
enthalpy of 8 — 9 kcal'‘mol*. Besides, in case of a methylene model, the aM pathways are
below the M pathways on both sides.

COA-aM pathway. The reason is that the carbon radical in the TS is better stabilized on a
higher substituted position (COA-aM). This observation agrees with the aM rule, which is
typical for a catalyzed hydrosilylation of alkenes.

From this point of view, the actual regioselectivity for the M product in the DS system,
observed among the ethylene models, as presented in Table 6.3, is under the premise that the
olefin does not re-orient (Figure 6.10). In ethylene models, the M pathway on the right hand
side is slightly below the aM pathway at one point (10.0 vs. 11.0 kcal'mol™), while
exhibiting one TS of very similar height to the TS along the aM pathway on the left hand side
(10.0 vs. 9.7 kcal-mol ™). This may downgrade the regioselectivity noticeably. In contrast, the
regioselectivity induced by a methylene bridge is unlikely to be affected by olefin rotation,
because the rotation is Kinetically less favored than the hydrogenation: H,(rotation) > 8
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kcal-mol™ vs. H, (hydrogenation) < 6 kcal'mol *. Besides, in this case, the aM pathways are
below the M pathways on both sides.

6.5 Conclusion

The impact of three types of ligand modifications on the regioselectivity was studied by
applying 14 bis-NHC Rh(l) catalyst models in two catalytic cycles, hydrosilylation of 1-
butene by monosilane and dimethylsilane. The regioselectivity for the aM product can be
effectively improved by using NHC ligands linked by a methylene group. The models with
ethylene linked ligands tend to cause the reversed regioselectivity. However, this preference
may be reduced by a possible reorganization of the reactants. The change in the relative
barrier height was related to various types of Si—H activation (metal hydride vs. agostic bond
formation) and the coupled or step-wise hydrogenation of 1-butene. Compared to the bridge
length, substitutions at the wingtip nitrogen centers do not cause a noticeable change in the
relative barriers, except for the unsubstituted models. When applying the larger silane
(dimethylsilane), the impact of most modifications remains unchanged.

The current chapter contains the main content of a manuscript in preparation, entitled
“Controlling Regioselectivity of Olefin Hydrosilylation by Modifying a Bis-NHC Rhodium
Catalyst: A DFT Study”.2"
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/7 Summary

In this thesis, hydrosilylation of alkenes catalyzed by a series of bis-N-heterocyclic carbene-
Rh(I) complexes was studied using density functional methods. Model reactions and model
catalysts were applied to explore (i) the full catalytic pathways of the four most studied
mechanisms, (ii) the method dependency of the preferred mechanisms, and (iii) the influence
of catalyst modifications on the regioselectivity of the catalyzed reactions.

In the first part of the study, all possible pathways of the four mechanisms were explored,
namely the Glaser-Tilley (GT),***" Chalk-Harrod (CH),* modified Chalk-Harrod (mCH),**
and o-Bond metathesis (SBM) mechanisms,*>*® using the density functional B3LYP.2*22!
Full pathways of the Chalk-Harrod and o-Bond metathesis mechanisms are energetically
favored over those of the Glaser-Tilley and modified Chalk-Harrod mechanisms, with respect
to the highest relative barriers — 9.3 kcal-mol™* (CH), 8.6 kcal-mol* (SBM), 37.3 kcal-mol™*
(GT), and 22.3 kcal-mol™ (MCH) — as well as the highest absolute barriers — 10.6 kcal-mol™
(CH), 12.5 kcal'mol* (SBM), 16.3 kcal-mol* (GT), and 26.0 kcal'mol™* (mCH).*® The
initial- and final stages, the oxidative addition of silane and reductive elimination of the
product, were determined to be crucial for the catalytic process.” In total six variants were
studied for the first, and two variants for the latter process.”® The two favored enthalpy
profiles CH and SBM present rate-determining steps in the stepwise oxidative addition of
silane and the reactant assisted displacement of product ( ~ 9 kcal-mol %).*® The concerted
oxidative addition of silane along the mCH pathway and the product elimination without
additional reactant in the GT mechanism are also the rate-determining steps in each case,
however, requiring much higher activation enthalpies ( 14—28 kcal-mol™ more) than in the
cases of CH and SBM mechanisms.*®* The four mechanisms are interrelated. The CH, mCH,
and SBM mechanisms share the same starting species CHL, in which both reactants are
coordinated to the bare catalyst. The GT mechanism starts and ends with the formation of the
silylene complex GT1, which consists of the bare catalyst and the reactant monosilane.
Although GT1 is by 17 kcal-mol™* less stable than CH1, as the catalysis proceeds further, the
intermediates of the various mechanisms become comparable in energetics so that the CH,
mCH, and the GT mechanisms are connected by the isomerization between conformational
isomers. On the other side, because of the under-coordinated nature of the metal center in
several intermediates, crucial bond formations not only occur consecutively (CH and mCH)
but also in a concerted way (SBM).
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With respect to the structural specialty of the bidentate NHC ligand, a steric descriptor
(dihedral angle y between the two imidazole planes) was introduced to classify the
conformation of the chelate ligand. For each mechanism, the conformational change in the
bis-NHC ligand was studied along the energetically most favored pathway. The reaction
energetics and the ligand conformation are correlated. In fact, the conformational
isomerization of the bis-NHC was estimated to facilitate crucial bond formation steps
considerably, reducing a selected key barrier by 17 kcal-mol .

In the second part of the study, an extended set of DF functionals was applied to explore
crucial barriers selected from the energetically favored pathways of each mechanism. The 12
chosen functionals are: semi-local functionals BP86,2%*! BLYP*??*4 pBE,??%
mPWPW,22°2271232233  \M06-L2* and TPSS;?*° and hybrid functionals B3LYP,%#%4
B3PW91,212'213'225'226'232'233 PBE01222-224 MPWlK,225-228'232'233 M06,235 and MPW3LYP.225-
221229232233 The examined relative enthalpy barriers were selected from crucial elementary
steps. For the purpose of examining both the structural and energetic changes caused by the
varied density functionals, all selected intermediates and transition states were optimized with
each chosen functional. In some cases, the structural changes resulting from the geometry
optimization have notable influence on the height of the corresponding relative barrier,
varying it by up to 3 kcal-mol™. This result suggested that the changes in geometries caused
by the alternation of functionals are correlated with the changes in the energy.

Furthermore, it can be concluded that among the selected barriers, the correlation part of
the functional plays a more important role than the exchange part in estimating the barrier
heights.??! Density functionals consisting of the same exchange part but different correlation
part predicted the same relative barrier by 6-7 kcal-mol™* differently, while adding the exact
exchange in a normal range (~25%) brought about much less change in relative barrier (< 3
kcal-mol *).2%

In the current work, the mechanism preference did not change with the density functional
applied.”* All chosen density functionals predicted the CH and SBM mechanisms to be
strongly favored over the GT and mCH mechanisms.??* The results also suggested that these
two mechanisms are intrinsically competitive.”> Nevertheless, with respect to particular
elementary steps, the choice of a density functional can change the predicted reaction kinetics
to a large extent, by up to 11 kcal-mol *.??* This calls attention to the sensitivity of theoretical
results to the chosen computational methods, especially in cases such as the current one,
where more than one pathway is energetically conceivable and the highest barriers along
these pathways are of similar height.
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The final part of the study deals with the problem of regioselectivity. The reaction model
was extended from the hydrosilylation of ethylene to the hydrosilylation of 1-butene, which
models terminal aliphatic alkenes. Besides monosilane, dimethylsilane was also considered as
one of the reactants. The catalyst model was modified on the bis-NHC ligand in three
different positions: the linkage was varied in length, the C—C backbone of the NHC moiety
was saturated or substituted, and the substituents on the wingtip nitrogen atom of the
imidazole were varied. Calculations were carried out with the semi-local DF functional BP86.

The regioselectivity was assessed by evaluating the yield of the regioisomers on the basis
of the Erying equation.?** It was studied as related to the systematical combinations of
different modifications. Among the three types of ligand modifications, the tuning of the
linkage length was determined to be the most effective one. Based on the current reaction
models, the selective formation of the anti-Markovnikov product will be promoted by using
ligands bridged with a methylene group. The ethylene bridged bis-NHC ligands have a
potential to reverse the regioselectivity (to Markovnikov) — especially in reaction models
involving larger silane. Comparing to the bridge length, other modifications have only minor
influences on the regioselectivity. In general, for the chosen bis-NHC framework, the impact
of modifications decreases as following: variation of linkage length > substitution on the
wingtip nitrogen atoms > modifications at the C—C backbone.

In order to rationalize the regioselectivity induced by the ligand modification, charge and
geometry analyses were carried out for the intermediates and transition states, which were
involved in the models of promising regioselectivity. Crucial distances which are directly
related to the chemical process in the regioselective steps were analyzed. It was determined
that the switch of the two regioselectivities is controlled by the population of anti-
Markovnikov and Markovnikov types of intermediates via the modification of catalyst ligand.
The root of the matter was estimated to be the different bond order of certain bonds,
especially which of one activated Si—H bond in the reactant substrates, which can be induced
by the ligand modification and then cause energetic difference in the two types of
intermediates.

It was also noted that the inversion of regioselectivity can occur in case of an
isomerization of the key intermediate. Yet the catalyst models involving a methylene bridge
were not prone to such isomerizations, according to the calculations.

In summary, this thesis is the first theoretical attempt to examine the adaptability of a
series of bis-NHC-Rh(I) catalytic active complexes for the hydrosilylation of alkenes. The
results indicated that these compounds are efficient catalysts, as lately confirmed by
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experiments on a family of closely related mono-NHC-Rh(I) catalysts.** This work also
pointed out the importance of choosing an appropriate computational method. With respect to
the optimization of the catalyst model, regioselectivity of reaction models catalyzed by
complexes bearing different ligands was studied. The results hinted at utilization of
methylene-bridged bis-NHC ligands for a better anti-Markovnikov regioselectivity in the
hydrosilylation of terminal aliphatic alkenes. Based on the current work, future studies can be
envisaged to explore the catalytic efficiency of other reaction models, as well as the potential
enantioselectivity of the catalyst by entailing further modifications.
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8 List of Abbreviation

ASE
a.u.

aM
aNHC
B3LYP

B3PW91

BP86

CH
COA
COD
Cp*
DCM
DFT
DI
DOA

€

ECP
FTIR

Y
G03/G09
GGA
GT
HOMO
IHI

IM
IMID
I0A

IR
LSD
LUMO
M
MO06-L
MO06
mCH
Me
MO
mPWPW

MPW1K
MPW3LYP

Aromatic stabilization energy

Atomic unit

anti-Markovnikov

Abnormal NHC, in this thesis: imidazol-4-ylidenes

Hybrid functional consisting of the Becke88 three parameter exchange
functional and the correlation functional of Lee-Yang-Parr, containing 20%
exact exchange

Hybrid functional consisting of the three parameter Becke88 exchange
functional and the correlation functional of Perdew-Wang, containing 20%
exact exchange

Becke’s 1988 functional combined with the gradient corrected local
correlation functional of Perdew

Chalk-Harrod mechanism

Coupled oxidative addition

n*-cycloocta-1,5-diene

1,2,3,4,5-Pentamethylcyclopentadienyl

Dichloromethane

Density functional theory

Delocalization index

Direct oxidative addition

Dielectric constant

Effective core potential

Fourier transform infrared spectroscopy

Dihedral angle between two NHC moieties

Software package Gaussian03 and Gaussian09

Generalized gradient approximation

Glaser-Tilley mechanism

Highest occupied molecular orbital

interligand hypervalent interactions

intermediate

The most stable tautomer of imidazole

Indirect oxidative addition

Infrared spectroscopy

Local spin density

Lowest unoccupied molecular orbital

Markovnikov

A new local density functional developed by Truhlar’s group

The hybrid counterpart of M06, containing 27% exact exchange

Modified Chalk-Harrod mechanism

Methyl

Molecular orbital

The modified Perdew-Wang 1991 exchange functional combined with the
Perdew and Wang’s 1991 gradient-corrected correlation functional
Hybrid counterpart of mPWPW containing 42.8% exact exchange

Hybrid functional consisting of the modified Perdew-Wang 1991 exchange
functional and the Lee-Yang-Parr correlation functional, containing 21.8%
exact exchange
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NBO
NHC
NNHC
NICS
NMR
PBE

PBEO

SBM
SISHA
STQN
THF
™
TPSS
Vi
XRD

Natural bond orbital

N-heterocyclic carbene

Normal NHC, in this thesis: imidazol-2-ylidenes
Nucleus-independent chemical shifts

Nuclear magnetic resonance spectroscopy

The 1996 functional of Perdew, Burke and Ernzerhof, including the
gradient-corrected correlation functional PBE

The hybrid functional made from the pure functional of Perdew, Burke and
Ernzerhof 1996, containing 25% exact exchange

o-Bond metathesis mechanism

Secondary interactions between a silicon and a hydrogen atom
Synchronous Transit-Guided Quasi-Newton method
Tetrahydrofuran

Transition metal

Tao-Perdew- Staroverov-Scuseria general gradient approximation
Vinyl

X-ray diffraction
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Table Al. Formation enthalpies and energies® H (kcal-mol™) of all intermediates (IM) and
transition states (TS) along the pathways of the mechanisms GT, CH, mCH and SBM,
calculated with B3LYP and BP86. The resulting enthalpy differences® AH and differences in
enthalpy barriers® AH, are given for method comparison. Note that some steps are shared by
several pathways. Single point energies E(BP86//B3LYP) are provided for comparison. The
repeated structures of such steps are marked by an asterisk.

IM/TS H(B3LYP) H(BP86) E(BP86) E(BP86/B3LYP)  AH AH,
GT 1 —2361 -30.01 -31.06 —29.30 -6.40
igt2 2 2585 -32.76 —34.23 ~32.06 -6.91
gt2 2-3 ~7.27 -23.48 -23.66 ~22.29 -16.21 -9.30
3 ~55.70 -64.28 —64.89 ~66.26 -8.58
3-4 —48.00 -58.67 —59.02 ~58.59 -10.67 -2.09
4 -58.95 -72.13 -72.29 ~74.03 -13.18
4-5 5352 -67.52 —67.37 —68.51 —14.00 —0.82
5 —60.87 -74.62 —75.00 ~76.72 -13.75
5-6 5368 -67.92 —67.86 —68.67 —14.24 —0.49
igtl 6 —60.96 -75.02 -75.24 ~77.42 -14.06
gtl 6-1 2366 -41.79 -41.66 —43.50 -18.13 -4.07
CH  ich2 1 —40.14 -51.36 -51.93 ~51.90 —11.22
ch2 1-2 —3152 -42.65 -42.95 —41.01 -11.13 0.09
2 -36.41 -47.32 -47.79 —47.23 -10.91
2-3 —31.97 -44.69 -44.53 —44.46 -12.72 -1.81
3 ~3371  -46.73 -46.90 —47.27 -13.02
3-4 ~31.91 -45.60 -43.29 —43.36 -13.69 -0.67
4 —37.57 -49.77 -50.24 —51.12 -12.20
4-5 3528 -47.47 -47.06 —48.76 -12.19 0.01
ich3 5 3581 -48.12 -51.93 -50.21 -12.31
ch3 5-6 2952  -40.78 -42.95 —41.07 -11.26 1.05
6 4539 -54.13 -54.53 ~55.58 -8.74
6-7 4391 5229 -52.49 ~53.46 -8.38 0.36
7 —49.15 -57.42 -58.52 ~60.09 -8.27
7-8 —42.86 -50.57 -50.89 ~5159 -7.71 0.56
8* ~55.70 -64.28 —64.89 ~66.26 -8.58
8-9%*  -48.00 -58.67 -59.02 ~58.59 -10.67 -2.09
ichl 9* ~58.95 -72.13 -72.29 ~74.03 -13.18
chl 9-1 —49.60 -60.41 —60.35 —61.19 -10.81 2.37
mCH imch3 1% ~40.14 -51.36 -51.93 ~51.90 —11.22
mch3  1-2*  -3152 -42.65 —42.95 —41.01 -11.13 0.09
imchl 2% -36.41 -47.32  —47.79 —47.23 -10.91
mchl  2-3 ~1417 -27.05 —47.79 ~27.07 -12.88 -1.97
3 —29.90 -41.09 -27.22 —41.22 -11.19
3-4 —27.83 -40.62 -40.68 ~39.67 -12.79 -1.60
4> 4539 -54.13 -54.53 ~55.58 -8.74
4-5%  -4391 -5229 _52.49 ~53.46 -8.38 0.36
5* —49.15 -57.42 5852 ~60.09 -8.27
5-6% 4286 -50.57 -50.89 ~5159 -7.71 0.56
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imch2
mch2
SBM isbml
sbml

isbhm2
sbm2
isbhm3
sbm3

6*
6-7*
7*
7-1*
1*
1-2%
2*
2-3%
3*
3-4*
4*
4-5
5
5-6
6
6-1

—-55.70
—48.00
—58.95
—49.60
—-40.14
-31.52
-36.41
-31.97
-33.71
-31.91
-37.57
-31.08
-33.97
—27.59
—-55.34
-51.30

—64.28 -64.89
-58.67 -59.02
—72.13 -72.29
—-60.41 -60.35
-51.36  -51.93
—42.65 —42.95
-47.32 -47.79
—-44.69 4453
-46.73  —46.90
-45.60 -43.29
-49.77 -50.24
—44.34 4473
-54.20 -53.60
-44.82 -44.16
—-70.07 -70.15
—62.43 —62.75

—66.26
—58.59
—74.03
—61.19
-51.90
-41.01
—47.23
—44.46
—47.27
—43.36
-51.12
—44.65
—56.75
—47.59
—72.65
—64.13

—-8.58
-10.67
-13.18
-10.81
-11.22
-11.13
-10.91
-12.72
-13.02
-13.69
-12.20
-13.26
-20.23
-17.23
-14.73
-11.13

-2.09

2.37

0.09

-1.81

—-0.67

-1.06

3.00

3.60

%Formation enthalpies relative to the separated reactants Rh(1)-bis-NHC complex, silane, and

ethylene.

°AH = H(BP86) — H(B3LYP)

°AH, = AH(TS) - AH(IM)

Table A2. B3LYP and BP86 calculated crucial distances® d (A) in all intermediates (IM) and
transition states (TS).

IM/TS B3LYP  BP86 Ad  Type®

GT 1 Rh-Sil 2.31 229  —0.02 u0-ul
Rh-H1 1.86 1.84  -0.02  u0-ul

Rh-H2 1.83 1.81 -0.02 uo-ul

Sil-H1 1.59 1.62 0.03  u0-ul

Sil-H2 1.59 1.63 0.04  u0-ul

igt2 2 Rh-Sil 2.31 228  -0.03  u0-ul
Rh-H1 1.84 1.81  -0.03  u0-ul

Rh-H2 1.80 1.77  -0.03  u0-ul

Sil-H1 1.59 1.63 0.04  u0-ul

Sil-H2 1.61 1.66 0.05  u0-ul

Sil-H3 1.48 1.49 0.01 ul

C1-H3 3.09 289  -020 ul-u2

C2-Sil 3.47 324 023 ul-u2

C1-C2 1.34 1.35 0.01 u2

gt2 2-3  Rh-Si1 2.19 2.20 0.01  u0-ul
Rh-H1 1.65 1.66 0.01  u0-ul

Rh-H2 1.63 1.64 0.01  u0-ul

Sil-H1 1.93 1.96 0.03  u0-ul

Sil-H2 1.93 1.94 0.01  u0-ul

Sil-H3 1.57 1.58 0.01  ul-u2

C1-H3 1.70 1.73 0.03  ul-u2

C2-Sil 2.06 2.07 0.01  ul-u2

C1-C2 1.41 1.42 0.01 u2
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ichl°®

igtl

gtl

5-6

6-1

Rh-Sil
Rh-H1
Rh-H2
Sil-H1
Sil-H2
C2-Sil
C1-H3
Cl1-C2
Rh-Sil
Rh-Si2
Rh-H1
Rh-H5
Sil-H1
Si2-H5
Rh-Sil
Rh-Si2
Rh-H1
Rh-H5
Sil-H1
Si2-H5
Rh-Sil
Rh-Si2
Rh-H1
Rh-H5
Sil-H1
Si2-H5
Rh-Sil
Rh-Si2
Rh-H1
Rh-H5
Sil-H1
Si2-H5
Rh-Sil
Rh-Si2
Rh-H1
Rh-H5
Sil-H1
Si2-H5
Rh-Sil
Rh-Si2
Rh-H1
Rh-H5
Sil-H1
Si2-H5
Rh-Sil
Rh-Si2
Rh-H1
Rh-H5
Sil-H1
Si2-H5

2.32
1.84
1.81
1.60
1.61
1.87
1.09
1.54
2.47
3.64
1.76
2.19
1.61
151
2.82
241
1.75
1.63
1.57
1.78
2.75
2.45
2.09
1.63
1.52
1.74
2.67
2.46
1.71
1.63
1.60
1.72
2.50
2.68
1.66
2.03
1.70
1.53
2.52
2.48
1.67
1.66
1.68
1.68
3.02
2.28
1.63
1.63
2.45
1.74
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2.29
1.82
1.79
1.63
1.64
1.88
1.10
1.55
2.40
3.32
1.75
1.92
1.66
1.56
2.57
2.37
1.69
1.63
1.67
1.90
2.61
2.43
1.95
1.63
1.57
1.80
2.51
2.44
1.66
1.63
1.71
1.77
2.46
2.57
1.65
1.89
1.77
1.57
2.45
2.44
1.65
1.65
1.78
1.74
3.04
2.27
1.63
1.65
2.53
1.77

-0.03
-0.02
-0.02
0.03
0.03
0.01
0.01
0.01
-0.07
-0.32
-0.01
-0.03
0.05
0.05
-0.25
-0.04
—-0.06
0.00
0.10
0.12
-0.14
-0.02
-0.14
0.00
0.00
0.06
—-0.16
-0.02
—-0.05
0.00
0.11
0.05
-0.04
-0.11
-0.01
-0.14
0.07
0.04
-0.07
-0.04
-0.02
-0.01
0.10
0.06
0.02
-0.01
0.00
0.02
0.08
0.03

uo-ul
uo-ul
uo-ul
uo-ul
uo-ul

u3

u3

u3
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
uo-ul



Appendix

CH

ich2°

ch2°

imchl

ich3

ch3

1

2-3

5-6

Sil-H6
Si2-H6
Rh-H1
Rh-H2
Sil-H1
Sil-H2
Rh-H1
Rh-H2
Sil-H1
Sil-H2
Rh-H1
Rh-H2
Sil-H1
Sil-H2
Rh-Sil
Rh-C1
Rh-C2
Rh-C1
Rh-C2
H2-C1
Rh-C1
Rh-C2
H2-C1
Rh-C1
Rh-C2
H2-C1
Rh-C1
Rh-C2
H2-C1
Si1-C2
Rh-Sil
Rh-C2
Si1-C2
Rh-Sil
Rh-C2
Si1-C2
Rh-Sil
Rh-C2
Si1-C2
Rh-Sil
Rh-C2
Si1-C2
Rh-Sil
Rh-C2
Rh-C1
Rh-C1
Rh-C2
Rh-C1
Rh-C2
Rh-Sil

1.69
1.59
1.65
2.98
1.70
1.49
2.21
2.08
1.51
1.52
2.98
1.65
1.48
1.60
2.62
2.24
2.28
2.26
2.30
2.43
2.25
2.26
2.28
2.25
2.16
1.61
241
2.08
1.17
3.39
2.31
2.08
2.80
2.32
2.09
2.63
2.34
2.09
2.03
2.68
2.28
1.90
2.78
3.27
2.60
3.22
2.99
3.67
2.56
2.49
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1.69
1.62
1.64
3.01
1.76
1.51
2.05
1.92
1.54
1.56
2.98
1.69
1.50
1.70
2.48
2.23
2.26
2.22
2.26
2.42
2.21
2.22
2.26
2.23
2.15
1.60
2.38
2.09
1.19
3.47
2.31
2.09
2.79
2.32
2.10
2.61
2.34
2.10
2.01
2.69
2.26
1.90
2.63
3.21
2.55
3.13
2.90
3.66
2.53
2.43

0.00
0.03
-0.01
0.03
0.06
0.02
—-0.16
—-0.16
0.03
0.04
0.00
0.04
0.02
0.10
-0.14
-0.01
-0.02
-0.04
-0.04
-0.01
-0.04
-0.04
-0.02
-0.02
-0.01
-0.01
-0.03
0.01
0.02
0.08
0.00
0.01
-0.01
0.00
0.01
-0.02
0.00
0.01
-0.02
0.01
-0.02
0.00
-0.15
—-0.06
—-0.05
-0.09
-0.09
-0.01
-0.03
—-0.06

ul-u3
ul-u3
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
u0-u2
u0-u2
u0-u2
u0-u2
ul-u2
u0-u2
u0-u2
ul-u2
u0-u2
u0-u2
ul-u2
u0-u2
u0-u2
ul-u2
ul-u2
uo-ul
u0-u2
ul-u2
uo-ul
u0-u2
ul-u2
uo-ul
u0-u2
ul-u2
u0-u3
u0-u3

u3
u0-u3
u0-u3
u0-u3
u0-u3
u0-u3
u0-u3
u0-u3
u0-u3
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mCH

SBM

ch1®

mchl

isbm2

sbm2

isbm3

7-8

9-1¢

2-3

5-6

Rh-C1
Rh-C2
Rh-Sil
Rh-Sil
Rh-Si2
Rh-H1
Rh-H5
Sil-H1
Si2-H5
Rh-C3
Rh-C4
Rh-C1
Rh-Sil
C1-Si1
Rh-C1
Rh-Sil
C1-Si1
Rh-H1
Si-H1

Rh-C1
Rh-Sil
C1-Si1
Rh-H1
Si-H1

Rh-Si2
Rh-H5
Si2-H4
Rh-C1
Rh-H1
Rh-C2
Rh-Si2
Si2-H5
Rh-H2
Rh-C1
Rh-H1
Rh-C2
Si2-C2
Rh-Si2
Si2-H5
Rh-H5
Rh-C1
Rh-H1
Rh-C2
Si2-C2
Rh-Si2
Si2-H5
Rh-H5
Rh-C1
Rh-C2
Si2-C2

5.00
3.64
2.66
3.76
2.40
2.30
1.63
1.51
1.77
3.46
3.28
2.05
2.76
2.09
2.12
2.84
1.88
1.81
1.56
2.17
2.82
1.88
1.81
1.56
3.90
2.46
1.50
2.59
2.23
2.09
2.47
1.78
1.63
2.56
2.15
2.14
2.72
2.69
2.32
1.58
2.64
2.18
2.38
2.09
2.59
1.63
1.68
3.72
3.35
1.90

117

5.04
3.72
2.51
2.97
241
1.90
1.62
1.57
1.81
3.01
2.90
2.05
2.88
2.02
2.14
2.71
1.88
1.76
1.61
2.18
2.69
1.88
1.75
1.61
3.82
2.32
1.53
2.52
2.11
2.10
2.42
1.89
1.63
2.52
2.08
2.15
2.69
2.75
2.40
1.59
2.63
2.12
2.46
2.04
2.48
1.73
1.65
3.79
3.33
1.91

0.04
0.08
-0.15
-0.79
0.01
-0.40
-0.01
0.06
0.04
—-0.45
—-0.38
0.00
0.12
-0.07
0.02
-0.13
0.00
—-0.05
0.05
0.01
-0.13
0.00
—-0.06
0.05
-0.08
-0.14
0.03
-0.07
-0.12
0.01
—-0.05
0.11
0.00
-0.04
-0.07
0.01
-0.03
0.06
0.08
0.01
-0.01
—-0.06
0.08
—-0.05
-0.11
0.1
-0.03
0.07
-0.02
0.01

u0-u3
u0-u3
u0-u3
u0-u3
uo-ul
u0-u3
uo-ul
u0-u3
u0-u3
u0-u2
u0-u2
u0-u2
uo-ul
ul-u2
u0-u3
u0-u3

u3
u0-u3
u0-u3
u0-u3
u0-u3

u3
u0-u3
u0-u3
uo-ul
uo-ul
uo-ul
u0-u2
u0-u2
u0-u2
uo-ul
uo-ul
uo-ul
u0-u2
u0-u2
u0-u2
ul-u2
uo-ul
uo-ul
uo-ul
u0-u2
u0-u2
u0-u2
ul-u2
uo-ul
uo-ul
u0-u3
u0-u3
u0-u3
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sbm3 6-1 Rh-Si2 2.59 2.48 -0.11 u0-u3
Si2—H5 1.53 1.56 0.03 uo-u3
Rh-H5 1.95 1.85 -0.10 uo-u3
Rh-C3 3.95 3.67 -0.28 uo-u2
Rh-C4 3.90 3.63 -0.27 uo-u2

8Si and C atoms are numbered in the order of bond formation. C1 and C2, C3 and C4 refer to
the carbon atoms of the first and second ethylene moieties, respectively. H1-H4 denote
hydrogen atoms of the first silane, and H5—HS8 those of the second silane.

"The reactants Rh(1) bis-NHC catalyst, silane, and ethylene, as well as the product ethylsilane
are denoted by the labels u0, ul, u2, and u3, respectively, thus indicating inter— (e.g.
uO—ul) or intramolecular (e.g. ul) quantities.

‘chl = mch2, and ch2 = mch3 = sbml.

‘Repeated IM and TS structures are presented only once. For example, in CH, the omitted
IMs and TS 8, 8-9, and 9 were already given for GT, equal to 3, 3—4, and 4 on page 114.
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Table A3. Crucial distances d (A) in the intermediates (IM) and transition states (TM)
involved in the selected barriers, calculated by five chosen density functionals. Labels of
atoms, molecular units, and IM/TS structures as introduced in Table A2.

IM/TS B3LYP BP8 mPWPW PBE PBEO Type

Rh—Si2 igtl 248 244 243 243 243 u0—ul
gtl 228  2.27 227 226 225 u0—ul
Si2—H5 igtl 168 174 1.74 174 1.69 u0—ul
gtl 174  1.77 177 178 175 u0—ul
Rh—Sil igtl 252 245 245 243 243 u0—u3
gtl 3.02 3.04 3.04 3.03 299 u0—u3
Sil-H1 igtl 168 178 1.77 180 1.75 u0—u3
gtl 1.69 1.69 1.69 169 1.67 u0—u3
Sil-H3 igt2 148 149 149 149 148 ul
gt2 1.57 158 1.57 157 156 ul-u2
C1-H3 igt2 3.09 2.89 289 289 2.88 ul-u2
gt2 1.70 173 1.73 174 173 ul—u2
C2-Sil igt2 347 3.24 3.24 315 317 ul—u2
gt2 206  2.07 207 207 2.06 ul-u2
Rh—Sil ichl 282 257 256 248 2.57 u0—u3
chl 3.76  2.97 293 293 294 u0—u3
Rh—H1 ichl 1.75 169 169 170 1.70 u0—u3
chl 230 1.90 1.89 181 1.90 u0—u3
Sil-H1 ichl 1.57 167 167 170 1.64 u0—u3
chl 151 157 157 161 155 u0—u3
Rh—H1 ich2 165 164 165 165 1.64 u0—ul
ch2 221  2.05 205 203 205 u0—ul
Rh—H2 ich2 298 3.01 3.01 3.01 2096 u0—ul
ch2 208 1.92 192 191 1.96 u0—ul
Sil-H1 ich2 1.70 176 176 177 173 u0—ul
ch2 151 154 154 155 153 u0—ul
Sil-H2 ich2 149 151 151 151 150 u0—ul
ch2 1.52 156 156 157 154 u0—ul
Rh—Sil ich3 234 234 234 234 232 u0—ul
ch3 268 3.19 3.17 284 271 u0—ul
Rh—C2 ich3 209 210 210 210 2.07 u0—u2
ch3 228  2.26 261 234 226 u0—u2
Si1—C2 ich3 263 261 260 260 253 ul-u2
ch3 203 192 192 197 1.98 ul—u2

Si1—C1 imchl 3.23  3.17 3.11 310 3.09 ul—-u2
mchl 209 202 202 201 201 ul-u2
Rh-Sil imchl 2.62 2.48 248 247 2.48 uo-ul
mchl 2.76 2.88 287 288 2.83 uo-ul
Rh-C2 imchl 2.28 2.26 226 225 224 uo-u2
mchl 2.38  2.46 245 245 2.40 uo-u2
Rh-H2 isbhm2 1.63 1.63 163 163 1.61 uo-ul
sbm?2 158 1.59 159 159 1.58 uo-ul
Si2—-H5 isbhm2 1.78 1.89 1.88 189 1.87 uo-ul
sbm?2 2.32 240 239 241 2.40 uo-ul
Rh-C2 isbhm2 2.14 215 215 214 212 uo-u2
sbm?2 2.38  2.46 246 247 241 uo-u2
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C2-Si2
Rh-Si2
Si2-H5
Rh-C4

Rh-H5

isbhm2
sbm2
isbhm3
sbm3
isbhm3
sbm3
isbhm3
sbm3
isbhm3
sbm3

2.72
2.09
2.59
3.27
1.63
1.53

3.90
1.68
1.95

2.69
2.04
2.48
2.99
1.73
1.56

3.63
1.65
1.85

2.68
2.03
2.48
2.87
1.73
1.58

3.65
1.65
1.83

2.67
2.03
2.46
2.99
1.74
1.56

3.60
1.65
1.85

2.62
2.02
2.52
3.25
1.70
1.53

3.85
1.65
1.95

ul-u2
ul-u2
uo-ul
uo-ul
uo-ul
uo-ul

u0-u2
u0-u3
u0-u3
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Table A4. Change AHx = Hx — H(B3LYP) (kcal-mol ) in the formation enthalpies of
selected intermediates (IM) and the corresponding transition states (TS), relative to the
B3LYP results, calculated with 11 functionals.

IM/TS B3LYP BP86 BLYP B3PW91 PBE PBEO

igt2 - —6.48 1.92 —4.00 —9.97 —8.84

gt2 - —15.80 0.12 —10.23 —20.87 —16.67
ichl - —12.76 5.01 —10.28 —21.50 —20.74
chl - —10.39 5.00 —7.30 —21.20 —20.32
ich2 - —10.80 1.73 —13.30 —15.77 —13.82
ch2 - -10.71 1.76 —6.55 —15.87 —13.40
isbm2  — —19.82 2.96 -14.17 —29.51 —26.56
sbm2 - —16.81 3.74 —12.40 —24.08 —23.97
IM/ITS mPWPW MPWI1K MO06-L MO06 MPW3LYP TPSS

igt2 —6.70 —6.01 —6.51 -9.32 —2.75 —6.42

gt2 —16.36 —10.39 —7.89 —8.91 —-3.15 —13.43
ichl —14.35 —16.47 —12.95 —16.59 —5.20 —11.66
chl -12.61 —15.38 —21.68 —24.45 —6.64 —10.65
ich2 -11.57 —15.70 —17.93 —20.38 —9.86 —19.01
ch2 —11.40 -9.12 —13.74 —-16.13 -3.76 —12.45
isbm2  —-21.73 —18.85 —23.86 —22.07 —6.02 —22.11
som2  —18.63 —17.87 —21.13 —20.69 —5.91 —17.66
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Table A5. Characteristic bond distances d (A) of the intermediates (IM) and transition states
(TM) involved in the selected barriers, calculated by 12 density functionals. Labels of atoms,
molecular units, and IM/TS structures as introduced in Table A2.

IM/TS BP86 BLYP B3LYP B3PW91 PBE PBEO Type

Sil-H3 igt2 1.49 1.49 1.48 148 149 148 ul
gt2 1.58 1.58 1.57 156 157 1.56 ul-u2
C1-H3 igt2 2.89 3.15 3.09 296 289 288 ul-u2
gt2 1.73 1.70 1.70 172 174 173 ul-u2
C2-Sil igt2 3.24 3.54 3.47 332 315 317 ul-u2
gt2 2.07 2.07 2.06 206 207 223 ul-u2
Rh-Sil ichl 2.57 2.85 2.82 262 248 257 u0—u3
chl 2.97 3.85 3.76 323 273 294 u0—u3
Rh—H1 ichl 1.69 1.76 1.75 1.70 170 170 u0—u3
chl 1.90 2.36 2.30 205 181 1.90 u0—u3
Sil-H1 ichl 1.67 1.59 1.57 163 170 164 u0-u3
chl 1.57 1.52 1.51 153 161 155 u0-u3
Rh-H1 ich2 1.64 1.66 1.65 164 165 164 uo-ul
ch2 2.05 2.20 2.21 208 203 205 uo-ul
Rh-H2 ich2 3.01 3.03 2.98 298 3.01 296 uo-ul
ch2 1.92 2.07 2.08 197 191 196 uo-ul
Sil-H1 ich2 1.76 1.74 1.70 172 177 173 u0-ul
ch2 1.54 1.52 1.51 152 155 153 uo-ul
Sil-H2 ich2 151 151 1.49 150 151 150 u0-ul
ch2 1.56 1.53 1.52 154 157 154 u0-ul
Rh-H2 ishm2 1.63 1.64 1.63 161 163 161 uo-ul
sbm2 1.58 1.60 1.58 158 159 158 u0-ul
Si2-H5 isbm2 1.78 1.80 1.78 186 189 1.87 uo-ul
sbm2 2.32 2.34 2.32 237 241 240 uo-ul
Rh-C2 ishm2 2.14 2.18 2.14 213 214 212 u0-u2
sbm2 2.38 2.44 2.38 241 247 241 u0-u2
C2-Si2 ishm2 2.72 2.78 2.72 264 267 262 ul-u2
sbm?2 2.09 2.11 2.09 203 203 2.02 ul-u2

IM/ITS mPWPW MPWI1K MO06-L MO06 MPW3LYP TPSS Type

Sil-H3 igt2 1.49 147 148 147 1.48 1.48 ul
gt2 1.57 155 155 156 1.57 157 ul-u2
C1-H3 igt2 2.89 291 291 287 3.03 2.88 ul-u2
gt2 1.73 171 169 1.68 1.70 1.69 ul-u2
C2-Sil igt2 3.24 3.23 321 3.28 341 3.17 ul-u2
gt2 2.07 205 203 2.04 2.06 2.06 ul-u2
Rh-Sil ichl 2.93 264 265 276 2.80 2.52 u0-u3
chl 2.93 3.10 3.27 3.17 3.57 2.99 u0-u3
Rh-H1 ichl 1.69 171 179 178 1.75 1.73 u0-u3
chl 1.89 201 215 2.08 2.18 1.93 u0-u3
Sil-H1 ichl 1.67 160 159 157 158 1.65 u0-u3
chl 1.57 152 151 152 151 155 u0-u3
Rh-H1 ich2 1.65 164 168 1.70 1.65 1.65 uO-ul
ch2 2.05 210 223 220 2.19 2.07 uO-ul
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Rh-H2
Sil-H1
Sil-H2
Rh-H2
Si2-H5
Rh-C2

C2-Si2

ich2
ch2
ich2
ch2
ich2
ch2
isbhm2
sbm2
isbhm2
sbm2
isbhm2
sbm2
isbhm2
sbm2

3.01
1.92
1.76
1.54
1.51
1.56
1.63
1.59
1.88
2.39
2.15
2.46
2.68
2.03

2.92
2.00
1.68
1.51
1.49
1.52
1.60
1.57
1.84
2.35
2.10
2.36
2.59
2.02

2.93
2.11
1.68
1.50
1.49
1.51
1.65
1.60
1.82
2.38
2.13
2.43
2.66
2.02

2.89
2.09
1.65
1.51
1.49
1.52
1.65
1.60
1.83
2.47
2.13
241
2.69
2.02

2.97
2.07
1.69
1.51
1.49
1.51
1.63
1.58
1.79
2.32
2.14
2.38
2.70
2.08

2.99
1.97
1.74
1.52
1.50
1.54
1.63
1.60
1.88
2.42
2.14
2.46
2.66
2.02

uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
uo-ul
u0-u2
u0-u2
ul-u2
ul-u2
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Complete References 211 and 236

(211) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S.
lyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J.
B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J.
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A.
G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J. A.
Pople, Gaussian, Inc., Wallingford CT, 2004.

(236) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M.
Caricato, X. Li, H. P. Hratchian, A. F. 1zmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J.
Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N. Rega, J. M.
Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L.
Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S.
Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox,
Gaussian, Inc., Wallingford CT, 2010.
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