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ABSTRACT

SCORPIONATE SUPPORTED AND UNSUPPORTED CARBONYL AND ETHYLENE

COMPLEXES OF GROUP 11 METALS

Mauro Fianchini, PhD
The University of Texas at Arlington, 2009

Supervising Professor: Prof. H.V. Rasika Dias

Carbon monoxide (CO) and small olefins represent perhaps the simplest, but most important
ligand systems in coordination/organometallic chemistry. Simple carbonyl and ethylene
compounds have started to appear in the field since the early nineteen century. Due to their
peculiar electronic properties, strong bonds to late transition metal cations such as Cu', Ag', and
Au' are generally discouraged. However, intermediates involving M-CO or M-olefin (where M =
Cu, Ag', Au') have been claimed to be key-steps in reactions and industrial processes involving
coinage metals. Unfortunately, experimental data on coinage metal complexes with CO and
olefins are scarce due to the difficulty of isolating such adducts. In this work several novel metal
carbonyl and olefin compounds will be presented, which make a precious addition to the
coinage metal chemical ‘landscape’. Their syntheses will be presented and their principal
characteristics discussed on the basis of spectroscopic data and metric parameters derived
from X-ray diffraction; furthermore, their electronic structures, obtained by density functional

theory (DFT), will be studied in detail.
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CHAPTER 1

INTRODUCTION

1.1 Coinage metals

The chemical symbols of copper, Cu, silver, Ag, and gold, Au, originate from the Latin
names cuprum, argentum and aurum. The first name relates to the the isle of Ciprum, from
which the Romans initially extracted the metal. Copper, silver and gold are probably the first
three metals discovered in history. They are commonly called coinage metals, which recalls
their use as forging metals for coins (their use was already present in Egypt in 3400 B.C.)".
Gold has been used as an ornamental metal since the Stone Age; it was the immediate
reflection of the power of kings (Tutankhamen’s sarcophagus contained no less than 112 kg of
gold!) and the cause of the rise and fall of empires (the Mayan and Aztec empires’ legendary
treasures were at the base of the Spanish conquer, for example). Copper has been used since
5000 B.C".

After 3000 B.C., ancient civilizations in the Mediterranean Sea and Middle East learned
how to produce bronze using copper/tin alloys. This period is known to historians as the “Bronze
age”. The use of silver as coinage metal is probably contemporary with gold*. All three elements
are present in the Earth’s crust in the native state. The relative abundances are comparable to
Ni, Pd, and Pt, with Cu at 68 ppm, Ag 0.08 ppm, and Au 0.004 ppm, respectively. Principal
minerals containing copper are chalcopyrite, CuFeS,, galena, Cu,S, cuprite, Cu,O, and
malachite, Cu,CO3(OH),. Silver is present in nature as argentite, Ag,S, as well as metallic

silver. Gold is present as metallic gold or often associated with tellurides, quartz, or pyrite.
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Before 1830, almost all the gold circulating in the world was coming from the ancient South
American civilizations®. The production increased tenfold after the discovery of mines in Siberia
and after the famous “Gold Rushes” of 1849 in California, 1851 in New Wales, 1884 in
Transvaal and 1896 in Klondike®.

All the chemical properties of the coinage metals can be directly correlated with their
electronic configuration d'%s’. They are great conductors of electricity, with maximum values for
silver. They are tender, ductile, and malleable. Gold is the most electronegative of all metals,
with an electronegativity of 2.4 on the Pauling scale, equal to that of selenium®.

Electron affinity is very high for coinage metals (87 kdmol™ for Cu, 97 kdmol™ for Ag
and 193 kJmol™ for Au). The formation of CsAu is a typical result of this high electron affinity of
gold. This compound is supposed to have partial ionic behavior, evidenced by the fact that it
melts more like a salt than a proper alloy. This aspect, together with the formation of a stable
solvate of Au” in liqguid ammonia, can suggest a strong analogy between gold and the
halogensl.

Pyykko and coworkers linked all these interesting properties to the relativistic effects.”*
It is well known now that group 11 is the “maximum of the relativistic effects”. Valence electrons
move generally slower compared to the speed of light; however for heavier atoms, the electrons
in inner K- and L-shells approach the speed of light. This leads to a sensible increment in their
masses, thus leading further to shrinkage of the spatial radius of the shell and, to some extents
of the outer shells as well. Furthermore, since the relativistic perturbation acts near the nucleus,
where valence electrons also have a non-zero part of their density (especially s electrons),
relativistic contraction affects the valence orbitals as well (direct relativistic effect). It follows that,

since the nucleus becomes more screened, orbitals with higher angular momenta undergo a

quite large expansion (indirect relativistic effect). Spin-orbit coupling is another consequence of



the relativistic effects. All these effects roughly increase with the square of Z, the nuclear charge
(in group 11, Cu < Ag < Au).

The analogy between alkali and coinage metals, legitimated by their respective
electronic configurations d'%' and p6sl, is however only possible on the basis of the
stoichiometry of their compounds in formal oxidation +1, for the other properties are very
different. Coinage metals are harder, denser and less reactive, they show higher melting points
and they form compounds with more covalent character. They have higher first ionization
energies (745,3 kJmol™ for Cu, 730.8 kJmol™* for Ag and 889.9 kJmol™ for Au) and lower second
and third ionization energies (1957.3 and 3577.6 kJmol™ for Cu, 2072.6 and 3359.4 kJmol™ for
Ag and 1973.3 and 2895 kJmol™ for Au) in comparison to alkali metals’. The ionic radii are
smaller for group 11 than for group 1. This difference in properties can be attributed to the poor
shielding effect of the d electronic cloud on the electron in the s orbital with respect to the p
cloud. In addition, a d closed shell is much less stable than a p closed shell, making it easier for
group 11 to have oxidation states beyond +1. The covalent radii follow the trend Cu < Ag > Au
(with gold’s radius being smaller than silver’s). This trend can be explained by relativistic and
lanthanide-contraction effects that reach their apex in gold chemistry.

In their +1 oxidation states, all three cations are diamagnetic with a configuration 'S,
and their compounds are generally colorless (unless strong LMCT and MLCT are present). cu'
is normally very unstable in water and tends to disproportionate into cu®and Cu", mostly due to
the high hydration heat of the +2 cation. For silver, the oxidation state +1 is the most common.
Au'is very unstable in water and promptly disproportionates into Au® and Au"*,

All three cations can be stabilized, however, using a wide range of hard and soft N-, S-,
P-, As-donor monodentate, chelate, and tripodal ligands. Especially good soft n-acceptors such

as phosphines can be very effective in stabilizing Au'. Dinuclear phosphine complexes with



gold, like [Au,(dppm).],*, exhibit strong luminescence due to close contact of Au“Au units.
Pyrazolate trimers exhibit strong luminescence depending on solvent, temperature and
excitation wavelength.

Ag' has very low affinity for oxygen donors, although complexes of silver with DMSO,
carboxylate ions and crown ethers are known. Dias et al reported the synthesis and the
characterization of very stable complexes of silver with THF and ethylene oxide?®. Cu' forms
interesting complexes with oxygen donors. Copper(l) trifluoromethanesulfonate, obtained as
benzene adduct [Cu(O3;SCF3)],.C¢Hs can be prepared as a white crystalline solid by treating
Cu,O with methanesulfonic anhydride in benzene. Generally, cu' prefers tetra-coordination
while its heavier congeners Ag' and Au' prefer tri- or linear coordination. This behavior can be a
direct consequence of the relativistic contraction on the 5s and 6s orbital: the contraction in
copper is less important than in silver or gold and, the spherical 4s orbital being more available,
there is no real preferred spatial arrangement for the ligands. Conversely, especially in gold, the
6s is highly contracted and the 5d orbitals are more expanded, leading to an increased
preference for directional bonds.

Metal halides are very important for this group. The structure of copper halide can be
very complicated since they can be mononuclear, binuclear with halide bridges, polynuclear, or
infinite chains. Silver halides are generally poorly soluble in water and organic solvents, and this
characteristic can be effectively used to provide a strong thermodynamic force in metathesis
reactions by precipitation of AgX. AgX treated with an excess of X ions provides AXj
complexes (with relative stability CI' < Br' < I). Silver halide and thiosulphate are commonly
used in the process of the photography. Gold(l) compounds with sulfur donor ligands are known
to be active in the treatment of rheumatoid arthritis (Auranofin and Myocrisin). The sulfur donor

in this type of compounds is displaced by SH-proteinsZZ.



Oxidation states beyond +1 are also very common for these three elements. For
example, cu'is a good oxidizing agent with very rich background in aqueous chemistry. All
these salts are generally green or blue and show paramagnetic activity with antiferromagnetic
exchange. cu" centers are well-known to transport oxygen, stabilize superoxo, peroxo, and p-
ox0; and catalyze a variety of different oxidations in both biological (ex. Superoxide dismutase,
Cytochrome ¢ Oxidase, Hemocyanins) and non-biological systems (ex. Wacker process).

Gold(lll) salts are the starting materials for the preparation of a variety of gold(l)
compounds. Metallic gold can be dissolved in a strong oxidant such as “aqua regia” to give
tetrachloroauric acid, HAuCl,;.3H,0. This compound can be treated with OSCI, to give the deep
red dimer Au,Cls. Each gold atom is in a square planar environment with two bridging chlorides.
Au,Clg is a compound with a great synthetic importance since it can be reduced by carbon

monoxide, olefins, and sulfides to give the corresponding CI-Au'-L compounds®.

1.2 Carbon monoxide in chemistry

Carbon monoxide is the simplest oxocarbon known. Though it is virtually undetectable
(lacks odor, taste, and color) to humans, it is toxic**. Ancient Greeks and Romans used carbon
monoxide for the smelting of iron and other metallic ores as well as for executions. It was
identified by the English chemist William Cumberland Cruikshank in the year 1800. Carbon
monoxide is a minor constituent of the atmosphere, mainly produced by volcanic activity or
natural fires, but also anthropogenic factors such as inefficient burning of fossil fuels (i.e.
internal combustion engines). Carbon monoxide does not survive long in the atmosphere since
it oxidizes readily to carbon dioxide. It is a very important reagent in chemistry as evidenced by
the numerous production approaches, including combustion of excess of carbon at high

temperatures, “water-gas shift” reaction, and reduction of metal oxide ores with carbon®. In the



chemical industry carbon monoxide is combined with alkenes and hydrogen gas to form
aldehydes (hydroformylation), and it is hydrogenated to form methanol. Using CO
hydroformylation in combination with C-C bond formation, it is possible to produce liquid

2526 Moreover carbon monoxide can be reacted

hydrocarbon fuels (Fischer-Tropch process)
over a rodhium catalyst to produce acetic acid (Monsanto process, Fig. 1.1), which produces
most of the acetic acid that is commercially available. Metallic nickel is corroded at room
temperature by carbon monoxide. The process releases Ni(CO),, a volatile and extremely toxic

compound. It decomposes back to Ni° and CO upon heating, affording extremely pure nickel

samples (Mond process)27.
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Figure 1.1. Catalytic cycles involving carbon monox ide. From top to bottom: “water-gas shift”,
Monsanto, hydroformilation
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Carbon monoxide is very toxic?®: it binds to hemoglobin in the blood to give a complex
called carboxyhemoglobin, which incapacitates the circulatory system ability to deliver oxygen
(anoxemia). Carbon monoxide compromises other important molecules such as myoglobin and
mitochondrial cytochrome oxidase, and repeated exposure damages the heart and central
nervous system. Mammals produce carbon monoxide naturally, which plays a vitla role in
metabolism (breakdown of heme) and as signaling molecule responsible for vasodilation®.
Moreover, it modulates the neuro, circulatory, immune, respiratory, reproductive, and
gastrointestinal systems. CO is also under intense study in several research laboratories for
some of its properties, which can potentially prevent severe pathologies, like transplant

rejection, atherosclerosis, or autoimmunity?®.

1.2.1. “Classical” versus “non-classical” carbonyls.

Carbon monoxide is a very poor Lewis base and a very good Lewis acid. It coordinates
metals in lower oxidation states, is generally electron-rich or “soft”, and is generally capable of

' Pt%. Although the oxygen atom is more

good to excellent m-back-bonding (ex. Rh', Ir
electronegative than the carbon atom (therefore a more substantial quantity of electron charge
should be assigned to the oxygen as demonstrated by NBO charges calculated at B3PW91/6-
311+G(d) level, say, 0.47 for C atom and -0.47 for O atom), carbon monoxide exclusively
coordinates metal acceptors through the carbon atom. This is because the “highest occupied
molecular orbital’, HOMO, lies almost exclusively on the carbon atom (Fig. 1.2, left). When a
metal binds CO, its HOMO interacts with an empty orbital of appropriate symmetry (nominally
d,2 or d.22) in the metal (Lewis acid behavior) to give what is normally called o-donation or o-

bonding (sigma because, like a conventional sigma bond in organic chemistry, the bond lies in

the region connecting the metal and the carbon atoms). CO can also accept electron density



(Lewis acid behavior) from a filled orbital of the metal of appropriate symmetry (nominally d.,)
into the “lowest unoccupied molecular orbital”, LUMO, =* (Fig. 1.2, right). This interaction is
called n-back-donation or n-back-bonding (pi because, like a conventional pi bond in organic
chemistry, the interaction is formed by orbitals indirectly pointing at each other). This synergic

interaction is at the base of the Chatt-Dewar-Duncanson model for carbon monoxide® .

§
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Figure 1.2. Carbon monoxide KS HOMO (X, - 0.38599 hartrees), left, and LUMO ( II, -0.03963
hartrees), right, calculated at B3PW91/6-311+G(d), 0.02 hartrees isovalue

The first metal complex featuring a coordinated carbon monoxide molecule, cis-
PtCl,(CO),, was discovered in 1870* and soon after the first homoleptic metal carbonyl
compound, Ni(CO), was reported by Mond in 1890, Ni(CO), is so volatile that it was a

common saying among scientists that Mond “gave wings” to nickel.



Figure 1.3. Qualitative diagram of KS orbitals of p  ossible o-donation ( Zg, - 0.76735 hartrees), left,
and m-back-donation ( TI, - 0.73384 hartrees), right, between Au " and CO, (calculated at B3PW91/
6-311+G(d), 0.02 hartrees isovalue)

Although both compounds can be defined as “metal carbonyls”, their coordinated CO
moieties show totally different chemical and spectroscopic behavior. The first striking difference
resides in their v(CO) stretching bands: a value of 2058 cm™is reported for Ni(CO), while 2175
cm™ is reported for PtCl,(CO),, with 2143 cm™ being the stretching frequency of carbon
monoxide in the gas phase. Since the frequency can be correlated with the force constant and

the reduced mass for a vibrating system (v:(Zn)'l(F/m)”Z, if harmonic model is considered), it is
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not hard to see that for compounds such as Ni(CO), the C-O bond seems to weaken upon
coordination, while for compounds like PtCl,(CO), it seems to strengthen.

The nature of this dual behavior has been at the base of a heated diatribe for the last 10-
15 years and gave rise to the coining the definition of “classical” and “non-classical” terms. A

classical carbonyl is a carbon monoxide complex whereupon coordination:

v' as v(CO) stretching frequency decreases (< 2143 Cm'l), the triple bond weakens;

v' CO bond distance notably lengthens within a +3c level of confidence if compared
to 1.1282 A, the bond distance for free CO;

v" M-C bond distance decreases (M-C bond strengthens) thanks to improved =-

back-bonding when more electron density is present on the metal.

Classical carbonyl characteristic are associated with electron-rich metal centers that are
capable of good to very good n-back bonding (Rh', Ir', Ni°, Co’, Fe?, Mn3'). It is logical to
postulate that addition of o-donor ligands to such metal centers (say, increasing their electron
density and thus the availability of n-back bonding) further weakens the C-O bond (shorter CO
distance, lower v(CO) stretching frequency) and strengthens the M-C bond, while the
introduction of r-back bonding competitors (other carbon monoxide moieties, olefins...)
strengthens the C-O bond (shorter CO distance, lower v(CO) stretching frequency), weakening
the M-C bond. We could say with reasonable confidence that the degree of n-back-bonding is

proportionally affecting the properties of the coordinated monoxide in a classical carbonyl.

R
M=— C Q=  M—C—0O

Figure 1.4. Resonance forms for coordinated carbon monoxide; left, form 1, “non -classical
carbonyl, right, form 2, “classical”’ carbonyl
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Different story can be told for the other class, the non-classical carbonyls. This term
was coined by Strauss, Frenking et al. and accounts for the strange behavior that coordinated
CO seems to have in carbonyls of group 10 (especially true for d® configurations), 11 and 12

31, 32

metals . These carbonyls show very high v(CO) stretching frequencies ( > 2143 cm'l) and

shorter CO bond distances than free carbon monoxide for mainly two reasons®" %,

Some have explained this behavior considering that the 5¢ of the CO has a slight anti-
bonding nature. Thus, when CO is coordinated to metals, the lone pair is shared and this
removal of anti-bonding electron density leads to an increment of the the C-O bond order.
Conversely Goldman and Krogh-Jespersen showed the reason behind the strengthening of CO
bond is attributed to electrostatic effects®. They started from the assumption that structure 1

should be favored when the carbon is in the presence of an electrostatic charge near the carbon

(Fig. 1.5).

+ °
O: <-— I—0O;

C

Figure 1.5. Lewis structures for carbon monoxide; s tructure 1 (left) and structure 2 (right)

Then, calculated sets of organic and organometallic adducts of carbon monoxide at MP2/6-
311G* and MP2/LAN2DZ/6-31G* levels demonstrated that the electron donation from the 5c
orbital has not intrinsic effect on the force constant®>.

Whatever reason lays behind this first effect, chemists seem to agree on the fact that
there is another important effect playing a major role: “non-classical” carbonyls possess very
low n-back-bonding from the metal or at least not enough to overcome the afore-mentioned
effects, lengthen the C-O bond distance and lower v(CO) stretching frequency below 2143 cm™.

Lupinetti, Strauss and Frenking used Moeller-Plesset theory truncated at the second level
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(MP2) to study the interaction of linear [M(CO),]" fragments (where M is a d*° configuration, Rh’,
Pd®, Cu®, Ag®, Au®, Zn**, Cd**, Hg*") with two apical fluorides (s-donor only ligand). The result
of the study highlights two main trends. Rh™ and Pd° react to the perturbation as “classical’
carbonyls would do, reducing M-C bond and increasing C-O bond. The behavior of Zn*, cd*,
and ng+ is different: they tend to increase M-C bond while slightly increasing the C-O bond as
well. Cu* and Au® behave classically, like Rh" and Pd° while Ag® tends to behave non-
classically, like zn**, Cd*, and Hg*". In the second group the r-back-bonding is not totally
excluded from the description of the bond interactions, but it cannot overcome other
polarization/electrostatic effects. The reason underlying the different behavior of Ag' has been

attributed to greater  repulsion between the d'° filled shell and the HOMO of the ligand.

Carbonyl complexes of copper, silver and gold are of significant historical, scientific and
technological importance. They are intermediates playing an important role in industrial
processes such as the oxidation of carbon monoxide. Several non-classical M-CO species (M =
Pd", cu', Ad', Au', Hg") have been observed spectroscopically. However adducts characterized
using X-ray crystallography are extremely rare, with a few excellent examples including mono-
carbonyl adducts (CO)CUAICI, and (CO)CuGacCl, (both show v(CO) = 2156 cm™)* reported by
Martin and co-workers; [Ag(CO)][B(OTeFs)4] (v(CO) = 2204 cm™) reported by Strauss and co-
workers®, [HB(3,5-(CF3),Pz)s]Ag(CO) (V(CO) = 2178 cm™) and [HB(3,5-(CFs),Pz)s]Au(CO)
(v(CO) = 2144 cm™) reported by Dias and co-workers® *’: di-carbonyl adducts, [Cu(CO),](1-Bn-
CB11F11) (V(CO) = 2166, 2184 cm™)® and [Ag(CO),|[B(OTeFs)s] (v(CO) = 2198 cm™)*, and
tetra-carbonyl adducts, [Cu(CO)4][1-Et-CB1;F11] (V(CO) = 2184 cm'l)38, described by Strauss
and co-workers®'. Aubke et all reported the synthesis and the characterization of the “non-
classical” [AU(CO),][Sb.F11]*°, [PA(CO)4][Sb,F14]* and [Hg(CO),J[Sb,F14]*™*. Most of these

“non-classical” compounds are homoleptic because they feature carbon monoxide as the only
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coordinated ligand. Some of them have been isolated in super-acidic media because they are
so labile that even weakly-coordinating solvents could displace the coordinated carbon
monoxide. Typically, non-classical carbonyls show higher v(CO) than that of the free CO (2143
cm'l) and shorter C-O bond distances. It is worth re-mentioning that this interesting behavior
can be explained as a sum of o-interaction and polarization/electrostatic effects in
concomitance with very little, if any, n-back-bonding.

Isolable “classical” copper carbonyls like [HB(Pz);]CuCO ( v(CO) = 2083 cm'l) or
[HB(3,5-(CF3),P2)3]Cu(CO) ( v(CO) = 2137 cm'l) are relatively common, but, as we will see in
chapter 4, to my knowledge, no “classical” carbonyls of Ag' and Au' have been reported in the
literature to date. Even though the direct goal of this thesis is not to discuss the homoleptic
carbonyls of group 11 in depth (they have been the focus of a plethora of very interesting and

detailed experimental, theoretical, and computational studies)‘m'48

, they come in handy for
preliminary evaluation of the performance of the hybrid functional B3PW91, used throughout
this work in conjunction with Figgen’s Pseudopotential MDF and large correlation-consistent
basis sets (such as aug-cc-pvDZ-PP or aug-cc-pvTZ-PP), in reproducing equilibrium
geometries, spectroscopic properties (vibrations and NMR shielding tensors), and in evaluating
thermodynamic measurables (like enthalpy or Gibbs free energy of reaction). To my knowledge,
this combination theory/ECP/basis set has not been used thus far, even though several other
DFT and post-HF methods have been extensively used. Particularly important is the fact that
bond dissociation energies (BDEs) have been found experimentally by mass experiment and
extrapolated to 0 K for the reaction [M(CO),]" 2 [M(CO),.4]" + CO (n=4, 3,2, 1 and M = Cu and
Ag) in a seminal paper by Armentrout and co-workers®®. The availability of these dissociation

energies is not that common for the relative ethylene M(C,H,),", thus making a direct

comparison of theory versus experiment for that class of compounds quite difficult.
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Table 1.1. Experimental values of D ¢ in comparison with calculated values in this and r elated works

. Calculated
Experimental, KJ/mol ) Calculated
i 10 (this work)
Reaction (Kcal/mol) Kcal/mol
Kcal/mol
[Cu(CO),]* > [Cu(CO)4]* + CO 533 (12.70.7) 14.0 -
[Cu(CO)3]* > [Cu(CO),]" + CO 75+4 (17.9%1.0) 18.3 -
[Cu(CO),]* > [Cu(CO)]* + CO 17243 (41.1+0.7) 38.8 (32.5)*
[Cu(CO)]* > [Cu]* + CO 14947 (35.6+1.7) 39.8 (32.0°
(AG(CO) " > [AG(CO) 4" + CO 45 (+18-4) (10.8+4.3-1.0) 23
+ . °
NS SSSSE 64412 (15.3£2.9)
[Ag(CO)3]* > [Ag(CO)2]" + CO 5528 (13.121.9) 10.2 11.9%
+ . .
o= S 54+10 (12.9+2.4)
N N 25.1%
[Ag(CO)]" > [Ag(CO)]* + CO 109+4 (26.1+1.0) 28.6 18.0°
. . 20.2%
[Ag(CO)] " > [Ag] " + CO 8945 (21.3+1.2) 25.4 18.2)"°

Calculated data are generally in good agreement with the experimental ones (Tab. 1.1).

Our DFT accounts for a maximum positive error of + 3.5 kcal/mol and a negative of — 4.2 kcal

with an overall MAD of 2.7 kcal/mol. These are very good results considering that no correction

for basis set superimposition errors (BSSE) has been applied and no single point calculation at

higher level of theory has been carried out (especially post-HF methods).

The tris(pyrazolyl)borate ligand system has been successfully used to stabilize coinage

metal carbonyls (chapter 4). These monoanionic boron-based ligands can effectively enforce a

tetrahedral symmetry on d'® metals leaving a vacant position for coordination of neutral

molecules. The first fully characterized Cu'-CO adduct was supported by the tripodal HBPz5".

Fluorinated tris(pyrazolyl)borate led to the isolation and characterization of rare Ag'-CO and Au'-
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CO, such as [HB(3,5'(CF3)2PZ)3]CUCO, [HB(3,5-(CF3)2PZ)3]AQCO, [HB(3,5'(CF3)2PZ)3]AUCO,

and [CH3B(3-(C2F5)PZ)3]AQCO

1.3 Olefins in chemistry

Alkenes or olefins are chemical compounds that contain one or more carbon-carbon
double bond. They have the general formula C,H,,, with ethylene being the lightest of the
series. The double bond is stronger than a single covalent bond (173 kcal/mol for C=C in
ethylene vs. 90 kcal/mol for C—C in ethane)51 and is also shorter. Rotation about the carbon-
carbon double bond is blocked because it would break the = bond (~ 65 kcal/moI)Sl' *2 The
angle C=C-R may vary depending on the functional groups attached to the sp2 carbons. For
instance, the C=C-C bond angle in norbornene, another alkene presented in this thesis, is
106.5° (107.5° calculated at B3PW91/6-311++G(d,p) | evel). Industrially, alkenes are
synthesized through petroleum cracking (involving high temperatures and heterogeneous
catalysts) and successive fractional distillation. Other ways to produce alkenes are the catalytic
dehydrogenation of alkanes (loss of hydrogen at high temperatures), - or a-elimination of alkyl
halides, alcohols, and similar compounds, dehydration of alcohols, coupling of carbonyl
compounds followed by reduction (McMurry reaction, Barton-Kellogg reaction), olefin
metathesis, coupling reactions (most notably those catalyzed by palladium compounds, such as
the Stille, Heck, Suzuki and Negishi reactions), hydrogenation in the presence of Lindlar's
catalyst, hydroboration followed by hydrolysis, reduction of the alkyne by sodium metal in liquid
ammonia, carbometalation of alkynes, rearrangement of other alkenes, and finally pericyclic
reactions (“ene” reaction, Cope rearrangement and Diels-Alder reaction)‘:’s. Another important
reaction for alkene synthesis is the Wittig olefination, which employs a phosphorus ylide
Phs;P=CHR to produce an alkene and Ph;P=0. Recently a protocol was published to make the

reaction catalytic using a sterically cyclic phosphinoxide.54
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The majority of the alkene reactions involve the cleavage of this © bond: catalytic
addition of hydrogen to produce the related alkane (on platinum, nickel or palladium),
electrophilic addition, electrophilic halogenation, hydrohalogenation, oxidation in presence of
oxygen, catalytic oxidation with oxygen or percarboxylic acids to yield epoxides, breaking of the
double bond with ozone in ozonolysis and polymerizations. (ex. Ziegler-Natta) are popular
among the vast amount of reactions.

The first transition metal featuring the M-Olefin bond, synthesized in 1827, was the so
called Zeise's Salt, K[PtCl3(C,H,4)].H20. Pt** acts like a Lewis acid catalyzing the dehydration of
a molecule of ethanol forming Pt**-C,H, bond. The real structure was only elucidated in the
fifties, and it consists of a molecule of ethylene laying perpendicular to the plane formed by the

platinum ion and the three chlorides.*®’

Olefins can easily coordinate transition metals using
the & orbital, and unlike carbon monoxide, they are better Lewis bases. They can behave like
Lewis acids as well, accepting electron density from a metal atom orbital of opportune symmetry
into their empty ©* (Fig. 1.6). As for carbon monoxide, the Chatt-Dewar-Duncanson model is still
a reasonable description of the bond between olefins and transition metals. The coordinated
olefin, however, shows a completely different spectroscopic behavior from carbon monoxide.
While CO, upon coordination with metals, shows either increasing (“non-classical”) or
decreasing (“classical”) v(CO) stretching frequency, the olefins always show a decrease of the
v(C=C) frequency (1623 cm™ for unbound ethylene in gas phase). This is a very important
observation that leads to the belief that the presence of the metal always weakens the C=C
bond distance. In other words, both M & L o-donation and M - L n-back-donation
synergistically act to weaken the double bond either by removing electron density from a filled

bonding orbital (r, the former) or by enforcing electron density in an empty anti-bonding orbital

(m*, the latter) (Fig. 1.7).
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Figure 1.6. Ethylene KS HOMO (B 3y, - 0.28305 hartrees), left, and LUMO (B 24, -0.00847 hartrees),
right, calculated at B3PW91/6-311++G(d,p), 0.02 har trees isovalue.

The C=C bond distance in Zeise’s salt is slightly elongated from the unbound ethylene,
signaling that the coordination to the metal weakens the C=C bond.

As for the case of carbon monoxide, two resonance forms can be drawn for the M-C,H,
structure: the first one is normally referred to as the n-complex (Figure 1.8, left), a structure
where the interaction between metal and olefin is mostly due to an electrostatic polarization of
the = cloud of the olefin. The second one is called metallacyclopropane (Figure 1.8, right), for it
recalls the structure of the cyclopropane where one CH, unit has been substituted by a metal
atom. It is logical to assume that the metallacyclopropane structure will contribute more to the
real structure in metal complexes where the metal is a very good n-back-donor, able to deplete
charge in the inter-nuclear region of the interaction to redistribute it along the M-C axes, or
where the olefin has a particularly low-lying LUMO (as in the case of fluorinated olefins, for

example). It logically follows that the M-C and C-C bond orders for a metallacyclopropane
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structure approximate 1, while they are 0 < M-C < 1 and 1< C-C < 2 respectively for the r-

complex structure (the C=C bond order is around 2 for a non-complexed olefin)®* %> *°,

Figure 1.7. Qualitative diagram of KS orbitals of p  ossible o-donation ( A;, - 0.60505 hartrees), left,
and w-back-donation ( B,, - 0.58220 hartrees), right, between Au * and C,H, (calculated at B3PW91/
6-311++G(d,p), 0.02 hartrees isovalue)

H H H H
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/\ [\
HH HH

Figure 1.8. n-complex (left) versus metallacyclopropane resonanc e structure (right)
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CHAPTER 2

HOMOLEPTIC M-OLEFIN COMPLEXES

In this chapter the principal homoleptic compounds featuring a coinage metal and olefins
will be extensively discussed. The word “homoleptic” derives from ancient greek homos and
leptos, meaning “same connection”. In other words, olefins are the only ligands surrounding the
metal center. Such adducts are extremely rare in chemistry, which is particularly true for group
11. The compounds will be discussed and compared based on their metric parameters (when
available) and spectroscopic data. A particular emphasis will be given to the description of the

bond in these rare adducts in an attempt to classify and rationalize their peculiar chemistry.

2.1 Homoleptic olefin complexes of “Coinage” metals

Simple olefins are widely used in coordination chemistry. As previously stated, olefins
can be both Lewis bases and Lewis acids, and their interaction is qualitatively well described by
the Chatt-Dewar-Duncanson model. My study of the simple homoleptic olefin systems with
coinage metals started in a somewhat serendipitous way. | was interested in synthesizing and
studying the properties of CIAu(C,H,), which I intended to use as synthetic starting material for
gold derivatives. Similar compounds with heavier olefins have already been characterized and
reported by Calderazzo and co-workers. Homoleptic copper-olefin adducts have been reported

in the pioneering work of Kochi and co-workers.*® >

Homoleptic silver-norbornene adducts have
been reported by Nelson and co-workers® and Solodar and co-workers®. When a

suspension/solution of AuCl in dichloromethane is saturated with ethylene, the metal compound
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becomes somewhat more soluble and the solution turns a deep yellow color. Such a
solution left in a NMR tube for several days gives yellow needle-like crystals and a consistent
amount of decomposition product. The crystals are very reactive and they decompose quickly
when exposed to the air. Although a complete and precise X-ray analysis has been
unsuccessful, we managed to obtain a partially refined diagram showing the presence of a 1:1
mixture of Au' and Au" in the crystal. Three ethylene moieties are surrounding a gold cation in a
“spoke-wheel” arrangement, and the formally cationic moiety is stabilized by AuCl, anion. This
was very surprising considering that Au' prefers di-coordinate over tri-coordinate or tetra-
coordinate coordination environments (preference for directional bonds is a direct consequence
of the relativistic effects). The decomposition plays a major role in the formation of this
compound. It is well-known that Au' dismutes easily in the presence of moisture into Au° and
Au". Au" is easily reduced to [Au(C,H.)s]" in the presence of ethylene. Another reason could be
the presence of impurities of AuCl; dimer in the mixture since AuCl is obtained directly from it by
warming it up to 160<C.

Such spoke-wheel tris-ethylene compounds have been known since 1970 for metal
atoms of group 10. Wilke et al. reported a very interesting [Ni(C,H,)3] compound.ez' ® The
assumption that the ethylene moieties are in a spoke-wheel, rather than up-right (or barrel)
conformation, was confirmed experimentally by Wilke and co-workers and theoretically by
Schaefer in 1979 (using HF calculations)“. In the late seventies, Stone and co-workers reported
the synthesis of the related Pd® and Pt® adducts. [Pt(C,H,)s] is the only compound of this class
for which metric parameters are available. Stone and co-workers also reported the synthesis
and the characterization of Pd’° and Pt° adducts with heavier olefins like norbornene,

[PA(C7H10)s]*> * and [Pt(C7H10)a]™ *°.
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| decided to carry on a more systematic investigation, both theoretical and experimental
of [M(Olefin),]" in group 11 (Tab. 2.1). Krossing et al. reported the use of a bulky non-
coordinating anion in the isolation of [Ag(C2H4)3][AI{OC(CF3)3}4]67 in 2003 and of
[Cu(CzH4)3][AI{OC(CF3)3}4]68 in 2007. As for the previous compounds, this one as well shows
the characteristic spoke-wheel arrangement around the metal cation. Monolefins have been

extensively studied computationally*> **%

, but, to my knowledge, they have not been isolated
and fully characterized yet, probably because of the high degree of coordinative unsaturation at
the metal centre. Complexes like [M(C,H.),]" (M = Cu, Ag and Au) exist in the “staggered”, D,g,

71,83, 87-89, 92, 103-107 \nhile the first one has been confirmed to

and “eclipsed”, D,;,, conformations.
be a true minimum by Hessian analysis, the second has a negative frequency about the local C,
axis of the ethylene and thus is a first order saddle point. [M(C,H,)s]" structures exist only in a
planar Dz, symmetry, commonly called “spoke-wheel” arrangement.67' 68,71, 87,88, 103,108,109 5 ¢
structures were found (one up-side down ethylene plus two in plane and vice versa) and
characterized as first order saddle points by Hessian analysis. The barrel conformation, Dy,
where the ethylene moieties are upside-down with respect to the oy, plane for the “spoke-wheel”,
is a 3" order saddle point on the PES with 3 imaginary frequencies (3rd order saddle points
have very low interest, at least from an experimental point of view). [M(C,H,)4]" are currently
under investigation at the same level of theory and are not included in the present thesis.
[M(CH10)]" is calculated using Cs symmetry, while only a C, conformation was found to be a
real minimum for [M(C+H10),]" compounds. This conformation resembles the D,q conformation
for [M(C,H,),]", and it possibly allows the maximum M->L n-back-bonding, since two different

orthogonal orbitals are involved in it (ex. dy, and d,,). The eclipsed (both methylenes are in the

same o, plane and pointing at each other) and the staggered (both methylenes are in the same
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o, plane, but on opposite sides with respect to the metal) conformations are found to be 1
order saddle point and, consequently, disregarded.

[M(C+H10)s]" structures present two minima on the PES, one being a C; structure with all
the methylene units pointing up (in substantial agreement with the X-ray structures), and the

other one belonging to C; point group symmetry with two methylene units up and one down.

Table 2.1. Calculated versus X-Ray parameters obtai  ned for [M(olefin) ]"

Point group M-C bond distance (average, A) C-C bond distance (average, A)

compoune (in calculations) Mirllz-xl\ﬁzg,m;/r:ige S Exgsg:gzreltal Calculated

CzHq4 Dan - - 1.313(1) 1.328
Cu(C2HJ)" Ca - 2.057 - 1.375
Cu(CzHa)2" Dag - 2.106 - 1.361
CU(CoHa)s' Dan 2'1502(,71)%3,'(17?0(7)' 2.172 1.368(11) 1.361
Ag(C2Ha)" Ca - 2.318 - 1.366
Ag(C2Ha)," Dag - 2.325 - 1.359
AG(CoHa)s D 2'3932(?4)6%(38(8)' 2.382 1.315(15) 1.357
Au(C,HJ)" Coy - 2.162 - 1.402
Au(C2Ha)," Daq - 2.236 - 1.375
Au(CzHa)s" Day 2'2632(%'(%2(4)' 2.283 1.364(7) 1.377

C7Hio Cs - - 1.334(1) 1.338
Cu(C7Hio)" Cs - 2.067 - 1.395
Cu(C7Huo)o" Cx - 2121 - 1.376
CU(CrHw)s" Cs 2'1972(.‘%82('2)99(4) 2.215 1.378(6) 1.373
Ag(C7Hi)" C. - 2.327 . 1.387
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Table 3.1 - continued

Ag(C7Huo)" Cs - 2.343 - 1.374
Ag(C7Hao)s" Cs 2.3972(.3;1)0_92(;1)20(3) 2429 1.369(4) 1.369
Au(C7Hi0)" Cs - 2.189 1.423
Au(C7Hu)" C, - 2.262 1.389
Au(C7Hu);" Cs 2'2812(.32)522(3)0 o 2319 1.378(5) 1.390

[Au(C;H1)s]” behaves under C, point group symmetry. As | mentioned earlier,
thermodynamic experimental measurements are not available for the M-olefin bond.
Experimental values are known for silver complexes reactions (see Tab. 2.2 below). Our
calculations seem to be in very good agreement with the experimental values, especially when
considering the level of theory at which they have been performed. Better values were obtained
by Gordon and co-workers—though using post-HF methods that are more precise in evaluating
exchange-correlation energy—but also several order of magnitude slower than DFT.¥
Generally, norbornene seems to bind stronger than ethylene to coinage metal. This is probably
due to the fact that both M<L o-bonding and M—>L n-back-bonding work synergistically to
weaken the C=C bond and consequently to relieve the strain energy around the double bond.
While the formation of [M(Olefin)]" and [M(Olefin),]" from M*/Olefin and [M(Olefin)]"/Olefin
respectively is always exergonic (AG < 0), the formation of the [M(Olefin)s]" from
[M(Olefin),]"/Olefin is exergonic in the case of the ethylene complexes. Preliminary calculations
show that AG is slightly endergonic for the norbornene complexes. A plausible explanation is
the increased steric bulkyness when passing from ethylene to norbornene. AG decreases along
the group for [M(C,H,)]", with - 4.5 kcal/mol for copper, - 1.5 kcal/mol for silver and - 1.1

kcal/mol for gold.
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Table 2.2. Calculated versus experimental D o for [M(L) n]* (M = Cu, Ag, Au and L = C ;H,)

Reaction
ADq
(298.25 K and 1 atm)

-50.8
Cu'+L = Cul)"
(-42.0+3.2)'

-40.1
Cu(L)" +L = Cu(L),"
(- 41.5+3.0)

Cu(L)," +L = Cu(L)s" -14.9

-36.9
Ag"+L > AgL)”
(- 32.3+3.0)%

-31.8
Ag(L)* +L > Ag(L),"
(-30.2 +1.4)%

-12.1
Ag(L),"+L > Ag(L)s
(-13.6 £0.7)%

Aut+L > AulL)” -65.2
Au(L)"+L = AuL), -47.1
AuL)" +L > Au(L)s" -12.0

As | mentioned above, [Cu(C,H,)s][A{OC(CF3)s}s] and [Ag(C,H,)s][A{OC(CF3)s}4] have
been isolated using the bulky fluorinated anion [A{OC(CFj3)s}4s]. Due to the sometimes
problematic syntheses of these bulky fluorinated anion, we opted for something easier to
manipulate and readily available, namely the SbF¢” anion. When commercially available AgSbFg

is dissolved in dichloromethane saturated with ethylene, it intakes up to three equivalents of
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ethylene to promptly give [Ag(C,H,)3][SbFg] (Fig. 2.1 and 2.2). In the same way, AgSbFs reacts
with a dichloromethane solution of norbornene (3 equivalents or excess) to give
[Ag(C;H10)s][SbFe]. The norbornene adduct is relatively stable compared to ethylene and it does
not decompose under vacuum. Ag' adducts can be used to synthesize the corrisponding cu'
and Au' adducts in metathesis reactions that have a strong driving force in the precipitation of
AgCIl or AgBr. [Cu(C,Hy)s][SbFe], [AQ(C2H,4)3][SbFs] and [Au(C,H,4)s][SbFe] are very reactive in
the air, and they tend to decompose, releasing the coordinated gas and leaving green

precipitate in the case of copper, “silver mirror”, or metallic gold (Fig. 2.1).

AgSoFg + C,H, (excess)
CHJCI,
H,C=CH, F
\\‘ // ‘
Aé I, b"\\\\F
H2C\f /’/ \\ \/CHZ F ( | \F
C
F
CuBr, CHZCIZ ( AuCl, CH,Cl,
K,, AgBr AgCIJ
H2C CH2 H2C = CH2 F
\ / \
\/ Fiiy, awF v Fita,, | wF
H,C~~ C < "TCH ‘ Hzc"'/Au\ CHy " T
<L ) 2 ( | ‘F % E | =
C C c
H2 H2 F H2 H2 F

Figure 2.1. Synthetic scheme for [M(C 2H4)3][SbF¢] (M = Cu, Ag, Au)

[Au(norbornene);][SbFg] was obtained by treating a dichloromethane solution containing

norbornene and AgSbFg with a mixture of AuCl and norbornene in dichloromethane at -50C
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(Fig. 2.2). [Au(norbornene);][SbF¢] is a white solid and can be handled in air under ambient light
for short periods without any signs of decomposition; however, it is best stored in a -20C
freezer under nitrogen. [Au(C;H10)3][SbFe] slowly decomposes (several hours) in CD,Cl, at
room temperature as evident from the deposition of pink solids on the walls of the container, but
it is more stable at -20C. The analogous silver ad duct [Ag(C,H10)s][SbFe] can be synthesized
quite easily using commercially available AgSbFg and norbornene. The copper(l) complex was
obtained using a metathesis process involving CuCl and [Ag(C;H10)s][SbF¢]. The treatment of
silver(l) complex [Ag(C;H10)3][SbFg] with AuCl in dichloromethane at room temperature also
leads to the [Au(C;Hi0)s][SbFe], but the reaction is not very clean. [Ag(C;H10)s][SbFe] and
[Cu(C;H10)3][SbFs] complexes are also thermally stable white solids and can be handled in air
for short periods without decomposition. These six compounds are isoelectronic compounds to
[Ni(CoHy)s], [PA(C2Ha)3], [Pt(CoH,)s], [PA(C7H10)s], and [Pt(C;Hyp)s], but unlike their counterparts,
however, they present much higher thermal stability and can be handled long enough at room
temperature (always using light protection and under argon atmosphere, especially for the
ethylene adducts) to be fully characterized. X-ray crystallographic analysis of [Ag(C,H4)3][SbF]
shows that the cation and the anion are two separate species in the unit cell. In the case of
[Ag(C,H,)s][SbF¢], conversely, the anion sits on top of the cation, and the fluorines lie right
above the C=C bonds (there is close contact with a hydrogen of one ethylene). The reason for
this symmetrical arrangement might be weak electrostatic or dipole-dipole interactions between
the fluorines and the coordinated ethylenes, but the system was not modeled computationally
owing to the inability of the DFT methods to deal with dispersive forces. An X-ray diffraction of
[Cu(C,H,)s][SbFs] could only be obtained in a mesomeric crystal species that was generated by
the reaction of CuCl (instead of CuBr) with AgSbFe in presence of ethylene. Two different

species, [Cu(C,Hy)s][SbFe] and the trimer {{Cu(C,H,4).]s(C)[SbF¢],}, are observed in the crystal
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lattice. A chloride anion coordinates three copper ions in a trigonal planar fashion, and two
ethylene moieties are coordinated per copper. The coordination motif seen here closely
resembles another structure, [Cu(C,H,),][CIAICIs]. [Cu(C,Hy)s][SbFe] shows that cation and
anion are forming an array with F"Cu distances of about 2.823 A, which is on the order of the
sum of the F-Cu Van der Waals radii (2.87 A). M-C bond distances are the longest in the silver
adduct with an average of 2.401(9) A, followed by the gold, av. 2.268(4) A and copper, av.
2.174(7) A. These distances follow the same trend as the covalent radii of the M'ions'°. c=C
bond distances are comparable to that of free ethylene for copper and silver adducts and
slightly longer for the gold adduct, av. 1.364(7) A. This is a sign of weakened C=C bond,
brought about by a combination of o-bonding and/or increased n-back-bonding. [Pd(C;Hy)3]
shows slightly longer C=C bond distance, av. 1.402(7) A , probably due in this case to more
efficient M>L n-back-bonding. X-ray crystallographic analysis of [M(C;H10)3][SbF¢] (M = Au, Ag,
Cu) shows that all three adducts crystallize in the rhombohedral R3 space group, and have
similar cell dimensions. They are isomorphous compounds. The metal ion (M) sits on a three-
fold rotation axis. It coordinates the exo-faces of the three norbornene molecules in an up-up-up
arrangement. Preferred exo-reactivity of the norbornene is well documented and has been
attributed to factors such as p-orbital distortions and torsional strain™*" '*?, The three nz-bonded
alkene moieties and the metal ion form an essentially planar spoke-wheel. Stone and co-
workers reported an up-up-down conformation for [Pd(C;Hjp)s] and [Pt(C;Hig)s] in the solid
state. It is interesting to note that calculations in gas phase predict C;/Cs structures (one
norbornene upside-down) to be the global minima, more stable than C; structures by 1.9
kcal/mol for silver, and 2.6 kcal/mol for gold. It is not unreasonable to assume that the reduced
steric hindrance at the metal center has an important part in this increased stability. However,

we were not able to obtain clear data of the existence of the C,/Cs rotamers, in solid state or in
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solution at room temperature. The interconversion C; - Cz might have a low-laying transition
state, thus happening quickly in solution. 'H NMR at low temperature as well as additional
calculations might provide useful insight on the fluxional behavior of these molecules, though
clear experiments regarding this aspect have yet to be run. In my opinion, solvent effects are
also important factors in the selective crystallization of one isomer over the other (considering
that the crystals are grown in solvent at -20 ). Cu, Ag, and Au ions and alkene moieties show
small deviations from the ideal trigonal planar arrangement as evident from the metal ion
displacement distances (0.08, 0.06, and 0.10 A corresponding to the Al Ag', and Cu' adduct,
respectively) and alkene moiety dihedral angles (9.6° 11.2°% and 12.6° corresponding to the
AU, Ag', and Cu' adduct, respectively) from the plane defined by the three alkene centroids.

The M-C (alkene) distance is longest in the silver adduct, followed by gold and copper.
These distances follow the same trend as covalent radii of the M' ions. The C=C distances show
significant lengthening relative to that of the free norbornene (1.334(1) A), but the three adducts
have similar C=C distances within the error limits. There are no close intermolecular MM or

inter/intra-molecular M~F contacts in [M(C7H10)3][SbFé] adducts.
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Figure 2.2. Synthetic scheme for [M(C 7H10)3][SbF 6] (M =Cu, Ag, Au)

Although the norbornene adducts seem to be more stable than their ethylene relatives,
vibrational spectra (Raman) have been extremely difficult to obtain. The experimental conditions
(laser wavelength, intensity, etc.) have been determined for each compound separately, and
several crystals sealed under inert atmosphere were analyzed before acquiring spectra of good
quality. The crystals of almost all the compounds were very sensitive to the laser, decomposing
fast and leaving charred precipitates in their place. The Raman spectrum for [Au(C,H,)3][SbFg]
was obtained in less than 5 seconds before the compound totally decomposed. No spectrum for
[Au(C;H10)s][SbFe] could be captured after several attempts since the compound seems to

decompose very quickly under the laser, but a good estimation of it is offered by our DFT
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calculations that place v(C=C) at 1474 cm™ (average between A and E modes, Avag= ~ 2 cm'l).
For all the compounds analyzed, there is no clear resolution between A and E (A" and E’ in the
case of point group Ds,) modes for C=C group vibrations. This has been interpreted as a clear

sign of a high degree of symmetry, even in the solid state®” 111

. Raman spectra of
[Cu(C,H,)3][SbFs], [AQ(CoH4)3][SbFs] and [Au(C,H,)s][SbFg] show a strong band at 1566
(calculated 1563, Avae= ~ O cm'l), 1584 (calculated 1572, Avpe= ~ 1 cm'l), and 1543 cm™
(calculated 1536, Avae= ~ 3 cm'l) respectively. These values are respectively - 57 (calculated -
81), - 39 (calculated - 72), and - 80 cm™ (calculated - 108) red-shifted with respect to the v(C=C)
band of free ethylene (1623 cm™, calculated 1644). Raman spectra of [Cu(C;H1g)s][SbFs] and
[Ag(C7H10)3][SbFg] show a strong band at 1491 (calculated 1495, Avae= ~ 4 cm'l), and 1507 cm’
! (calculated 1504, Avpg=~0 cm'l) respectively. These values are respectively - 74 (calculated -
101), - 58 (calculated - 92), red-shifted with respect to the v(C=C) band for non-coordinated
norbornene (1565 cm™, calculated 1596). Wiberg bond orders support vibrational analysis,
suggesting a bond order decrement going from C,H, (2.04) > [Ag(C,H.)s]" (1.82) > [Cu(CoHy4)4]"
(1.76) > [Au(C,H4)3]" (1.64) for the ethylene series. For comparison, the Wiberg bond order for
[Pd(C,H,)s] is 1.60. For the compounds in the series, the metallacyclopropane structure (B.O.

1.00) does not contribute significantly to the real structure; however, [Pd(C,H,)s] and

[Au(C,H,)s]" approach it better than [Ag(C,H.)s]" and [Cu(C,Ha)s]".
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Figure 2.3. ORTEP structure of [Cu(C 2H.)3][SbF¢]. Thermal ellipsoids have been drawn at 60%
probability level. Selected bond lengths () and an  gles (9: Cu7-C25 2.190(7), Cu7-C26 2.158(7),
Cu7-C27 2.150(7), Cu7-C28 2.169(7), Cu7-C29 2.187(7), Cu7-C30 2.189(7), C25-C26 1.370(10), C27-
C28 1.374(11), C29-C30 1.361(11), Sb4-F23 1.872(4), C27-Cu7-C28 37.1(3), C29-Cu7-C30 36.2(3), C26-
Cu7-C25 36.7(3), Cu7 "F23 2.823

Figure 2.4. ORTEP structure of [Ag(C 2Ha4)3][SbF¢]. Thermal ellipsoids have been drawn at 60%
probability level. Selected bond lengths (A) and an  gles (9: Ag-C1 2.405(9), Ag-C2 2.399(9), Ag-C3
2.393(9), Ag-C4 2.396(9), Ag-C5 2.394(10), Ag-C6 2. 418(8), C1-C2 1.339(13), C3-C4 1.286(15), C5-C6

1.319(16), Sh-F6 1.841(9), C2-Ag-C1 32.4(3), C3-Ag- C4 31.2(4), C5-Ag-C6 31.8(3)
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Figure 2.5. ORTEP structure of [Au(C 2Ha)3][SbF 6].CH.Cl,. Thermal ellipsoids have been drawn at
60% probability level. Selected bond lengths () an  d angles (9: Au-C1 2.271(5), Au-C2 2.267(6), Au-
C3 2.267(4), Au-C4 2.263(4), Au-C5 2.269(4), Au-C6 2.272(4), C1-C2 1.371(7), C3-C4 1.351(7), C5-C6
1.369(7), Sb-F4 1.860(4), C2-Au-C1 32.16(18), C3-Au -C4 34.71(17), C5-Au-C6 35.10(17)

Figure 2.6. ORTEP structure of [Cu(C 7H10)3][SbF ¢]. Thermal ellipsoids have been drawn at 60%
probability level. Selected bond lengths (&) and an  gles (9: Cu-C1 2.197(4), Cu-C2 2 .199(4), C1-C2
1.378(6), Sh-F2 1.867(3), C2-Cu-C1 36.53(16), Cu "C7 3.116
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Figure 2.7. ORTEP structure of [Ag(C 7H10)3][SbF ¢]. Thermal ellipsoids have been drawn at 60%
probability level. Selected bond lengths () and an  gles (9: Ag-C1 2.395(4), Ag-C2 2.414(4), C1-C2
1.356(6), Sb-F1 1.875(2), C2-Ag-C1 32.75(14), Ag "'C7 3.245

Figure 2.8. ORTEP structure of [Au(C 7H10)3][SbF ¢]. Thermal ellipsoids have been drawn at 60%
probability level. Selected bond lengths (A) and an  gles (9: Au-C1 2.302(4), Au-C2 2.281(3), C1-C2
1.378(5), Sb-F2 1.878(2), C2-Au-C1 34.99(13), Au ""C7 3.207



Table 2.3. X-ray and spectroscopic parameters for [

[Cu(C2Ha)q]

[Ag(C 2Ha)q]

[Au(C 2Ha)s]

M(Olefin) 3][SbF¢] (M = Cu, Ag, Au)

[Cu(C7H10)3] [Ag(C 7H10)3] [Au(C 7H10)s]
Compound
[SbFe] [SbF] [SbF] [SbFe] [SbFe] [SbF]
Molecular
formula CsH12CuF¢Sh CGleAgFGSb CeH12AUFsSb C21H30CuF¢Sh 021H30Ag|:55b C,1H30AuFsSb
FW 383.46 427.78 601.80 581.74 626.07 715.17
ggf‘éﬁ: Triclinic Monoclininc Orthorhombic Rhombohedral Rhombohedral | Rhombohedral
Space group P-1 P 21/n P2.2:2; R3 R3 R3
ad) 18.1377(9) 8.2670(4) 8.4490(4) 11.3580(3) 11.5119(3) 11.3842(3) A
b (A) 20.3187(10) 11.9204(6) 10.9541(5) 11.3580(3) 11.5119(3) 11.3842(3) A
c(A) 101.544(2) 11.9555(6) 16.0772(8) 14.0341(7) 14.1244(7) 14.1889(7)
Vv (A 3064.8(3) 1173.38(10) 1487.96(12) 1567.90(10) 1621.04(10) 1592.52(10)
z 2 4 4 3 3 3
Temp (K) 100 100 100 100 100 100
R1, wR2 0.0559 0.0792 0.0195 0.0156
0.1058 0.0836 0.0487 0.0276,0.0731 | 0.0175, 0.0449 0.0395
(all data)
M ) 2.150(7)- 2.393(9)- 2.263(4)- 2.197(4)- 2.397(3)- 2.281(3)-
: 2.190(7) 2.418(8) 2.272(4) 2.199(4) 2.420(3) 2.302(4)
Cc=C (A) av. 1.368(11) 1.315(15) 1.364(7) 1.378(6) 1.369(4) 1.378(5)
CM-C (deg) 36.7(3) 31.8(3) 33.99(17) 36.53(16) 33.02(9) 34.99(13)
1
HNMR, 3, CH 5.44 5.83 4.94 5.77 6.42 5.53
= (ppm)
3C NMR, 8,
CH= (ppm) 109.6 116.9 92.7 122.1 132.6 112.6
Raman,
v(C=C) cm™ 1566 1584 1543 1491 1507 -

NMR spectra were collected for all six compounds at room temperature in CD,Cl,. The

shift of the "*C NMR in all six compounds versus the free ligands is particularly interesting,

because it has been linked by several groups to the amount of M=>L =-back-bonding. As a
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consequence of strong n-back-bonding, the carbon shifts from pure sp2 hybridization (free
olefin) to sp3-like hybridization: the signal moves downfield with respect to the signal of the free
olefin. *C NMR spectra of [Cu(C,H,)s][SbFs], [AG(CoH4)3][SbFe] and [Au(C,H,)s][SbFs] show
singlets at 6 109.6, 116.9, and 92.7 ppm respectively. These values are - 13.8, - 6.5, and - 30.7
ppm shielded with respect to the value of free ethylene (5 123.4 ppm). *C NMR spectra of
[Cu(C7H10)3][SbFe], [AQ(C7H10)3][SbFe], and [Au(C7H10)3][SbFe] show singlets at 6 122.1, 132.6,
and 112.6 ppm, respectively. These values are - 13.8, - 3.3, and - 23.3 ppm shielded with
respect to the value of the non-coordinated norbornene (6 135.9 ppm).

A direct comparison of these NMR data with the vibrational analysis points out that,
though these norbornene adducts show less M—->L r-back-bonding than the corresponding
ethylene complexes (13.4 ppm vs 17.0 ppm of average difference for norbornene vs ethylene in
3¢ NMR), their C=C bonds are more weakened upon coordination. For a quick comparison
with group 10, we can consider the case of [Pd(C,H,4)s], [Pt(C,H,)s], and [Pt(C;H1)s]. These
complexes show high M->L n-back-bonding, as can be appreciated from their *C NMR values
for the olefinic carbons, 63.5 ppm, 48.4 ppm and 68.0 ppm. Pt’ is a metal with good =m-back-
bonding capability, which can be easily seen from the huge shielding shift of the olefinic carbon

signal that almost approaches the aliphatic region.
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Figure 2.9. ORTEP structure of [Cu(C 2H4)3][SbF ] and {[Cu(C 2Ha4)2]3(CI)}[SbF ]2

We also extended the research to other counter-ions. Triflate and hexafluoroantimonate
are commonly labeled as weakly-coordinating counter-ions, however, when [Cu(OTf)],.C¢Hs is
used instead of CuBr/AgSbFg, the reaction does not produce the expected “wheel” compound. It
proceeds overnight in an excess of ethylene (frozen at 100K) to give a seemingly colorless
solution with little unreacted starting material. X-ray diffraction of one crystal grown at — 20 T in
dichloromethane shows a polymeric structure in which only one molecule of ethylene is
coordinated per metal center. The copper environment is a distorted tetrahedron environment
with three oxygen donors coming from two triflate counter-ions and one ethylene in the primary
sphere of coordination. Two Cu-O bond distances are essentially the same, 2.028(2) and
2.0299(18), while the apical Cu-O bond distance is slightly elongated with a value of 2.3125(12)
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A. The C=C bond distance is 1.359(3), only slightly longer than the C=C bond distance of free
ethylene, 1.313(1) A (Fig. 2.10). It is clear from this experiment that triflate is much more
nucleophilic than hexafluoroantimonate, and even an excess of ethylene cannot displace it from
the metal center. *C NMR is a good indication of the M—>C,H, n-back-bonding. A higher degree
of M>C,H,; =n-back-bonding can be noticed for [Cu(C,H4)(OSO,CF;3)], in comparison to
[Cu(C,H,)][SbFe] with two peaks at 93.4 ppm and 109.6 ppm respectively (4.72 versus 5.44
ppm in 'H NMR). Vibrational data could not be collected because of the reactivity of the

compound, which promptly loses ethylene, even under a sealed atmosphere, and decomposes.

Figure 2.10. ORTEP structure of [Cu(C2H4)(OSO2CFs3)]n. Thermal ellipsoids have been drawn at
60% probability level. Selected bond lengths (A) an  d angles (9: Cu1-C1 2.028(2), Cul-C2
2.0299(18), C1-C2 1.359(3), Cul-01 2.0575(13), Cul-02 2.3125(12), Cul-O3 2.0266(12), C2-Cu-C1
39.13(8), 03-S2 1.4566(12)
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One of the most interesting features of these [M(C,H.)s]" complexes is the contact
between carbon atoms belonging to different olefin moieties. X-ray crystal structures show that
CC intermolecular contacts are shorter than the sum of Van Der Walls radii for two carbon
atoms, 3.40 A. [Cu(C,H.)s][SbFs] shows CC interaction distance of 2.892 A (~ - 0.50 within
Van Der Waals sum), 3.371 A (~ - 0.03 A) for [Ag(C,H,)s][SbFe], and 3.065 A (~ - 0.34 A) for
[Au(C,H,)s][SbFe]. [Pt(C,H,4)s] shows CC interaction distance of 2.867 A (~ - 0.53 A).

These results might be valuable if one considers the analogous example of [Ni(C,Hg)s].
The x-ray crystal structure for [Ni(C,H4)s] has not yet been reported in the literature yet;
however, Herges and Papafilippopoulos calculated the C~C intermolecular distance in this
complex to be 2.681 A, ~ - 0.72 A within the Van Der Waals sum for carbon atoms.™° They
predicted the possibility of the existence of an “aromatic-to-be” system (these are 6z e systems
after all) leading to homoconjugation between the three ethylene moieties. In their opinion, E

orbital pairs mixing (r and * characters) is responsible for this effect.™®

The authors point out
that this homoconjugation might be at the base of the planarity of the molecule as well as the
peculiar Ni® carbon-carbon bond formation (Reppe’s reaction). The possibility of (2,,+2,,+25,)
cycloaddition to form cyclohexane from ethylene would be a very interesting development for
this chemistry.

The contours for A,” molecular orbitals of [M(C,H,)s]" (M =Cu, Ag, Au) are shown in Fig.

2.11. The contact between intermolecular carbon atoms is particularly evident from the electron

density lying along the C'C contact direction (particularly for the gold complex).
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2.2 NBO analysis

Natural Bond Orbitals analysis (NBO) carried out on the densities obtained by
B3PW91/aug-cc-pVTZ-PP/6-311++G(d,p) calculations provides interesting information on the
nature of these bonds. It is useful at this point to introduce some specific nomenclature that will
be used throughout the remainder of this thesis pertaining NBO analysis: BD stands for 2-center
bonding type orbital, BD* stands for 2-center-anti-bonding type orbital, LP for one-center
occupied lone pair, and LP* for one-center unoccupied lone pair. The numbers in brackets
indicate the order of the bond or the type of lone-pair under consideration. Excited orbitals
(Rydberg) have been excluded.

Localized BD(1) M-C orbitals between the coinage metal atoms and the carbon atoms of
the ethylene are not present. This is clear proof of the absence of a net covalent M-ethylene
bond. [Pd(C,H,)3] does not show any localized BD(1) M-C orbital either. Five types of main
interactions contribute energetically to the delocalization present in these molecules (based on
second order perturbation analysis of the Fock Matrix): they are listed below for [M(C,Hy)s]"
complexes (Tab. 2.4).

DONOR -> ACCEPTOR

(1) BD (2) C-C > LP*(6) M
(2) LP (4 or5) M > BD* (2) C-C
(3) 4xBD (1) C-H = BD* (1) C-H (hydrogens in trans)
(4) 4xBD(1) C-H > LP* (6) M
(5) BD(2) C-C - BD*(2) C-C
The dominating delocalization in these complexes is BD (2) C-C -> LP* (6) M, where

electron density is given from the olefin to the metal atom. Orbitals of this type represent the

41



interactions that best describe the idea of L - M o-donation. The contributions BD(1) C-C >
LP* (6) M or CR C > LP* (6) M, where the olefin donates electron density through the C-C
single bond or core orbitals of the carbon atoms, are negligible for these complexes. LP*(6) M
has prevalently s character with minor d contribution, as might be expected for group 10 M° and
group 11 M' atoms (in detail, 99% s 1% d character for Cu’, 98% s 2% d character for Ag”, 96%
s 4% d character for Au®, and 97% s 3% d character for Pd, for ethylene complexes and
essentially the same for norbornene complexes). The second predominant type of
delocalization is LP (4 or 5) M &> BD* (2) C-C, where electron density is given back to the olefin.
Orbitals of this type represent the interactions that best describe the idea of M - L n-back-
donation. LP (4 and 5) M have prevalently d character (in detail, 100% s character for Cu®, Ag",
Au’, and Pd for ethylene complexes and essentially the same for norbornene complexes).
Table 2.4. Principal NBO delocalizations in [Cu(C  2Ha)3]", [AG(C 2H4)3]", [Au(C 2Ha)3]", and [Pd(C 2Ha)3]

per ethylene unit (the numbers in brackets represen t the ratio between the strongest and the
considered delocalization)

E* Donor = Acceptor (kcal/mol)

Interaction type
CLI(C2H4)3+ Ag (C 2H4)3+ Au (C 2H4)3+ Pd(C2H4)3

BD (2) C-C > LP* (6) M 106.41 79.99 184.04 86.73

LP (4 or 5) M = BD* (2) C-C 12.08 (8.8) | 11.53(6.9) | 25.08 (7.3) | 38.57 (2.2)

4 xBD (1) C-H - BD* (1) C-H
16.64 (6.4) | 16.96 (4.7) | 15.40(12.0) | 15.20 (5.7)
(hydrogens in trans)

4xBD(1) C-H > LP* (6) M 13.00(8.2) | 9.20(8.7) | 9.8(18.8) | 12.36(7.0)

BD(2) C-C - BD*(2) C-C 3.95(26.9) | 1.85(43.2) 4.77 (38.6) | 4.84 (17.9)

The first striking difference between group 10 and group 11 d'® metals concerns the

charge. NBO metal charges systematically decrease upon complexation in cu, Ag', and AU
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(Tab. 2.5). In other words, the olefins make the coinage metals less positive, donating more
than receiving electron-density. In the case of Pd°, however, the metal is actually becoming
more positive upon complexation, implying a marked depletion of electron-density. Carbon
atoms of the olefin ligands seem to consistently become more negative for all the four metals,
along the order [Pd(C;Hy)3] > [CU(C,H,)s]™ ~ [AU(C,H4)s] > [Ag(C2H4)s]™ (Tab. 2.6). Interestingly
olefinic hydrogens lose electron charge upon complexation in the order [Au(CoHJ)s]" >
[CU(CoH4)s]™ ~ [Au(CoH4)s]™ > [PA(C,H.)s). The strong delocalization BD(1) C-H = LP* (6) M
(metal orbital with mainly s character) seems to account for this loss of charge in the protons.
For [Cu(C,H4)3]", this delocalization is energetically so strong to rival LP (4 or 5) M - BD* (2) C-
C (ex. m-back-bonding). ©* populations of the ethylene accurately reproduce the trend seen in
NMR studies (especially B3¢ NMR), assigning to [Pd(C,H,4)s] the highest population (0.30 €),
followed by [Au(C,H,)s]" (0.19 €), [Cu(C,H4)s]" (0.13 €7), and [Ag(C,H.)s]" (0.09 €). Gold seems
to be the metal that best polarizes the © system of the ethylene, depleting 0.25 e from 2.00 e’ in
the non- coordinated olefin (probably because of its high Lewis acidity). It can be seen from
Tab. 2.4 that an interaction like n-back-bonding is almost as important as o-bonding for
[PA(C,H4)s] (o/m = 2.2), while for coinage metals the o-bonding component energetically
surpasses the n-back-bonding. Paradoxically, the n-back-bonding component is more important
in stabilizing the [Ag(C;Ha4)s]” (o/n = 6.9) than the [Cu(C,H.)s]" (o/n = 8.8) and [Au(C;Ha)s]”

structure (o/n = 7.3).
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Table 2.5. NBO charges in [Cu(C 2Ha)3]", [A9(C 2H4)3]", [Au(C 2H4)s]" and [Pd(C 2Ha)3] (per ethylene unit;
the numbers in red represent the charges of the non  -complexed metal atom)

Compound Metal charge | Carbon (sp 2) Hydrogen
C,H, - -0.37 +0.19
Pd(C,Ha)s +0.38 (0.00) -0.48 +0.21
Cu(C,Ha)s" +0.88 (1.00) - 0.45 +0.23
Ag(C,Ha)s" +0.83 (1.00) -0.43 +0.23
Au(C,Ha)s" +0.84 (1.00) - 0.45 +0.24

Table 2.6. NBO populations in [Cu(C 2Ha)s]", [AG(C 2H4)3]", [AU(C 2Ha)3]" and [Pd(C 2Ha)s] (per ethylene

unit)
Compound Metal LP* (6) Olefin © | Metal LP (4), (5) Olefin ©*
CoHy - 2.00 - 0.00
Pd(C2H.)3 0.32 1.81 2x1.66 0.30
Cu(CzHa)s" 0.35 1.83 2x1.88 0.13
Ag(C2Ha)s" 0.35 1.85 2x1.90 0.09
AU(C2Ha)s" 0.55 1.75 2x1.80 0.19

The most direct and effective proof of the lack of direct M-C covalent interaction as in the

metallacyclopropane resonance structure— thus supporting the NBO findings—comes from the
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3C NMR spectra of the pairs [Ag(C,H4)sl[SbFg)/[AG(C7H10)3][SbFe] and Pt(C,H.)s/Pt(C7H10)s.
Both nuclei are magnetically active with isotopes having S=1/2 (ex. 107Ag/mgAg, 195Pt), but
coupling constants between metal and carbon atoms of the olefins, 1J(M_C), are only seen for
platinum compounds (5 48.4 ppm, lJ(pt_c) =113 Hz in the case of Pt(C,H,)3, and & 68 ppm, 1J(pt_
¢) = 189 Hz in the case of Pt(C;H10)3). Silver complexes show sharp singlets instead.

In conclusion, | hereby report the synthesis and the complete characterization of six rare
tri-olefin adducts of copper, silver, and gold.los’ 110, 117 They are related to [M(C,H4)s] and
[M(C7H10)3] (M = Ni, Pd, Pt). Even though coinage adducts show a lower degree of M>L =n-
back-bonding than the related adduct in group 10, they are more stable than their congeners
and survive easily at room temperature when protected from light and moisture. A combination
of vibrational analysis, NMR spectroscopy, X-ray diffraction, and computational data/NBO
analysis confirm that the three olefins are held together around the metal and no direct M-C
covalent bond is present as it would be if these compounds followed the metallacyclopropane
structure. C=C bond seems to be more weakened in norbornene than in ethylene adducts,
though the former shows less M->L =-back-bonding (13C NMR shift). None of the ethylene
compounds reach the metallacyclopropane ideal structure, but the gold compounds approach it.
The CC intermolecular contact is particularly interesting, and it is a phenomenon that should

be further investigated for potential catalytic applicationslle' 18,
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CHAPTER 3

CARBONYL COMPLEXES SUPPORTED BY OLEFINS

| extensively spoke in chapter 2 of the wheel motif as a recurrent one in coinage metal
chemistry when an excess of olefin is present in solution. | decided to extend the investigation
to cyclic tri-olefins containing a potentially “wheel-like” environment for the metal. Cyclic tri-
olefins such as trans,trans,trans-1,5,9-cyclododecatriene (ttt-cdt), cis,trans,trans-1,5,9-
cyclododecatriene (ttt-cdt) or cis,cis,cis-1,5,9-cyclododecatriene (ccc-cdt) are commercially
available. They are normally obtained for cyclotrimerization of butadiene on a nickel catalyst.
There are studies in the literature that report the synthesis and characterization of several
copper compounds with these olefins (ex. [Cu(ttt-cdt)][OSO,CF;]). Based on thermodynamic
NMR studies at low temperature, Bellott and Girolami suggest that tetrahedral environments are
greatly favoured either by ctt-cdt or ttt-cdt, whereas it was demonstrated by GGA DFT studies
that trigonal planar environments tend to favor ttt-cdt coordination™*®. The HOMO of this ligand
is all localized in the middle of the ring and it is not hard to see that it is mostly the result of an
in-phase combination of three n systems of the olefins (Fig. 3.1). It seems logical to assume that
this situation is particularly suitable to bind relatively small metal ions having an empty atomic
orbital of spherical symmetry (4s for Cu' or 6s for Au' for example) ready to accept electron

density.
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Figure 3.1. KS HOMO of ttt-cdt (0.00331 hartrees), left, and relative contour in xy plane, right

Trans,trans,trans-1,5,9-cyclododecatriene (ttt-cdt) reacts promptly with AgSbFs in
dichloromethane. The reaction is immediate and leads to the formation of an insoluble white
product. This solid seems to be quite stable in the air, it does not re-dissolve in
dichloromethane, but it becomes soluble in acetone. Although a X-ray diffraction was not
obtained due to the challenge of obtaining a suitable crystal (the minimal solubility of the
compound in non-coordinating solvents is a major problem), a clear assignment of the structure
is impossible, the elemental analysis shows a stoichiometric ratio Ag:ligand of 1:1. It is logical to
assume a polymeric structure for this compound since similar compounds have already been
reported in the literature. This silver compound reacts overnight at room temperature in
dichloromethane with CuCl to form a clear solution and a white precipitate of AgCI (Figure 3.2).
The product, formed in excellent yield, is [Cu(ttt-cdt)][FSbFs]. [Cu(ttt-cdt)][FSbFs] shows very
remarkable air and thermodynamic stability. As a powder, it can be kept for days without
showing signs of decomposition. Its solutions in THF or acetone slowly become green-blue over

several hours, probably due to the decomposition of the compound and the concomitant
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formation of Cu" ions favoured by non-anhydrous conditions. In comparison, [Ni(ttt-cdt)], the
isoelectronic relative in group 10, shows high instability and must be synthesized and kept at
low temperature to avoid decomposition. [Ni(ttt-cdt)] reactivity in solution has gained it the name

of “naked nickel” and made it a valuable synthetic intermediate in Ni° chemistry.

AgSbF¢ + C;,H;g

l CH,Cl,

F

Il co

I, / Fi1, | WWF
CO--> “Sb_
SR
= F

Figure 3.2. General synthetic scheme for [Cu(ttt-cd  t)]" and [Cu(ttt-cdt)(CO)] *

The X-ray structure of [Cu(ttt-cdt)][FSbFs] shows that Cu' sits slightly above the cradle
created by the 12-membered ttt-cdt ring (the copper atom lies 0.272 A above the plane defined
by the three olefin centroids). Copper coordinated to the three olefins essentially forms a
trigonal planar (sum of Cu-olefin(midpoint) angles = 354.79 arrangement that is slightly

distorted by a CueseeF contact at 2.794 A (cf. sum of vdW radii of Cu and F = 2.87 A). Geometry
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optimization of the model [Cu(ttt-cdt)]” obtained by our DFT calculations (first imposing C, and
then Cz; symmetry) shows that the copper atom lies right in the middle of the cradle, and the
overall point group could be further reduced to D; within < 0.01 A threshold (in other words,
adding 3 C, axes about the Cu-Centroidc-c)). The small distortion seen in the solid state might
be attributed to the presence of the SbFs ion. A most remarkable thing to notice is that the
olefin groups form a Cs propeller type arrangement and, given a restricted C, inversion of the
C=C bond, the complexed ligand should create a chiral environment. We noticed that the
presence of a 50:50 racemate in the crystal resulted in disorder of the ttt-cdt moiety (Fig. 3.3).
The average Cu-C distance of 2.130(4) A (range 2.110(4)-2.149(4) A) is only not slightly
different from those observed for [Cu(C,H.)s]" (av. 2.174 A) (Fig. 3.4). The X-ray structure of the
all cis-cdt analog [Cu(ccc-cdt)][AfOC(CF3)s}4] has been reported, which exhibits a flattened
trigonal copper center. The copper atom lies in a more pyramidal environment with respect to
[Cu(ttt-cdt)][SbFe], 0.47 A above the plane defined by the three olefin centroids, and has longer

Cu-C bonds (average 2.192(4) A, range 2.174(4)-2.218(4) A).
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Figure 3.4. Molecular structure of [Cu( ttt-cdt)][FSbF 5] (thermal ellipsoids at 35%
probability, only one of the disordered components of the ttt-cdt is shown). Selected
bond distances (A) and angles (9: Cu-C(1) 2.110(4) , Cu-C(2) 2.133(4), Cu-C(5) 2.117(3),
Cu-C(6) 2.149(4), Cu-C(9) 2.128(4), Cu-C(10) 2.141(4), C(1)-C(2) 1.355(6), C(5)-C(6)
1.354(5), C(9)-C(10) 1.353(7), Sb-F(4A) 1.8633(14), Sbh-F(4) 1.8633(14), Sh-F(3) 1.8640(17),
Sb-F(1) 1.8640(13), Sb-F(1A) 1.8640(13), Sh-F(2) 1. 8789(18), C(1)-Cu-C(2) 37.25(16), C(9)-
Cu-C(10) 36.96(18), C(5)-Cu-C(6) 37.00(14)
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The 'H NMR spectrum of [Cu(ttt-cdt)][FSbFs] in CD,Cl, at room temperature displays
three signals at 6 2.42, 2.60 (aliphatic protons), and 5.87 (olefinic protons). The aliphatic protons
appear more as non resolved multiplets than as resolved singlets. NMR calculated with GIAO in
gas phase shows three discreet groups of signals at 8 2.6, 2.9, and 6.0, assigned to aliphatic
axial, aliphatic equatorial, and olefinic protons, respectively. Corresponding signals of the free
ligand ttt-cdt appear as two singlets and at upfield positions, 6 2.03 (calculated 2.1) and 5.00
(calculated 5.4), respectively. Anet pointed out that spin-spin coupling should show a complex
fine structure that would be very difficult to resolve.™™® The presence of two sets of aliphatic
protons is a sign of blocked inversion of aliphatic chains in solution. Dale and Greig pointed out
that the exchange of methylene proton positions can only happen after a full ring inversion: they
noticed that a full inversion of the ring can only happen if a 180°degrees flip of the three double
bonds is followed by a change in sign of the torsional angles of the three CH,-CH, bonds. The
inversion is fast on the NMR time-scale at room temperature, and this results in a single peak
for the methylene protons. The system reaches coalescence at — 92 C, and there is clear
splitting into two peaks at -138 <C. Dale and Greig experimentally found the value of AG*= 9
kcal/mol for this inversion. Anet and Rawdah provided the value of 8.6 + 0.2 kcal/mol at — 92 C

and calculated a value of 9.5 kcal/mol using force-field calculations.™*

As stated before, [Cu(ttt-
cdt)(FSbFs)] shows two signal in the aliphatic region. Most interestingly, "H NMR spectrum of
the analogue [Cu(ttt-cdt)][OSO,CF;] at room temperature more closely resembles the free ttt-cdt
than [Cu(ttt-cdt)][FSbFs]. Bellott and Girolami's hypothesis is that the two faces of the olefin
become equivalent in solution and the ring flip is made possible by a shift of the triflate anion
along the ring and a consequent slippage of the copper ion through the cavity. Assuming that
this mechanism is correct, | have to conclude that (1) ring inversion in solution (CH,Cl,) at room
temperature is frozen for our compound, (2) [Cu(ttt-cdt)]” maintains a local D; symmetry even in

solution since SbFg is not nucleophilic enough to “fish out” the copper ion from the cradle and

promote “slippage-inversion”, and (3) since chirality depends upon the relative orientation of the
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three double bonds (propeller structure) and the blocked inversion of the ring cannot
interconvert the enantiomers into each other, the possibility of isolating an enantiomerically pure
product should be far from remote (at least in non-coordinating solvents). [Cu(ttt-cdt)][FSbFs]
and ttt-cdt show no sign of ligand exchange on the NMR time scale at room temperature. The
olefinic **C NMR signal of [Cu(ttt-cdt)(FSbFs)] indicates an essentially negligible change in shift
in comparison to the free ligand: 132.0 ppm (140.5 ppm, calculated average) in the free ttt-cdt
vs. 131.1 ppm (141.2 ppm, calculated average) in the adduct, or A6(13C) = (E‘)(B’C)comp.ex-éS(lsC)free
igand) = - 0.9 ppm (+ 0.7 ppm, calculated value). Small up-field shifts have been correlated with
lack of m-back-donation. [Cu(C,H,)3][SbF¢], for instance, shows A8(13C) = - 13.8 ppm, while
[Cu(cce-cdt)(FBF3)] shows AS(*°C) = - 6.1 ppm. | strongly suggest that the out of plane twist of
the C=C bonds in ttt-cdt greatly disfavors the interaction between metal-ligand E pairs, orbital
combinations that are the ones involved in M=>L =-back-bonding. Although Ni® is a metal atom
capable of good back-donation, Ni(C,H,4)s and Ni(ttt-cdt) also display the same trend; Ni(ttt-cdt)
shows a significantly reduced level of n-back-bonding as evident from the ®C NMR
spectroscopy A8(13C) =-65.5 ppm (A6(13C) = —25.0 for Ni(CzHy)3).

ESI-MS experiments on [Cu(ttt-cdt)(FSbFs)] carried out in CH,CI, by direct infusion at
100 € showed the presence of mainly 4 species in s olution (both positive and negative modes,
all the isotopic distribution accounted): [Cu(ttt-cdt)]” (MP: 225.3, 227.3), SbFs (235.1, 237.1),
and two “aggregates” {[Cu(ttt-cdt)],[FSbFs]}* (MP: 685.1, 686.8, 688.6, 689.6) and [Cu(ttt-
cdt)(FSbFs),] (MP: 694.9, 696.6, 698.4, 700.4). Gas phase collision activated dissociation
(CAD) experiments provide the enthalpy of dissociation for {[Cu(ttt-cdt)],[FSbFs]}" = {[Cul(ttt-
cdt)][FSbFs]} + [Cu(ttt-cdt)]", CAD V = 0.650 + 0.005 V, and {[Cu(ttt-cdt)][FSbFs],}” = {[Cu(tt-
cdt)][FSbFs]} + [SbFe¢], CAD V = 0.500 + 0.005 V. The use of this technique on [Cu(ttt-cdt)]SbFg
as substrate could be of fundamental importance in deriving experimental values for the binding

enthalpy of small molecules, such as N,, O,, CO,, or N,O to copper.
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The peculiar reactivity shown by this molecule in coordinating one triflate,
hexafluoroantimonate or even two SbFg (and, as we will see in the following paragraph, even
carbon monoxide) could be explained considering the frontier orbitals, especially HOMO and
LUMO. The first fifteen open-shell singlet excited states have been calculated using Time-
Dependent DFT (TD) for [Cu(ttt-cdt)]” on the geometry calculated at B3PW91 (Tab. 3.1). SbFg
absorptions with non-zero oscillator strength fall below 190 nm. UV-Vis spectrum of a solution ~
0.27 pumol of [Cu(ttt-cdt)][SbFg] in CH,CI, was obtained and compared to the calculated results
(Fig. 3.5 and 3.6). TD DFT is generally quite fast and reliable, and it produces estimations of the
excited states energies (included HOMO-LUMO gap) with a good degree of accuracy
(considering the common problem in correlation energy evaluation for the first excited state that
afflicts all TD DFT methods). The hybrid functional performs poorly in comparison to the
gradient-corrected BLYP, which is well-known to provide results in good agreement with

experiments (Tab. 3.1).

Table 3.1. TD DFT calculations showing the HOMO-LUM O gap and the principal absorption

Excited state and Oscillator
Theory Energy

symmetry strenght

- Singlet (E), HOMO-LUMO transition 277 nm f=0.0001
TD B3PW91
- Singlet (A), Principal transition 214 nm f=0.1209

- Singlet (E), HOMO-LUMO transition 317 nm f=0.0005
TD BLYP
- Singlet (A), Principal transition 240 nm f=0.0766
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Figure 3.5. KS HOMO -LUMO combination for [Cu(ttt-cdt)]
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Figure 3.6. UV-Vis spectra for [Cu(ttt -cdt)][SbF ¢] (calculated, in red, and experimental, in blue)

54



The HOMO of [Cu(ttt-cdt)]” is doubly degenerate (E) and closely resembles the HOMO
of species such as [Cu(C,H.)s]" and [Cu(C;H10)s]". The LUMO is A symmetrical and sits mainly
on the inter-nuclear space with two big lobes pointing outside the cradle in opposite directions. It
is worthy to point out that the LUMO orbital represents areas of the molecule ready to accept
electron density. Although this orbital closely resembles the KS LUMO for the free ligand (the
copper atom occupies the nodal interstice at the middle point of the ligand, Fig. 3.7), population
analysis identifies some contribution of p,-type orbital of the copper ion to the molecular orbital

(the main contribution is coming from s orbitals of the carbon atoms).

Figure 3.7. KS LUMO for ttt-cdt free ligand (- 0.15 961 hartrees), upper left and relative contourinx vy
plane, upper right. KS LUMO for [Cu(ttt-cdt)] ¥ (- 0.20457 hartrees), lower left and relative cont  our in
the xy plane, lower right
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Treatment of [Cu(ttt-cdt)(FSbFs)] with CO (1 atm) led to the carbonyl adduct [Cu(ttt-
cdt)(CO)][SbF¢] in quantitative yield. Solid samples of this adduct can be handled in air without
noticeable decomposition. Freshly prepared solid samples can be dried under reduced pressure
for one hour without significant decomposition on Raman and IR base. However, solid samples
show massive effervescence upon re-dissolution in dichloromethane. Solutions of [Cu(ttt-
cdt)(CO)][SbF¢] lose CO upon concentration as well. A sample of carbonyl compound stored at
room temperature in a dry-box still retains part of the coordinated carbon monoxide after 30
days. In comparison, [Cu(ttt-cdt)][OSO,CF;] treated with CO does not show any CO intake. | do
believe the triflate ligand binds the copper atom stronger than SbF4, and it is not displaced by
carbon monoxide. The difference in coordination between SO;CF; and SbFg towards Cu' has
also been noted for ethylene chemistry in chapter 2. [Cu(ttt-cdt)(CO)][SbF¢] displays a strong
absorption band in the IR and Raman at 2160 cm™ that can be assigned to the CO stretch. DFT
calculations estimate the v(CO) at 2155 cm™, in excellent agreement with the experimental
results. This value falls within the non classical region for copper carbonyls considering that the
v(CO) band of free CO appears at 2143 cm™ and the upper limit is represented by the matrix-
isolated [Cu(CO)]" with 2234 cm™ (the value calculated by our DFT is 2260 cm™). [Cu(ttt-
cdt)(CO)][SbF¢] shows the highest value that has been reported for a structurally characterized
copper(l) mono-carbonyl species ((CO)CUAICIl; and (CO)CuGacCl, are the next highest at vco =
2156 cm'l). C NMR resonance for the quaternary carbon could not be located reliably
(probably due to quadrupolar relaxation since the two most abundant isotopes, ®Ccu and *cu,
have a nuclear spin of 3/2), but the GIAO estimation puts it at 185.3 ppm, which is in good
agreement with the non-classical nature of [Cu(ttt-cdt)(CO)][SbFg]. While many non-classical
carbonyls seen in chapter 2 have been stabilized using heavy fluorinated non-coordinating
ligands, in this case we created a non-classical species using a simple electron-rich tri-olefin

with high torsional strain. The trans,trans,trans-1,5,9-cyclododecatriene is an interesting ligand
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since it can support both non-classical and also classical carbonyl adducts. As a matter of fact,
the isoelectronic Ni(ttt-cdt)(CO) is also known, and it displays a v(CO) band at 1935 cm™ (matrix
isolated Ni-CO shows v(CO) at 1996 cm™). Vibrational analysis for [Cu(ttt-cdt)(FSbFs)] and
[Cu(ttt-cdt)(CO)][SbFg] is generally in line with the species seen in chapter 2. There is no clear
resolution between A and E vibrational modes for C=C group vibrations. The Raman spectra of
free ttt-cdt, [Cu(ttt-cdt)(FSbFs)], and [Cu(ttt-cdt)(CO)][SbFe¢] show single bands for v(C=C) at
1671, 1581 and 1601 cm