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MONO-SUBSTITUTED CYCLOPENTADIENES AND METAL CYCLOPENTADIENYL
COMPLEXES AND SYNTHESIS METHODS THEREOF

Technical Field
{00011 The present invention relates to mono-substifuted cyclopentadienes and metal
cycdlopentadieny! complexaes used as precursors in film forming compositions and methods for
synthesizing them. The metal cyclopentadienyl complexes are synthesized from the mono-
substituted cyclopentadiensas and include main group (Group |, Group I and Group i metal) and

transition metal cyciopentadienyl complexes.

Background
[00023] Cyclopentadienyl complexes of main Groups and transilion metals are widely
employed as precursors for deposition of metal containing films by various deposition methods
such as chemical vapor deposition (CVD) and atomic layer deposition (ALD) including metal
organic CVD (MOCVD), plasma enhanced CVD (PECVD), plasma enhanced ALD (PEALD), eic.
To become an oplimal precursor for a given process, a fransition metal complex has o fulfili to a
set of requirements such as thermal stability, volatility, low melting point, optimally being liquid at
room temperature, as well as possibility to form a film of certain composition and at the certain
temperature range.
{0003] Chemical and physical properties of the metal complexas can be varied over a wide
range by the specific choice of the substituents on the cyclopentadiene ring. A review (.
Organomet. Chem., 1984, Volume 479, 1-29) on the influence of the substituents on
cyclopentadiens as a ligand in metal complexes states that however no predictions can be made
concerning the effect to be expected of specific substituents.
{0004} Examples in regarding the deposition processes include indium complexss In(R-Cp)
(R = Co-Cs aliphatic chain), where complexes InCp and In{Me-Cp) are solids, complexes with R
= (,-Cq are light sensitive liquids and complexes with R = Cs stable on light and volatile liguid.
See Ang. Chent. (1857, 69, 839-840; J Organomet. Chem. (1972, 42(2), 307-314; J Am. Chem.
Soc. (1989), 111(18), 7648-7850; WO W(O18225688; US patent application No. 18,241,088 filed
on July 28, 2020,
{0005] Yitrium (YY) cyclopentadienyl complexes have also been used as deposition
precursors. Complexes Y{RCp): (R = Me, El, Pr) are solids at room temperature, but Y("BuCp)s,
Y(BuCp)s are liquid species ai room temperature. Yiterbium (Yb) compounds {(R*-CsH{R2%
CsH(R-CsHOYRY (R, R2 = CF{CHyjs; R® = CF3(CHy)2) with the heavier and bulkisr mono-

substituled Cp ligands than PrCp have a good volatility at room femperature, while yiterbium
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complexes with EtCp and MeCp ligands are not volatile below 100°C. See WO 0227063, JP
2002338590; US 4927670; RU 2547489, US 20090302434,

{0006} Alkyl cyclopentadienes are normally synthesized from CpNa and bromoalkane or
CpMgCl and bromo- or lodoatkane. US 897542 to Harlan et al. discloses that the yield and
subsequent purity of the product CsHs-R is highly dependent upon reaction conditions and
substituent on alkyl chain, and may resultin undesirable levels of impurities and low yields of the
desired product. However, commmercially available CpMgCl, CpNa are expensive. Their
syntheses invoive operating with sodium metal at high temperatures, which have safely issues.
See J. Am. Chem. Soc. 1845, 67, 8, 12371238, US 295368Q07; J. Organomet Chem 684 (2003)
91-104; US 8975427,

{0007 Few reports are presenting aliernative syntheses of mono-substifuted
cyclopentadienas CsHs-R. The approaches include reaction of freshiy cracked cyclopentadiene
with NalNH, in liguid NHi, followed by MeEICHBr to vyield a mixture of 1- and 2-
sechulyleyclopentadienss in a 84 ratic (Seriva Khimicheskaya (1973}, (2), 378-383).
Alternatively, freshiy cracked cyclopentadiene reacts with bromoalkane in the presence of KOH,
Ca0, CaMz (or ROM (R = Et, Pr, M=Na, K} or CaC; in liguid ammonia, tetrahydrofurane (THF),
dimethylformamide solvents without any catalyst (Mironov et al.,, Khimiva | Khimicheskaya
Tekhnologiya (1983}, 28(8), 758-781). Mironov et al. teach that the best performancs of the
regction is in the prasence of CaC, and CaM, with liquid ammonia solvent without any catalyst
{(Mironov et al., Seriva Khimicheskaya (1973), (2), 378-383; Mironov ef al., to 8U 520341 T).
{odos] In the other side, WO8742151 to Gruter et al. discloses a reaction of CpH, Br-Alkane,
KOH and Catalyst Aliquat-336 1o synthesize di- and tri- substituted CsHiR, and CsH:aR: (R is an
alkyl}, not mono-substituted cyclopentadienes. The mono-substituted product is not possible to
isolate from the reaction mixture if the reaction is performed according to the recipe, where
solvent is water.

{0009} Known and widely emploved metal cyclopentadieny! precursors are prepared only by
a certain reaction involving a certain metal salt, CsHs-R or alkall metal cyclopentadienyl, as
demonstrated for synthesis of indium complex supported with CsMs-2-CsHii. The CsMs-2-Cshis
ligand was mentionad by Abal et al. (J. Chem. Soc. (1960), 1321-1324). But the ligand was not
isolated in pure form and the article presents only coordinated -CsHa-2-CsHyy in molybdenum (Mo)
complex RCHMo(CO)H (R = CHMeRm). Compound CsHs-2-CsHg was mentioned in Mironov et
al. (Seriya Khimicheskavya (1873), (2), 378-383) and Holbova et al. {Chemicke Zvesti (1869),
23(8), 611-615). However, the compound CsHs-2-CsHe was prepared by a different, much
compiex route involving liquid ammonia and chromatographic separation.

{00107 R 2478576 discloses preparation of compound CsHs-1,1,1-3F-CsMg from CpNa and
1-Br-4,4 4-F-butane without any characterizations. RU 2478576 also discloses K{Cp-BuFa)
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withoul any characlerizations Tor preparation of a highly volatile Yierbium complex
Yo(3FBuUCp(3F-PrCp). US 8785574 discloses compound CsHs-1,1,1-3F-Bu without any
syntheses and characlerizations.

{0011} Lithium complex was disclosed by Tirouflet et al. (Tetrahedron Lelters (1973), (3),
257-260) without any characterizations and analvlical data. The complex obtained by reduction
of Me-Et-Fulvene with LiAlHs but no synthesis procedures provided.

{0012} WO 02270683, JP 2002338590, and US2008275545 teach that Y complexes
supported by the mono-substituted cyclopentadiene ligands are prepared from anhydrous yitrium
trichloride and potassium salt of the correspeonding ligand. Yb complexes supported by the
fluorcalkyl figands, such as {(R“CsH){R%CaHHR™CsH YD} (RY, B2 = CF3{CHzs, R® =
CFa(CHz)z), which are volatile Hguids at room temperature, are prepared from the corresponding
potassium compounds K{R"-CsHa) and YbCla. See RU 2547485,

[0013] Burkey et al. {(Organometallics 1883, 12, 1331-1337) disclose strontium {8n) and
barium (Ba) complexes M{Cp-R); (M=Sr, Ba) with the substiluted cyclopentadiene ligands can
be prepared only from potassium compounds, e.¢. from K{CaH7)aCsHe) and Srly or Bal,, The
reaction of K({CaHr}sCsHy) and SrCh does not proceeds and SiCly and K{CsH7):CsHz) are
recovered. The reaction of Li{{CsH:)sCsHy) and SrCl: doss not proceed and Sl and
K{{CaH71:CsH2) are recoversd. Alternatively, US 4915088 discloses Sr and Ba complexes with
substituted cyclopeniadienyt ligands can be prepared only from the pure cyclopentadienyl ligands
and Sr or Ba metals at high temperature (500°C - 800°C).

{00141 Indium complexes I{R-Cp) (R = Cu-C4 aliphatic chain) are prepared by the unigue
reaction starting from InCl and the lithium salt of the ligand (J. Chem. Soc., Dalton Trans., 1981,
2592). The original reaction from InCh and NaCp performed in gram scale involves thermal
decomposition step of InCps, afford InCp in a low yield and gives a poorly separable complex
mixiure of compounds for the cases with the substituled cyclopentadienyl ligand. See
Organometallics 1989, 8, 346-358; Organometallics 2002, 21, 4632-4640.

{00151 These imply that in order to prepare a suitable proper precursor, @ wide range of
substituents R in metal cyclopentadienyls (or alkali metal cyclopentadienyls) M{Cp-R) complexes
of a given metal needs {0 be screened and a selection of an ideal combination of starting materials
that provides a high stability, volatility and low melting point, ideally making M{Cp-R} as liquid at
room temperature, is demanded. Hence there is 3 need for a simple, robust and economical
method 1o prepare substituled cyclopentadienes CsHs-Rs  and/or corresponding  metal
compiexes, which may serve as a starting compound for forming a targeted film forming

composition.
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{00186}

Summary

Disclosed are methods of synthesizing a metal cyclopentadienyl complex, the methed

comprising:

mixing & metal hydroxide, a halide, a cyclopeniadiene monomer, an alkaline earth oxide,

and a catalyst in a solvent;

allowing a selective catalylic carbon-carbon coupling reaction to form a mono-substituted

cycdlopentadiens;

contacting the mono-substifuted cyclopentadiene with a metal compound; and

converting the mono-substituted cyclopentadiens o the metal cyclopentadieny! complex.

The disclosed methods may include one or more of the following aspects:

®

further comprising maintaining a temperature within a range of from -15°C to 70°C
under atmospheric pressure;

further comprising maintaining a temperature below 40°C under atmospheric
pressure;

further comprising maintaining a temperature within a range of from 15°C to 35°C
under atmospheric pressure;

further comprising maintaining a temperature within a range of from 20°C to 30°C
under atmospheric pressure,;

further comprising maintaining a temperature below 5°C under atmospheric pressure;
further comprising maintaining a temperature within a range of from -5°C to 0°C under
atrmospheric pressure;

further comprising maintaining a pressure around atmospheric pressure;

further comprising maintaining an air atmosphere;

further comprising maintaining an inert gas atmosphers, such as N, a noble gas (e,
He, Ne, Ar, Kr, Xa);

further comprising maintaining a N» atmosphere;

further comprising maintaining an Ar almosphere;

further comprising optionally purifying the mone-substituted cyclopentadiens;

further comprising purifying the monc-substituted cyclopentadiene,

further comprising not purifyving the mono-substituted cyclopentadiene,
approximately 20 - 400% excess amount of the cyclopentadiense monomer being used
relative to the amount of the halide;

approximately 40 - 80% excess amount of the cyclopentadiense monomer being used
relative to the amount of the halide;

the optimized selectivity of the process being achieved when approximately 20 - 400%
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excess of CpH monomer is used relative to R{Hal} or R(F){(Hal);

+ the optimized selectivity of the process being achieved when approximately 40 - 80%
excess of CpH monomer is used relative to R{Hal} or R(F)(Hal);

¢ the metal hydroxide being MOH, wherein M being Group | alkali metal;

o  MOH being NaOH;

e MOH being KOH,

= the halide R(Hal) or R{F)}{Hal) being an silyl-, amino-, alkyl- or hydrocarbonyt halide or
fluoroalkyl halide has the formula R(Hal) or R{F)(Hal), wherein Hal is selected from
Cl, Br, I; R is salected from

o a -Cs linear or branched, saturated or unsaturated hydrocarbyl group;

o & Ci-Cg linear or hranched, saturated or unsaturated fluorohydrocarbyl group
containing at least one fluorine;

o a silyl group [SIR'3} with R' being selected from H, a C4-Cys saturated or
unsaturated hydrocarbyl group;

o a silyl group [SIR':] with each R’ being selected from H, F, a C+-C4 saturated
or unsaturated fluorohydrocarbyl group containing at least one flucrine atom;
and

o an amino group -NR'R?] with each R' and R? being independently selected
from H or a Cy-Cs linear or branched, saturated or unsaturated hydrocarbyl
group.

e the alkaline sarth oxide being MO, wherein M is Group I alkaline sarth metal;

s MQ being CaCQs;

¢« the catalyst being a tertiary phosphonium salt;

+ the catalyst being tetrabutylphosphonium chioride, BusPCl (CAS No: 2304-30-5);

e the catalyst being PPent Cl (Pent = CsHy4) or PPl {Ph = Cels);

« the metal compound being an alkyl metal compound selected from Meli or Bull;

« the metal compound being a metal hydride MH, wherein M is a Group |, Group H or
Group H main group metal or a transition metal selected from K, Na, Sr, Ba, Ga, In,
Y orYb;

s the metal compound being a metal hydride MH, wherein M is a Group |, Group H or
Group I main group metal;

s the melal compound being a metal hydride MH, wherein M is a transition metal
selected from K, Na, Sr, Ba, Ga, in, Y or Yb;

e the metal hydride being an alkali metal hydride,

s the alkali metal hydride being NaH,;
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+ the alkali metal hydride being KH;

e the solvent heing a furan solvent;

e the solvent being THF;

+ the solvent being Me-THF;

s the mono-substituted cyclopentadiene being 1-flucrcbutyl-cyclopentadiene (CsHs-1-
F-CsHig, CsHe-1-F-Bu), Z-pentyl-cyclopentadiens (CsHs2-CeHyy, CsHs-2-Pent), 2-
butyi-cyclopentadiene  (CsHs-2-CaHs,  CsHe-2-Bu),  or 11, 1-trifluoropropyl-
cyclopentadiens {CsHs-1,1,1-3F-CaHs, CsHs-3F-Bu);

« the mono-substituled cyclopentadiene being 1-flucrobutyl-cyclopentadiens (CsHs-1-
F-Catig, CeHs-1-F-Bu);

¢ the mono-substituted cyclopentadiene being 2-pentyl-cyclopentadiene (CsHs-2-CsHy;

e the mono-substituted cyclopentadiens being Z-butyl-cyclopentadiene (CsHs-2-CiHg
CsHs-2-Buy;

e the mono-substitied cyclopentadiene being 1,1, 1-triflucropropyl-cyclopentadiens
{CsHs-1,1,1-3F-CaHg, CsHs-3F-Buy;

e the metal cyclopentadieny! precursor being L{CsHe-2-CsHyy (LI{Cp-2-Pent), CAS No:
2413046-23-8}, K(CsHs-2-CsH1q) (K(Cp-2-Pent)}, Na{TaHa-2-CsHig) (Na{Cp-2-Pent)),
K{CsHa-1-F-Catie)  (K{Cp-1-F-Bu)), K{CsHs-1,1,1-3F-CaHe}  (K(Cp-1,1,1-3F-Buj),
L{CsHe-2-CaHg)  (LHCp-2-Bu)), or In{CsHys-2-CsHit) {In{Cp-2-Pent), CAS No.
23684834-87-1);

e the metal cyclopentadieny! precursor being LI{CsHa-2-Calqg) (LICp-2-Pent), CAS No:
2413046-23-8Y,;

e the metal cyclopentadienyl precursor being K{CsH4-2-CsHyy) (K{Cp-2-Pent});

s the metal cyclopentadienyl precursor being Na(CsHy-2-CaHi) (Na(Cp-2-Pent));

s the metal cyclopentadienyl precursor being K(CsHy-1-F-Cabhg) (K(Cp-1-F-Bu));

e the metal cyclopentadienyl precursor being K{CsHae-1,1,1-3F-CaHg) (K{Cp-1,1,1-3F-
Bu));

e the metal cyclopentadienyl precursor being Li{CsHs-2-CaHe) (LITCp-2-Bu));

s the metal cyclopentadienyl precursor being IN{CsHe-2-CsHit) (In(Cp-2-Pent), CAS
No.: 2384634-87-1);

{0017} Disclosed is a metal cyclopentadienyl complex having the following formula:

MCHuR(F)m) { M }
wherein m = 0; M is a main group, alkali or transition metal; CsHs represents a cyclopentadienyl
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{Cp) ring where two hydrogens are substituled by M and R{F)q, respectively; R{F}q is

connected to any one of the carbon atoms of the Cp and selected from

)
i

iy

v}

a C4-Cy linsar or branched, saturated or unsaturated hydrocarby! group;

a Cy-Cs linear or branched, saturated or unsaturated fluorchydrocarbyvi group
containing at least one fluorineg;

a silyl group [SiR%] with each R’ being selected from H, a C-C4 saturated or
unsaturated hydrocarbyl group;

a silyl group [SiR';] with R’ being independently selected from H, F, a C+-Cy
saturated or unsaturated flucrohydrocarbyl group containing at least one fluorine
atom; and

an amino group [-NR'R¥ with R and R? each being selected from H or g C+-Cs

linear or branched, saturated or unsaturated hydrocarbyl group.

The disclosed metal cyclopentadienyl complex may include one or more of the following

aspects:

[0018]

R being selected from n-Pr, i-Fr, n-Bu, -Bu, 2-Bu, n-Pent, i-FPent, 2-Pent, n-Hex, i-
Hex, 2-Hex, n-Hept, i-Hept, 2-Hept, -CF;, -1,1, 1-trifluoropropane {(~1,1,1-Pris), —
1.1, 1-triflucrobutans (—1,1,1-BuFs;), or —1-fluorcbutane {(~1,1,1-Buf);

M being a Group |, Group It or Group il main group metal or a transition metal,

M being selecled from K, Na, &r, Ba, Ga, in, Y or Yb;

Disclosed is a mono-substituted cyclopentadiens having the following formula:

[ 3-REm
A
CoMs-R(F)m { N }

wherein m 2 0; CsHs represents a cyclopeniadienyt (Cp) ring where one hydrogen is substituted

R{F)m; R(F}m is connected to any one of the carbon atoms of the Cp and selectad from

a
b.

a C4-Cs linsar or branched, saturated or unsaturated hydrocarby! group;

a Ci-Cs linear or branched, saturated or unsaturated fluorchydrocarbyi group
containing at least one fluorine atom,;

a silyl group [SIR's] with R' being selected from H, a C+-C4 saturated or unsaturated
hydrocarbyl group;

a sityl group [SiR'3] with R' being selected from H, F, a C4-Cs saturated or
unsaturated fluorchydrocarbyl group containing at least one flucring atom; and
an amino group [-NR'R?} with R' and R? each heing independently selected from

Hor a C1-Ce linear or branched, saturated or unsaturated hydrocarbyl group.

The disclosed mono-substituted cyclopentadiene may include ong or more of the following

aspects:

®

R is selected from n-Pr, Pr, n-Buy, i-8u, 2-Bu, n-Pent, i-Pent, 2-Pent, n-Hex, i-Hex, 2-
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Hex, n-Hept, i-Hept, 2-Hept, ~CF;, ~1,1,1-Iriflucropropane (-1,1,1-PrFs), ~-1,1,1-
triflucrcbutane (—1,1,1-Buf,), or —~i-fluorobutane (-1,1,1-BuF).

Notation and Nomenclature
[0019] The following detailed description and claims utilize & number of abbreviations,
symbols, and terms, which are generally well known in the art.
{00207 As used herein, the indefinite article “a” or “an” means one oF more.
{0021} As used herein, “about” or “around” or “approximately” in the text or in a claim means
+10% of the value stated.
{0022} As used herein, “room temperature” in the text or in a claim means from approximately
18°C to approximately 25°C.
{0023] As used herein, “atmospheric pressure” in the text or in a claim means approximately
1 atm.
{0024} The standard abbraviations of the elements from the pericdic table of elements are
used herein. it should be understood that elements may be referred o by these abbreviation
(e.q., Sirefers to silicon, N refers to nitrogen, O refers to oxygen, C refers to carbon, H refers to
hydrogen, Hal refers to halogens, which are F, Cl, Br, 1).
{0025] The unique CAS regisiry numbers (i.e., "CAT"} assigned by the Chemical Abstract
Service are provided {o identify the specific molecules disclosed.
{0026] As used herein, the term “hydrocarbon” refers 10 a saturated or unsaturated function
group containing exclusively carbon and hydrogen atoms.
{00271 As used herein, the term “hydrocarbyl” refers to any univalent radical, derived from a
hydrocarbon, such as methyl or phenyl,
{0028} As used herein, the term “flucrohydrocarbon” refers {o a saturated or unsaturated
function group containing exclusively carbon, hydrogen and flucrine atoms,
{00291 As used herein, the term “flucrohydrocarbyl” refers to any univalent radical, derived
from a fluorchydrocarbon.
{00307 As used herein, the term "alkyl group” refers o saturated functional groups containing
exclusively carbon and hydrogen atoms. An alkyl group is one type of hydrocarbon. Further, the
term “alkyl group” refers to linear, branched, or cydlic atkyl groups. Examples of linear alky! groups
include without limitation, methyl groups, sthyl groups, propyl groups, butyl groups, etc. Examples
of atkyl groups include without liritation, methyl (Me), butyl (Bu), pentyl (Fent), etc. Examples of
branched alkyl groups include without limifation, t-bubyl (1-Bu), elc.
{0031} As used in the disclosed embodiments, the abbreviation “Me” refers to a methyi group;
the abbreviation “E{” refers to an ethyl group; the abbrevigtion “Pr” refers {¢ a propy! group; “Bu”

refers {0 a butyl group,; "Fent” refers to a pentyt group.
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{00321 As used herein, the term “flucroalkyl group” or “flucrinated alkyl group” refers fo a
saturated functional group comfaining carbon, hydrogen and at least one fluorine. An flucroalkyl
group is one type of flucrchydrocarbon. Further, the term "flucroalkyl group” refers {o a linear,
branched, or cyclic fluorealkyl group.
{0033] As used herein the "halides” are represented as R(Hal) and/or R{F}{(Hal) in which Hal
is selected from Cl, Br, I; R is selected from

a. a Ci-Cg lingar or branched, saturated or unsaturated hydrocarby! group;

b. a C+-Cs linear or branched, saturaled or unsaturaled fluorohydrocarbyl group

containing at least one flucrine;

a silyl group [SiR'2] with R' being selected from H, a C+-C;s saturated or unsaturated

o

hydrocarby! group;
d. a silyl group [SiR':] with each R’ being selected from M, F, a C+-Cy saturated or
unsaturated fluorchydrocarbyl group containing at least one fluorine atom,;, and
€. an amine group [-NRTR2} with each R and R? being independently selected from
Hor a C-Cs linear or branched, saturated or unsaturated hydrocarby! group.
{00341 The term “CpH” used herein refers to a cyclopentadiens molecule or cyclopentadiene
monomer (CsiHs).
{0035} The term “Cp” used herein refers to a cyclopentadienyl ring in which one or more than
cne hydrogens are substituted. Cp may be a CsHs ring (one hydrogen is substifuted), a CsHaring
{bwo hydrogens are substituted), & CsHa ring {three hydrogens are substitufed), etc. The term
“‘Cp” used herein also refers to a cyclopentadieny! anion or a subsiituted cyclopentadienyl anion,
such 8s a cyclopentadienyl anion or a substituled cyclopentadienyt anion in a mestal
cycdlopentadieny! complex. Here the “cyclopentadienyl” in the metal cyclopentadienyl complex
refers {0 any cyclopentadienyls including substituted cyclopentadienyls.
{00381 The term “Cpy” used herein refers to a cyclopentadiene dimer (CioHiz).
{00371 The term “mono-substituted cyclopentadiene” is used hersin because only one R{Fim
{m = 0) group is connected to any one of the carbon atoms on the cyclopentadiene ring. The
mono-substituted cyclopentadiene has a general formula CsHs-(R{F)a) (m 2 0, R has the same
definition as the "halides” described above).
{00381 in the present context, a homogeneous catalyst is understood (o mean a catalyst that
is present in the same phase as the reactants.
{00391 Ranges may be expressed herein as from about one particular value, and/or to about
anocther particular value. When such a range is expressed, i is {0 be understood that ancther
embodiment is from the one particular value and/or to the other particular value, along with all
combinations within said range. Any and all ranges reciied herein are inclusive of their endpoints

(ie, x=1 to 4 or x ranges from 1 to 4 includes x=1, x=4, and x=any number in between),
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irrespective of whether the term “inclusively” is used,

{00403 Reference hersin {o “one embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in connection with the embodiment may be included
in at least one embodiment of the invention. The appearances of the phrase "in one embodiment”
in various places in the specification are not necessarily all referring o the same embodiment,
nor are separate or allernative embodiments necessarily mutually exclusive of other
embodiments. The same applies {o the term "implementation.”

{0041] As used herein, the term “independently” when used in the context of describing R
groups should be understecod to denole that the subject R group is not only independently
selected relative to other R groups bearing the same or different subscripts or superscripts, but
is also independently selected relative to any additional species of that same R group. For
exampie in the formula MR (NR2°R3%) 4.9, where x is 2 or 3, the two or three R groups may, but
nead not be identical to each other or to R2or to R3. Further, it should be understood that unless
specifically stated otherwise, values of R groups are independent of each other when used in
different formulas.

{00421 As used in this application, the word "exempilary” is used herein {0 mean serving as
an example, instance, or illustration. Any aspect or design described herein as “exemplary” is not
necessarily to be construad as preferred or advantageous over other aspects or designs. Rather,
use of the word exemplary is intended {0 present concepts in a concrete fashion.

{D043] Additionally, the term “or” is intended o mean an inclusive “or” rather than an exclusive
“‘or’. That is, uniess specified otherwise, or clear from context, "X employs A or B” is intended {0
mean any of the natural inclusive permutations. That is, if X employs A; X employs B; or X
amploys both A and B, then "X employs A or B is satisfied under any of the foregoing instances.
in addition, the articles "a” and “an” as used in this application and the appended claims should
generally be construed to mean “one or more” unless specified otherwise or clear from context

to be directed to a singular form.

Brief Description of the Drawings

{00421 The foregoing and various other aspects, features, and advantages of the present
invention, as well as the invention itself, may be more fully appreciated with reference {o the
following detailed description of the invention when considered in connection with the following
drawings. The drawings are presented for the purpose of illustration only and are not intended {0
be limiting of the invention, in which:

FIG 1 is a diagram of a batch process for selective catalytic syntheses of the mono-
substituied cyclopentadienes (1) and their correspending metal Cp complexes (11);

FIG 2 is a diagram of a flow process for selective catalytic syntheses of the mono-

10
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substituted cyclopentadienes (1) and their corresponding metal Cp complexas (); and
FIG 3 is a process flowchart for syntheses of the monoe-substituted cyclopentadienes ()

and their corresponding metal Cp complexes (1),

Description of Preferred Embodiments
{00431 Disclosed are mono-substituted cyclopentadienss, metal cyclopentadienyl complexes
and methods for synthesizing them. The disclosed mono-substituted cyclopentadienes are
synthesized by a selective catalytic carbon-carbon coupling reaction. The disclosed metal
cyclopentadienyl  complexes are synthesized from the disclosed mono-substituled
cyclopentadienes. The disclosed metal cyclopentadieny! complexes include main group (such as
Group |, Group I and Group Il metal and transition metal cyclopentadieny! complexes, and may
be used as deposition precursors confained in film forming compositions for film depositions in
semiconductor industry, such as ALD, CVD, S0OD, efe.
{00447 The disclosed mono-substituted cyclopentadienas have the following formula:
;,’7‘_ E"E/R(F)m
CsHs-R(F)m { - } {H
wherein m z 0; CsHs represents a cyclopentadieny! (Cp) ring where one hydrogen is substituted
by R{F)m; R{(F}m is connected {o any one of the carbon atoms on the Cp and selectad from
i) a Ci-Ce linear or branched, saturated or unsaturated hydrocarbyl group;
i) a C-Cs linear or branched, saturated or unsaturated fluorohydrocarbyl group
containing at least one flucrine atom,
iif) a silyl group [SIR';] with R' being selected from H, a C+-Cs saturated or unsaturated
hydrocarby! group;
v} a silyl group [SiIR:] with R' being selected from H, F, a C-C4 saturated or
unsaiurated flusrohydrocarbyl group containing at least one fluorine atom; and
v} an amine group [-NRTR2} with R and R? each being independently selected from
Hor a C-Cs linear or branched, saturated or unsaturated hydrocarbyi group.
{0045] in the above formula (1), the hydrocarbyl group may be an alkyl group; the
fluorchydrocarby! group may be a flucroalkyl or flucrinated alkyl group. Preferably R is selected
from n-Pr, Pr, n-By, -Bu, 2-Bu, n-Pent, i-Pent, 2-Pent, n-Hex, i-Hex, 2-Hex, n-Hept, i-Hept, 2-
Hept, ~CF;, —1,1, 1-trifluoropropane (—1,1,1-PrF3), —1,1, 1-trifluorobutane (—1,1,1-BuFs), or —1-
fluorchutane (+1,1,1-BuF). Hereinafter, CsHe-R or CsHs-R{(F)w (m = 0) will represent the mono-
substituted cyclopentadiene ().
{00461 The disclosed mono-substituted cyclopentadienss (1) may be ussed {o synthesize the
metal cyclopentadienyt {Cp) complexes (Il) for use as deposition precursors in film deposition.

The disclosed metal Cp complexes (I} may be main Group metal or alkali metal Cp complexes

11
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and/or fransition metal Cp complexes. The disclosed metal Cp complexes (i) having the following

formula:

M(CsHi(R(F)w) { M } {1
wherein m 2 0; M is a main Group metal or transition metal, CsHy represents a cyclopentadieny!
{Cp} ring where two hydrogens are substituted by M and R{F)n, respectively; R{F}n is connected
to any one of the carbon atoms of the Cp and selected from
i) a Ci-Cs linear or branched, saturated or unsaturated hydrocarbyl group;
i) a C-Cs linear or branched, saturated or unsaturated fluorohydrocarbyl group
containing at least one fluorine;
1 a silyl group [SiR':] with each R’ being selected from H, a C+Cs saturated or
unsaturated hydrocarbyl group;
v} a silyl group [SIR';] with R’ being independently selected from M, a fluorine atom,
a Cq-Cq saturated or unsaturated fluorchydrocarbyl group containing at least one
fluorine atom; and
v} an amino group [-NR'R?} with R" and R? each being selected from H or a C1-Cs
linear or branched, saturated or unsaturated hydrocarbyl group.
{00471 in the above formula (1), the hydrocarbyl group may be an alkyl group; the
fluorchydrocarby! group may be a fluoroalkyl or fluorinated alkyl group. Preferably R is selected
from n-Pr, Pr, n-Buy, By, 2-Bu, n-Pent, i-Pent, 2-Pent, n-Hex, i-Hex, 2-Hax, n-Hept, i-Hept, 2-
Hept, ~CF;, —1.1,-trifiucropropane (-1,1,1-FPrfFs), 1,1, 1-trifluorobutane (-1,1,1-BuFs), or -1-
fluorchutane (—+1,1,1-BufF). M is coordinated to the Cp ring. Preferably, M is a Group |, Group |
and Group Il metal including alkali metals and transition metal including Lanthanides. Preferably,
M = Li, Na, K, Ga, In, Sr, Ba, Y or Yb. Hereinafter, M(CsH-R), M{Cp-R), M{CsHe-R{F) or M(Cp-
R(F) will represent the disclosed metal Cp complexes (1)
{0048] The disclosed mono-substituted cyclopentadienss (1) and metal Cp complexes (Il
have non-branched and branched allyl or hydrocarbyl chain R or fluoroalkyl or flucrohydrocarbyl
chain R{F) containing from a C4 to Cg chain, preferably a Cs to Cr chain. This chain length in the
ligand may allow the metal Cp complex to tune the properties of the whole complex or precursor,
namely improve stability, reduce the melling point and tune the volatility of the molecule for a
suitable precursor in the film forming composition for film deposition,
{00491 Although some of the substituted cyclopentadienes with a C4 or C; ligand and the
corresponding alkali metal salts/complexes are known, information about CsHs-R with the R
having 4 or more carbon atoms is rare or absent in the art.

{0050] Exemplary disclosed mono-substituled  cyclopentadienes () include  1,1,1-
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triftuprobutyl-cyclopentadiene (1,1,1-BuF:-CsHs, CsHs-1,1,1-3F-Buj,

X

1-fluorobutyl-cyclopentadiene (1-BuF-CsHs, CsHs-1-F-Bu),

P

/ \\ /A\f\}:

1

i

Z-pentyl-cyclopentadiene (2-CsHy1-CsMs, CsHs-2-Fent),
/7 -
&/’&\/\\/
\
2-butyl-cyclopentadiens (2-CsHg-CaHs, CsHs-2-Bu)
.
7 \ \/
!
triftuoromethyl-cyclopentadiene (CF3-CsHs, CsHs-3F-Me),
7
O
TF
F: 1
1,1, t-trifluoropropyl-cyclopentadiene (1,1, 1-PrFs-CsHs, CsMs-1,1,1-3F-Pr)

47 %‘H\\ F
\,/‘L\/’\\%p
F ]

n-pentyl-cyclopentadiens (n-CsHii-CsHs, CaHs-n-Pent)

%‘ ete.

{0081 Exemplary disclosed metal Cp complexes (If) include
K(Cp-n-Pr} (K(CsHs-n-CaHy))
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K(Cp-2-Pent) (K(CsHa-2-CsHir)

o
W
K
Na(Cp-2-Pent) (Na{CsHs-2-CsH1q)
-/
Na

K(Cp-n-Bu) (K(CsHa-n-CaHa), CAS No.: 78347-55-4)

J

K(Cp-n-Pent) (K(CsHa-n-CsHir), CAS No.: 1010453-51-8)
C) NN

K

K(Cp-n-Hex) (K(CsHa-n-CeHia))

K(Cp-1-F-Bu) (K(CsHa-1-F-CaHi))
//::\ /"\\\/\V’, F
K
K(Cp-1,1,1-3F-Bu) (K(CsHa-1,1, 1-3F-CaHe))

F
O

K

)

Li{Cp-2-Bu) (LI{CsHa-2-CaHa))
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In{Cp-2-Pent) (In{CsH4-2-CsH1y), CAS No.: 2364624-67-1)

- /

in

N(Cp-2-Bu) (In(CsHa-2-CaHe))

i;‘ , eic.

[0082] The disclosed synthesis method for synthesizing the mono-substifuted
cyclopentadienss (i) is a sslective cataivlic carbon-carbon coupling method that provides a
praciical and scalable synthesis method through tuning and optimizing reaction conditions that
favor a product in a high yield and minimize effects of side reactions. The selective catalvtic
carbon-carbon coupling method utilizes commonly available starting compounds, such as meial
hydroxide (e.g., KOH or NaOH), alkyl halide R{Hal} or flucrcalkyl halide R{F){Hal},
cyclopentadiene monomer (.., CpH, CAS No.: 26912-33-4), alkaline earth oxide {e.g., Cal},
tertiary phosphonium salt {e.q., tetrabutylphosphonium chioride, BuyPCl CAS No: 2304-30-5).
These starting compounds are stable in air. Thus, it is not necessary o dry a solvent such as
THF prior to synthesis and the starling compounds and sclvent can be ioaded in air. Reactions
are performed under mild conditions, such as the temperature ranging from -15°C to 70°%C under
1 atm and may be performed in commonly ulilized glassware or synthesis reactors. The reactions
may be applied for syntheses of a wide range of substituied cyclopentadienes. Here the terliary
phosphaonium sali {&.g., BusPCl) is used as a catalyst that efficiently and selectively promotes the
reaction. To our knowledge, it has not yet been possible in the art to successiully synthesize
substituted cyclopentadienes using a combination of the aforementioned starting compounds
including the catalyst tertiary phosphonium salt disclosed herein,

{00531 The disclosed mono-substituted cyclopentadienes () are produced from CpH, and
sityl-, aming-, alkyl halide R{Hal) or fluorinated silyl-, amino-, alkyl halide R{F){(Hal}, where
halogen is selected from Cl, Br, |, The disclosed synthesis method of the mono-substituted
cyclopentadienes (i) comprises the step of contacting CpH and an alkyl halide R(Hal) or a

fluorcalkyl halide R{F){(Hal) in the presence of metal hydroxide {e.g., KOH or NaOH), alkaline
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earth oxide {e.g., Cal), and a catalyst {e.g., BuwPCh) to form the mono-substituted
cyclopentadiene {I). The method may further comprise distilling the mono-substituled
cyclopentadiene (I} from the reaction mixture and converting it {o the metal Cp complex ().
{00547 The disclosed methods for syntheses of the metal Cp complex {Il) comprise the step
of contacting the mono-substituted cyclopentadiene (1) and alkyl metal compound or atkali metal
hydride in a furan solvent such as THF. The metal Cp complex (1) is formed by a metalation
chemical process occurred in the mixiure of the mono-substituted cyciopentadiene () and the
alkali metal hydride such as NaH or KH, or the alkyl metal compound such as alkyllithium
compound. The method may further comprise removing all volatile species from the metal Cp
complex (i),

[0055] Sedium and potassium hydrides are cheaper than alkyllithium compounds and safer
{0 operate in the large quantities, especially when compounds are packed in sealed dissolvable
bags or ufilized as suspension in mineral oil. The solvent THF allows having a high volumetric
afficiency, which is important for scaling up the reaction.

{0056] For example, from the example that follows, the disclosed 2-pentyl-cyclopentadiens
(2-Cshi1-CsHs, H{Cp-2-Pent)) may be produced by the selective catalytic carbon-carbon coupling
reaction from freshly cracked CpH from a cyclopentadiene dimer Cp, and 2-bromo-pentang {(2-
Br-CsHii) in the presence of solid KOH and Ca0 and BusPCl catalyst. The exemplary schematic

reaction is as follows.

) B?\ //““ KOH & Ca0 (solid), THF, Bu,PCI ,//irM\
(3+) Q\‘x/\/

{0 °C, to room Temperature)

{00571 Replacing Z-bromo-pentane  with  n-peniyl-bromide, 2-bromo-butane, iodo-
triftuoromethane, 4-bromo-1,1,1-triflucrobutane, 3-bromo-1,1, 1-trifluoropropane or 4-bromo-1-
fluore-butane, the n-pentyl-cyclopentadiens (n-CsMHy-CsHs), 2-butyl-cyclopentadiene (2-CaqHe-
CsHs), trifluoromethvi-cyclopentadiene (CFy-CsHs), 1.1, 1-triflucrobutyl-cyclopentadiens (1,1,1-
BuFa-CsHe), 1.1, 1-triffuoropropyl-cyclopentadiens (1,1, 1-PrFs-CsHs), 1-fluorobutyl-
cyclopentadiene (1-BuF-CsHs) may be produced.

[0058] CpH (CsHe, hereinafter a CpH monomer) can be obtained by cracking of a
dicyclopentadiene dimer {Cpy, CioHiz, CAS No.: 77-73-6) by any suitable means disclosed in the
art.

{00591 Freshly cracked CpH monomer is used for the aforementioned reaction. Due {o its
well-known ability to dimerize, CpH monomer is used right after cracking or stored at low
temperature from -100°C {o -20°C, preferably from -70°C to -40°C. Prior to use, CpH is always
analyzed by proton NMR, GC or any other suitable analytical methods to determine the relative

amount of CpH monomer CsHg and Cp; dimer CqoHiz. According to the analysis, the amount of
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mixture cortaining CpH monomer and Cp; dimer is calculated Tor the opltimal molar ratio of
cyclopentadiene monomer fo R{Hal) or R(F}(Hal} in the catalytic C-C coupling reaction.

{00807 Halogen in the starting compound alkyl or hydrocarbky! halide R{Hal) is selected from
Cl, Br, I, where R is selected from a C+Ce linear or branched, saturated or unsaturated
hydrocarbyl group; a silyl group [SiR’] with R’ being selected from H, & fluorine atom a C4-Cy
saturated or unsaturated hydrocarbyl group; of an amino group [-NR'R?] with R' and R? sach
being independently selected from H or a C+Cs linear or branched, saturated or unsaturated
hydrocarbyl group. Exemplary R{Hals include alkyl bromide R-Br or alkyl iodide R-1, such as, 2-
Br-pentane, 2-Br-butane, or 2-Br-propane, sic.

{0061} Halogen in the starting compound flucroalkyl halide R{F)(Hal} is sslected from C{, Br,
I, where R(F) is selected from a C-Cs linear or branched, saturated or unsaturated
fluorohydrocarby! group containing at least one fluorine atom; or & silyl group [SIR's] with R’ being
selected from H, F, a C-C, saturated or unsaturated fluorchydrocarby! group containing at least
one fluorine atom. Exemplary R{F){Hal include 1-Br-44 4-trifluorobutane, 3-Br-1,1,1-
friflucropropane, 1-Br-4 -fluorobutane, or bromo-trifluoromethane, efe.

{00621 The disclosed selective catalytic carbon-carbon coupling reactions may proceed with
alkail metal hydroxide M'OH (e.q., M? = Li, Na, K}, without any additive. Addition of alkali metal
oxide MPO (8.g., M? = Ca) further facilitates mixing of components allowing having a well stirrable
reaction mixture at all reaction times resulling in a high vield of product through a metalation
chemical process and allowing efficient separation of solution from the solids after the reaction.
{00631 in one embodiment the mono-substituted cyclopentadienss (1) are selectivaly
synthesized in THF from freshiy cracked CpH and alky! halide compound R{Hal) or fluorcalkyl
halide compound R{F){Hal) by using 1.4-1.8 molar excess of CpH relative to R{Hal) or R(F){Hal)
and maintaining a temperature range of 15 - 40°%C under an atmospheric pressure during the
reaction. The selective catalytic carbon-carbon coupling reaction is excthermic, thus cooling of
the reaction mixture {o room temperature is necessary (o maintain a high seleclivity of reaction.
{00641 The most important key point in the present application is the application of the
catalyst which selectively promotes the reaction of the CpH and the alkyl halide R{Hal) or
fluoroalkyi halide R(F){Hal) and allows obtaining the targeted mono-substituted cyclopeniadienes
{{y in a high vield. The catalyst may be a terfiary phosphonium salt such as BusPCL The
approximate amount of catalyst varies from 0.1 to 10 mol% relative to the amount of R{Hal} or
R{F){Hal), preferably from 2 to 8 moi%. In case applying a catalyst, a conversion rate with a high
selectivity is achieved in a temperature range from 0 to 70°C, preferably from 15 to 30°C.

{0065} Cther catalysts, such as PPentsCl (Pent = CsHyp), PPhCE (Ph = CeHs), may be
applicable to make the reaction selective. Based on the comparative examples that follow, the

reaction has to be performed in the presence of calcium oxide in THF, rather than in water, fo
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have a good vield of the product.

{0066} The reaction may proceed untii all R{(Hal} or R(F}(Hal) are consumed. The degres of
conversion may be monifored in-situ by GG, Raman spectroscopy or any other suitable
technigue. After conversion, all solids are separated by fillration or decantation. After separation
of the sdlids, the remaining liquid may contain the catalyst, unreacted CpH, Cp: and the solvent.
The products include the monoc-substituted cyclopentadiene (1), disubstituted cyclopentadiens,
frisubstituted cyclopentadiene, which may be separated by distiliation, crystallization or filtration
Drocesses.

{00871 The process of synthesis of the mono-substituied cyclopentadiene () may be
performed in a batch reactor or in a flow reactor. The oplimized selectivily of the process is
achieved when approximately 20 - 400% excess, preferably 40 - 80% excess of CpH monomer
is used relative to R(Hal) or R{F){(Hal).

{0088} The excess of CpH monomer should be separated after the reaction by distiliation
from the reaction product - mono-substituted cyclopentadiene (1}, Dus to the low boeiling point of
CoH monomer {i.e., 40.8°C), it may be separated in the first fraction during the distiliation process.
The absence of CpH monomer may be confirmed by any suitable analytical methods including
proton NMR, gasecus chromatography.

{00691 The reaction products may confain cyclopentadiens dimers Up: either due {o
dimerization of the CpH monomer during the catalytic carbon-carbon coupling reaction and
distillation of the products after the reaction, or due to the CpH monomer taken for the reaction
initially contained some amount of Cpz. The Cpamay be separated by distiliation from the reaction
product monoe-substituted cyclopentadiene. Alternatively, the mono-substituted cyclopentadiens
{1y may be used as a mixlure with the Cp; for further steps without any additional purification.
Fractional distillation may proceed below, at room {emperature or by moderate healing in a
temperature range from -30 {o 100°C, preferably from 0 to 40°C and at various pressure ranges.
Ambient or reduced pressure from 0.01 to 760 Torr or from 0.1 to 100 Torr is preferred as if helps
to reduce distillation temperature and suppress side reactions such as dimerization of CsHe-R,
which resulls in a lower vield of the product mono-substituted cyclopentadiene (1),

{0070} The mixture of the product mone-substituted cyclopentadiene CsHs-R (1) with Cps
obtained after the brief stripping of volatiles from the reaction mixture may be directly reacting
with the stoichiometric amount of alkyllithium reagent such as methyliithium Meli {o convert all
mono-substituted cyclopentadiene CsHe-R (1) into the corresponding lithium compound Li(CsHs-
R). The relative amount of Cpzin the mixture of the product mono-substituted cyclopentadiene
CsHs-R (1) with Cpa obtained after the brief stripping of volatiles from the reaction mixture may
vary from & 10 80% w/iw and the sclvent may vary from 1% to 50%. The Cp; and solvent are then

removed from LI{CsHe-R) by stripping under the reduced pressure. If the reaction of CsHs-R and
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alkyllithium compound is attempted in a non-furan solvent such as diethylether, arenes (toluene,
xylens, etc) and alkanes (pentane, hexane, heptane, eic), a stable gels and viscous non-
stirrable paste is formed. Addition of a furan solvent such as THF, Me-THF (methyl-
tetrahydrofurane) prevents the formation of gels and viscous solutions, and the reaction with
alkyllithium compound will proceed smoothly, with a good mixing and a high volumetric efficiency.
Hence, in one embodiment, a furan solvent, preferably THF, is utilized for the reaction, where the
relative amount of solvent in the reaction mixture before addition of alkyilithium reagent is from
20% to 80%. In one embodiment, THF is added to the mixture of the mono-substituted
cyclopentadiene () and Cp, before addition of alkyllithium compound o produce the metal Cp
complex (i),

{0071} The alkyillithium reagent may be a neat or solution of Mell, n-butyl-lithium, teri-butyl
lithium or any other suifable alkyllithium compounds in any suitable solvents, preferably being
gther, toluene, xylene, alkane solvent {pentane, hexane, heptane, and octane).

{00721 The reaction with the alkyllithium reagent proceeds within the temperatures from -
80°C to room temperature, preferably from -10°C to 0°C. It is known that & higher temperaturs
favors formation of undesirable side products such as cyclopentadieny! lithium LiCsHs=. After
addition of the alkyllithium compound, the reaction mixiure is warmed o room femperaiure
forming L{CsH4-R), while liberation of gassous byproducts (such as b-butane, methane) ceases
and then all volatiles are stripped under the reduced pressure. The reduced pressure may be
from 0.01 Torr to 100 Torr, preferably from 0.1 Torr to 1 Torr.

{00731 The residual THF solvent may be removed from Li{CsHs-R) by heating of L{CsHs-R)
under reduced pressure up to 220°C, preferably up to 150°C. The reduced pressure may be from
0.01 Torr to 100 Torr, preferably from 0.1 Torr to 1 Torr.

{0074} In one exemplary embodiment, when the mono-substifuted cyclopentadiene (hisa 2-
pentyl-cyclopentadiene (2-Pent-CsHas), in a mixture of 2-Pent-CsHs with Cp, the relative amount
of the Cpzin the mixture may vary from 5 {0 70% wiw and the solvent may vary from 1% 10 30%.
The mixture may directly react with the stoichiometric amount of Mell to convert all 2-FPent-CsHs
to the corresponding lithium complex Li{Cp-2-Pent). The Cp. and solvent may be removed from
Li{Cp-2-Pent) by stripping under the reduced pressure. The exemplary schematic reaction is

presented as follows:

7
U\/}\{/’\\/’/ +
i

in THF ¢r in THF-toluene

/

7

et

1) Meli 4
2y Remove all volatile products !,/-
under vacuum. \iD//

Li
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[0075] The purity of Li{Cp-2-Pent} is monitored by proton NMR, FTIR, Raman, slemental
analyses or any other suitable methods. The purity of Li{Cp-2-Pent} ranges from 90% to 99.99%,
preferably from 87% 10 99.9%, more preferably from 99% {0 88.8%.

[D076] The disclosed synthesis method, namely lithiation of the mono-substituted
cyclopentadiene {I) in the mixture with Cpy, followed by removal of Cp; under vacuum, allows
preparation of highly pure lithium compound (purity more than 99%), even though the starting
compound 2-Pent-CesHs was not purified from the examples that follow.

{00771 Alternatively, after the synthesis of the mono-substituted cyclopentadiene (1), the
volatiles are briefly stripped from the reaction mixture, resulting in the mixture containing 5 to 80%
wiw CsHs-R, 1% 10 50% whw Cpe, and 1% 1o 50% solvent. This mixture may be directly reacting
with the sioichiometric amount, relative to the mono-substituted cyclopentadiene (1), of alkali
metal hydride such as NaH, KH o convert ali CsH:-R into the corresponding alkali metal Cp
complex M{CsHs-R) (M preferably Na, K}. The Cp, and solvent are removed from M(C:Hs-R) by
stripping under the reduced pressurs. in one exemplary embodiment, THF is added o the mixture
containing 5 to 80% wiw CsHs-R, 1% 10 50% wiw Cp», and 1% fo 50% solvent before addition of
metal hydride.

{00781 The metal hydride MH (M is a Group |, Group | or Group I main group metal or &
transition metal selected from K, Nag, 3r, Ba, Ga, In, Y or Yb) reagent may be a neat or suspension
in mineral oil. The reaction with MH proceeds within the temperatures from 0°C to 50°C,
preferably from 20°C to 30°C, since higher temperatures favors undesirable dimerization of the
mono-substituted cyclopentadiens (). When liberation of hydrogen ceases, all volatiles are
stripped under the reduced pressure. The reduced pressure may be from 0.01 Torr to 100 Torr,
preferably from 0.1 Torrto 1 Torr,

{0079] In one exemplary embodiment, after the synthesis of 2-Pent-CsHs, in the mixture of 2-
Pent-CsHs with Cps, the relative amount of Cps dimer may vary 5 to 70% wiw, the THF solvent
may vary from 1% to 30%. The mixiure may directly react with the stoichiometric amount of
scdium hydride NaH to convert all 2-Fent-CsHs into the corresponding sodium compound Na(Cp-
2-Pent). The Cp; and THF are removed from Na(Cp-2-Pent) by stripping under the reduced
pressure. The reduced pressure or vacuum ranges from 1 Torr to 100 Torr for a large scale. The

exemplary schematic reaction is presented as follows:

20



WO 2022/035795 PCT/US2021/045306

/
o - Y
3 1. NaH, THF, A,
Sy WO %
\ Na

Reduced pressure, riio 200 °C,
all volatiles rermoved.

{00801 The residual THF solvent may be removed from Na{Cp-2-Pent) by heating under
reduced pressure up to 220°C, preferably up to 200°C. The purity of Na{Cp-2-Pent) is tested by
profon NMR, FTIR, Raman, slemental analysis or any other suitable methods. The purity of
Na(Cp-2-Pent} is from 80% fo 89.99% preferably from 87% to 92.8%, more preferably from 99%
10 99.9%.

{0081} Alternatively, after the synthesis of 2-Pent-CsHs, in the mixture of 2-Pent-CsHs with
Cp, the relative amount of dimer may vary 5 t¢ 70% whiw and the THF scolvent may vary from 1%
{0 20%. The mixture may directly react with the stoichiometric amount of potassium hydride KH
{o convert all 2-Pent-CsHs into the corresponding potassium compound K{(Cp-2-Pent). The Cp,
and solvent are removed from K(Cp-2-Pent} by stripping under the reduced pressure. The

exemplary schematic reaction is presented as follows:

___,‘I/
7R 1. KH, THF &
,/’/ il - 4, THF, rt., /f—\I ; —
o~ A L\ s ANy
- |
| K
LRaduced prassure, ot fo 120
all volatiles removed.
o /a

{00821 The residual THF solvent may be removed from K{Cp-2-Pent) by heating under
reduced pressure up to 150°C, preferably up to 120°C under stirring. The purity of K(Cp-2-Fent)
is tested by proton NMR, FTIR, Raman, elemental analysis or any other suitable methods. The
purity of K{Cp-2-Pent) is from 80% to 98.99% preferably from 97% to 99.8%, more preferably
from 99% 1o 98.9%.
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10083]

Hereg, the synthesis and separstion of the disclosed mono-substituted

cyclopentadienes (i) may be performed in a batch reactor comprising of the following steps of:

a)

b

[0084]

adding alkall metal hydroxide (e.g., KOH, NaOH), alkaline earth metal oxide {e.g.,

Ca0) and a suitable solvent in & reactor;

adding the cyclopentadiens monomer info the reacior,

charging the reactor with a catalyst with or without a solvent;

stirring the mixture in the reactor with or without cooling 1o obtain a suspension;

adding R{Hal) or R{F)(Hal) to the suspension {o form a solution with cooling to

maintain a temperature within a range of from 0 to 70°C at 1 atmy;

separating solids from the sclution {with optional filtration} and adding the solution

into a separate distiliation unit that allows:

i isolating the unreacted starting material(s);

ii. isclating the solvent;

i isolating the reaction product — the mono-substituted cyclopentadiene (1),
and

iv. recovering the solvent (optional);

directing the recovered solvent into the step a);

drying the mono-substituted cyclopentadiene (1) with molecular sieves;

directing the mono-substituted cyclopentadiene (1) {o the next step for synthesis

of metal Cp complexes (Il) or collecting the mono-substituted cyclopentadiene ()

i a suitable containers.

The synthesis and separation of the disclosed metal Cp complexes (i} may be

performed in a batch reactor following the formation of the mono-substituted cyclopentadiens ()

comprising of the following steps of:

B
K)

adding the mono-substituted cyciopentadiens (1} in a reactor;

adding THF into the reactor and cooling the reactor to -20°C, preferably to -5°C at
1 atm;

adding alkyllithium solution, preferably methyl lithium or butyl lithium solution, or a
suspension of MH (M is a Group |, Group | or Group i metal or a transition metal
selected from K, Na, 8r, Ba, Ga, in, Y or Ye) in mineral oil or a solid MH, into the
reactor, while maintaining the temperature below 5°C, preferably from -5 to 0°C
during the addition of alkyllithium, or maintaining temperature below 40°C,
preferably from 20 to 30°C during the addition of MH;

warming the reaction mixture o room temperature (optional) to form the metal Cp
complex {1i};

removing ali volatiles under a reduced pressure;
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0} heating the obtained metal Cp complex () above their melling point under vacuum
fo remove the residual volatile organic products {optional;
P} directing the obiained metal Cp complex (1) to the next step (e.g., for preparation
of a film deposition precursor) or coliecting the obtained metal Cp complex (i) in
a suitable container.
[0088] FiG 1 is a diagram of a batch process for catalytic synthesis of a mono-substituted
cyclopentadiens {I) and conversion of the mono-substituted cyclopentadiene (I} to a metal Cp
compiex {I1). Although the batch process for synthesis of the mono-substituted cyclopentadiene
(1) is preferable to perform under the inert atmosphere such as Nz, a noble gas (i.e., He, Ne, Ar,
Kr, Xg}, it may tolerate some amount of air and water. Starting compounds and solvents are not
necessary to purify from water and degas from oxygen, while adding the starting compounds and
solvent may be performed on air. More specifically, pot reactor 1 is charged with alkali metal
hydroxide (e.g., KOH, NaOH) and alkaline earth metal oxide {8.q., Ca0). Solvent 2, preferably
{etrahydrofuran (THF), is delivered via line 13 into pot reactor 1. CpH 3 and solution of catalyst 4
are transferred via lines 14 and 15, respectively, into pot reactor 1. Lines 13, 14 and 15 are
merged into mixing line 18 that connect to pot reactor 1. Oplionally, catalyst 4 is added to pot
reactor 1 as a neat compound. Halogen substituted hydrocarbon R{Hal} or halogen substituted
hydroflucrocarbon R{F){Hal) (e.g., 2-Br-pentans) reactant § is added to pot reactor 1 via a
separate line 17. The starting compounds, €.q., solvent, CpH, catalyst and R{Hal) or R{F){Hal},
may be added to pot reactor 1 by pump (not shown) or by pressure difference. Pot reacior 1 may
be a typical vessel with means of agitation, temperature and pressure control and reaction
monitoring. Pot reactor 1 has a cooling capability and is maintained at a temperature ranging
from approximately -15°C to approximately 70°C, preferably from approximately 15°C to room
temperature or 35°C and the corresponding pressure approximately 1 alm. The reaction
monitoring is provided by chromatographic (e.g., GC), spectroscopic {e.g., Raman) or any cther
suitable analytical techniques. The reaction may be performed under 1 atm of nifrogen. After the
desired range of conversion of the starting compounds is achieved, preferably when a relative
amount of R(Hal) or RF){Hal} {e.g., 2-Br-pentane) in the reaction mixture is less than 0.1%
according to the analyses of the reaction monitoring, more preferably less than 0.01%, the
reaction mixiure in pot reactor 1 is filtered with filter 19 {optional, decantad from saolids via 19).
The fillrate is direcled into distillation setup 8 to further isolate the reaction product — mono-
substituted cyclopentadiene 8 by stripping of volatile products through line 21 and disposing
waste 7 including pot residue and nonvolatile after the distillation through line 28. The distilled
solvent may be recycled to solvent 2 through line 26. The reaction product, mono-substituted
cyclopentadieneg 8, namely, the Mono-substituled cyclopentadiens (1}, may be purified to any
desirable level, e.q., up to 99.09% (ultra-high-purity (UHP)). The product of lower purity or even
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the crude reaction mixture without any purification, which contains Cpe, may be utilized to convert
the mono-substituted cyclopentadiens (1) o the corresponding metal Cp complexes (11} through
a metalation chemical process.
[Do8e] Before the metalation process, the mono-substituted cyclopentadiens 8 is dried with
molecular sieves and degassed via line 22. The dried and degassed product 8 is directed info
pot reactor . Solvent 2 delivered to pot reactor 8 is also dried with molecular sisves through line
18. All of contact components in the pot reactor 8 needs to be air- and moisture-free. Pot reactor
9 may be performed under an inert atmosphere, such as Ny, a noble gas (i.e., He, Ne, Ar, Kr,
Xe}, a combination thereof or any other dry/inert environment. Pot reactor 8 may be a typical
vessel with means of agitation, temperature and pressure confrols and reaction monitoring. Pot
reactor 8 has a cooling capability and is maintained at a temperature ranging from approximately
-15°C to approximately 70°C, preferably from approximately -5°C to room temperature or 30°C
and the corresponding pressure approximately 1 atm. For example, for Melli, the temperature
range is from -5°C to 0°C; for MH {e.g.,, M = Li, Ng, K, Gag, In, Sr, Ba, Y or Yb), the temperature
is from 20°C to 30°C. Pot reactor 8 is connected {o a nifrogen line and has capability of venting
hydrogen, methane, butane formed in the metalation reaction. Pot reactor 8 has cutlet 23 for
addition of atkyl lithium solution or solid alkall metal hydrides, e.g., solid addition funnel. After
completion of the metalation, the solid product, the metal complexes 12, is obtained through line
24 and the reaction mixture in pot reactor 8 warmed to room temperature and all volatiles are
stripped under a reduced pressure via line 28 {0 recsiver 11 where waste is disposed. The
reduced pressure rangses from 0.05 fo 780 Torr, preferably, from 8.1 to 50 Torr, as it helps {o
reduce distillation temperature and speed up the distiliation process. Optionally, at the last stages
of solvent stripping, the obtained metal Cp complex {1} 12 may be melted with stirring under
vacuum for full uptake of residual volatile organic species such as Cpy and THF. For example,
THF is fully remnoved from the sodium complex Na(CsHy-R) (further described from the examples
that follow, such as Na{Cp-2-Pent) only by heating up to 200°C and reduced pressure 0.05 -
1Torr. The metal Cp complex (i) 12 may be purified o any desirable level, e.g. up to 89.99%
(ultra-high-purity (UHP)) by keeping under vacuum, recrystallization or any other suitable means.
The product of lower purity, e.g., 80% - 98% may be utilized in further metathesis reactions {o
obtain other metal complexes, e.g., hafnium complex HICL{Cp-2-FPent), or indium complex in{Cp-
2-Pent).
{00871 Yet, aiternatively, the synthesis and separation of the disclosed mono-substituted
cyclopentadiens (I} may be performed in a flow reactor comprising of the steps of:

a. packing a flow reactor with alkali metal hydroxide (preferably KOH or NaGH) and

alkaline earth metal oxide {preferably Cal);

b. preparing a solution of a catalyst in a suitable solvent;
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C. mixing R{Hal), cyclopentadiens monomer and solution of the catalyst in the flow
reacior;
d. recirculating the reaction mixture containing R{Hal}, cyciopeniadiens monomer

and the catalyst in a suitable solvent through the flow reacior, while monitoring
degree of consumption of R{Hal) by any suitable methods (Raman, FTIR
spectroscopy, gaseous chromatography, liquid chromatography, proton NMR
spectroscopy);

e when the required degree of conversion is confirmed by analytical methods,

delivering the reaction mixture in a crude distillation setup;

f isolating the product by distiliation that allows:
i} isolating the unreacted starting material{s),
i isolating the solvent;
i} isolating the reaction produci, the mono-substifuted cyclopentadiens (1),
and
iv) recovering the solvent {optional),
g. drying the obtained mono-substifuted cyclopentadiene (I} with molecular sieves;
and
h. directing the mono-substituted cyclopentadiene (1} {o the next step for synthesis

of the metal Cp complexes (I} or collecting the mono-substituted cyclopentadiene

(1) in a suitable confainers.
{00881 Further steps of synthesis and separation of the disclosed metal Cp complexes (i)
from the mono-substituted cyclopentadiene (1) in a flow process are similar to those of the batch
process j) — qb.
f0089] FIG 2 is a diagram of a flow process for catalytic preparation of the mono-substituted
cyclopentadiene (1) and the corresponding metal Cp complexes (1), Although the flow process
for synthesis of the mono-substituted cyclopentadiene (i) is preferable o perform under the inert
atmosphere such as Ny, a noble gas (i.e., He, Ne, Ar, Kr, X&), it may tolerate some amount of air
and water and the starting compounds and solvenis are not necessary 1o be purified from waler
and degased from oxygen, while addition of the starting compounds and solvent may be
performed on air. More specifically, flow reactor 1 is packed with alkali metal hydroxide
{preferably KOH or NaOH) and alkaline earth metal oxide (preferably Ca0). Solvent 2, praferably
THF, delivered via line 13 to flow reactor 1. CpH 3 and solution of catalyst 4 are transferred via
lines 14 and 15, respectively, into flow reactor 1. R{Hal) or R{F}(Hai) {e.g. 2-Br-pentane) reactant
§ is added to flow reactor 1 via line 17. Lines 13, 14, 15 and 17 are merged into mixing line 18
that connect to pot reactor 1. The starling compounds may be added to flow reactor 1 by pump

{not shown) or by pressure difference. Flow reactor 1 may be a tubular reactor with or without
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inert media such as glass beds or equipped with the pellets of neat alkali metal hydroxide and
alkaline sarth metal oxide. Flow reactor 1 may be maintained at a temperature ranging from
approximately -25°C to approximately 70°C, preferably from spproximately 15°C to room
temperature or 30°C and the corresponding pressure approximately 1 atm. The temperature
selection may depend upon the starting compounds used for synthesis of the mono-substituted
cyclopentadiens {I) as well as the target reaction products, that is, the metal Cp complex ().
Fiow reactor 1 may be maintained at a pressure ranging from approximately 0.1 atm t©
approximately 2 atm, preferably approximately at 1 atm. The flow of starting compounds and the
reaction mixture in mixing line 18 is selected {0 provide approximately 5 minutes to approximately
100 minutes of residence time in flow reactor 1, preferably between approximately 5 minutes {o
approximately 20 minutes residence time. A small part of flow of the reaction mixture after flow
reactor 1 is directed to Raman probe or GC chromatograph 13 through ling 28 and direcled back
in to flow reactor 1 through line 28, The reaction mixture is recirculating through flow reactor 14
untit R(Hal) or R{Fy{Hal) (e.g. 2-Br-pentane} is not fully consumed according to the analysis
methods. When a relative amount of R{(Hal) or R{F)(Hal) {e.q. 2-Br-pentane) in the reaction
mixture is less than 0.1% according to the analysis, preferably less than 0.01%, the reaction
mixture is collected in optional receiver 1a through line 27 or directly in the distillation setup &
through line 19, Receiver 1a may be any sort of trap, including, but is not limited to, dry
ice/isopropanc!, dry ice/acetone, refrigerated ethanol, and/or liquid nitrogen traps.

{00807 The reaction mixtures in receiver 1a may be collected in one or more containers and
fransported o a new location prior to performance of the next process steps. Alternatively, the
reaction product in receiver 1a may be filtered through filter 18 from unreacted solid alkali metal
hydroxide, alkaline earth metal oxide, as well as solid reaction byproducts such as potassium
bromide {e.g. if KOH and 2-Br-Pentane utilized), and then directed fo distillation setup 8 to further
isolate the reaction product from any reactants, reaction by-products and solvent. Waste 7
including the nonvolatile residues after the distiliation is disposed through line 20, while separated
sclvent may be recycled through line 28, Further steps are similar {o these in the batch process
described above.

{0081} Synthesis of pure mono-substituted cyclopentadienes (I} may be achieved by
hydrolysis of the corresponding metal Cp complexes (I} in the hydrocarbon solvent such as
{(pentane, hexane, toluene, ether, THF, etc). The disclosed method, such as hydrolysis of
potassium Cp compound K{Cp-2-Pent), produces the pure {Le., > $99%) mono-substituted
cyclopentadienes {e.q., CsHs-2-Pent) in a high vield applying a relatively simple and fast
procedurs. Potassium salts are very stable compounds and may be shipped to any iocation or
stored for a long time under the nitrogen atmosphere before using it for synthesis, hence this is

very convenient starting compound for a simple preparation of pure ligand, especially when the
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pure mono-substifuted cyclopentadiene (i} has boiling point close o that of Cp. dimer or similar
to that of used solvent and could be separated in a pure form by distiliation.

{0082} The disclosed mono-substituled cyclopentadienes (1) and corresponding metal Cp
compiexes (I} are intendad {0 be applied to syntheses of metal containing precursors in film
forming compaositions for film depositions. The aiky! chain of mono-substituted Cp figand affects
the properties of the whole metal containing precursors for the film forming compositions.
Specifically, the alkyl chain of mono-substituted Cp ligand will reduce the energy of intermolecular
contacts of M{Cp-R) molecules leading to decrease of melting point and increase of volatility of
M(Cp-R) precursors (here M is any main Group or transition metal}. In the other hand, the fluorine
atoms in alkyl chain of CsHs-R{F) are capabie of coordinating to the metal center of M{(Cp-R{F))
compiexes, coordinately saturate the metal center, thus precluding formation of intermolecular
contacts and leading to decrease of melting point and increase of volalility and stability of M(Cp-
R{F)) precursors,

[0083] in particular, interssts are the mono-substifuied cyclopeniadienes (1) and
corresponding metal Cp complexes (1) that have the non-branched and branched alkyl chain R
or R(F) containing from three to seven carbon atoms, since this chain length in the ligand may
allow to tune the properties of the whole precursors namely improve stability, reduce the melting
point and tune the volatility of compound.

{0084} The disclosed methods for synthesizing the mono-substituted cyclopentadienss (i)
and corresponding metal Cp complexes (I may be summarized a3 a flow chart shown in FIG. 3.
At Step 102, the starting materials or compounds are mixed in a solvent {e.g., THF) to form a first
mixture. The starting materials may include Cp, R(Hab or R{F}{Hal}, MCH {e.g., KOH or NaCH},
alkaline earth oxide (e.g, Ca0), and a catalyst (e.g., BuFChH. The mono-substituted
cyclopentadiene (1) is formed from the first mixture at a temperature ranging from approximately
-15°C to approximately 70°C under 1 atm at Step 184, In the meantime, Cpz is also formed along
with the formation of the mono-substituted cyciopentadiene (). In this step, the mono-substituted
cyclopentadiene (1) may be or may not be purified to remove unwanted volatile byproducts but
the Cp2 may remain in the mixture with the compound (1) due to a similar volatility to that of the
maono-substituted cyclopentadiene (1} and will be removed afier forming the corresponding metal
Cp complex (i), Then the mixiure containing mono-substifuted cyciopentadiens (1}, Cp; dimer,
residual solvents from previous step is mixed with a metal compound, such as an alkyilithium
compound (e.g., Mell) or an alkali metal hydride (e.q., NaH, KH) in a furane solvent such as THF
to form a second mixture at step 108. In the presence of the Cp,, in the furan solvent, the
corresponding metal Cp complex (1) is formed through a metalation reaction at step 108. in this
step, the second mixture may be handled by separation of solids, CpH, part of solvent, multi-

substituled cyclopentadienes, stc. At step 118, volatile byproducts including Cp: are removed
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under the reduced pressure or vacuum and a pure product of the metal Cp complex (Il} is
obtained at a temperature ranging from approximately -158°C to approximately 200°C. Thus,
following the above steps, a pure metal Cp complexes (1) will be obtained even if the synthesized
mono-substituted cyclopentadiene (1) was not purified and in a mixdure with Cpz and solvent.
[0085] The advantages of the disclosed synthesis methods are as follows.

a) All starting compounds are stable in air and can be operated at ambient conditions
thus reducing costs associated with the degassing, drying of solvents and
associated with operafions with air sensitive and foxic compounds such as
ammonia, CaHz, Cal,, CpNa or Cp(MgClh. Labor intensive and dangerous
preparation of CpNa or Cp(MgCl) are excluded.

b} Al starting compounds, except of CpH monomer are widely available
commercially and inexpensive. CpH monomer can be easily obtained from a
widely available Cp, dimer.

c) Synthesis of the mono-substituted cyclopentadiene (I} proceeds at conditions
close to ambient and tolerates air ingress.

s)] The reaction mixture after the synthesis of the mono-substituted cyclopentadiens
{1y does not require a deep purification before the next metalation step. Any special
and expensive purification methods such as chromatography are not required.

e} The mixture containing the mono-substituted cyclopentadiens (1) can be metalized
o produce the metal Cp complexes (i) with the commonly available atkall metal
hydrides or alkyl lithium compounds at conditions close to ambient. Dangerous
operations with molten alkali metals are excluded.

f) Purification of the reaction mixture containing metal Cp complexes (1) is
straightforward and consists of volatilities stripping. Any special and expensive
purification methods such as chromatography or fractional crystallizations are not
required.

{0086} To our knowledge, the disclosed mono-substituted cyclopentadiene CaHs-R or CgHs-
R(F) (i) and/or the corresponding metal Cp complex M(Cp-R) or M{Cp-R(F)) (Il have never been
synthesized using the disclosed selective catalylic carbon-carbon coupling synthesis methods
and have never been disclosed as key components for producing film forming precursors or film

forming compositions.

Examples
{0087} The following non-limiting examples are provided to further illusirate embodiments of
the invention. However, the examples are not intended {0 be all-inclusive and are not intended {o

limit the scope of the inventions described herein.
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Experimental Procedure

{0088} Starting materials, solvents, reaction mixtures, and products were anaiyzed by any
suitable means, such as by gas chromatography (GC) equipped with Thermal Conductivity
Detector (TCD), NMR, Raman spectroscopy using part of the stream or aliguots. All
measurements were performed Tor samples in the closed flask or quartz cell without any contact
with the atmosphere.

{0088 Cp:z {CiwHin) cracking was performed under 1 atm of nitrogen applying a commonly
used apparatus consisting of parent flask equipped with stirring bar, 20-30 cm Vigreux column,
adapter and receiving flask. The apparatus connected (o the bubbler under one atm of nitrogen.
For cracking, the pot with cyclopentadiene dimer healed above 140°C {range 140 - 180°C) and
the cracked CpH monomer collected in receiver cooled with dry ice. The collected monomer was
analyzed by GC each time right after cracking. Relative amount of dimer varied from 17% to 46%
in cracked product from cracking to cracking according to GC. The cracked product stored in dry
ice at all time before the next step. For synthesis of mono-substifuted cyclopentadienes, the
amount of the cracked fraction was recalculated according to GC data to have the targeted
amount of CzsHs monomer.

{01001 The following comparative examples 1 and 2 illustrate that the existing synthesis

methods are not applicable for synthesis of mono-substituted cyclopentadienes.

Comparative Example 1. Synthesis of CsHs-2-Pent

[0101] According to the reaction disclosed in W0O8742151, KOH in water (371.8 g, 3250.0
mmol, 80% wiw) was added in a 500 mL flask. Then [MesN(CisHaa)ICH (10 g, 31.25 mmol), CpH
monomer (GsHe 8.85 ¢, 133.9 mmol), 2-Br-Pentane (CsHyiBr, 2575 g, 170.5 mmol) were
introduced into the flask in turn under stirring. The reaction mixiure became a two-phase system
containing quid aqueous phase and viscous organic phase. The mixture was stirred 3 hours at
room temperature and then a sample of organic phase is taken for analysis in THF in GC
chromatograph. GC results: THF 72.57%, 2-Br-pentane 14.79%, CsHs-2-Pent 3.07%, Cp. dimer
5.31%, di-substituted ligand CsHs-(2-Pent); 3.66%, trisubstituted ligand CsHs-(2-Peni)s 0.16%.

Here are the structural formula of di-substituted ligand CsHs-(2-Pent)z (mixture of isomers)

p! /

NN a
O

frisubstituted ligand CsHs-(2-Pent}: (mixture of isomers, one is shown)
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and Cp: dimer.

[0102] A comparison of relative amounts of starting compounds in W0O8742151 and in this

application are shown in Tabie 1.

Table 1. Relgtive amounts of starting compounds.

Method Na(QH Cone. in H,0O Aliguat-336 CpH | 2-Br-pentane
WOR742151 274 g 50% 318 ¢ 1 25g
i o 243 g 0.23¢g
This application ] 80% 1 139
(ROH) [MesN{CisHaa)JC

[0103] [MesN{CisHa2)JCH is taken for this application instead of Aliquiat-336. The difference
between ftwo ferflary ammonium salts Aliquiat-338  (fricapryimethylammonium  chioride,
[MesNRICH R=CsHyz to CioHa, CASB: 83393-96-4) and [MeaN(TieHaa)]CHCAS: 112-02-7) is only
5-7 carbon atoms in long alkyl chain and hence it is assumed that the catalytic properties of two
surfactants are close o each other.

[0104] Although the mono-substituted cyclopentadiene CsHs-2-Pent and multi-substituted
cyclopentadienes CsHae-(2-Pent), (n = 2,3) are formed in reaction, the mono-substituted

cyclopentadiene is difficuli to be separated from the reaction mixiure.

Comparative Example 2. Synthesis of CsHs-2-Pent

{0105] According to the reaction disclosed by Mironov et.al. (lzvestiya Vysshikh Uchsbnykh
Zavedenii, Khimiva | Khimicheskaya Tekhnologiya (1983}, 26(8), 758-781), KOH in water (2a) or
solid (2b) (amounts in Table 2, reaction 2a and 2b added in 500 mL flask. THF, CpH monomer,
2-Br-Pentane were infroduced into the flask in tum under stirring. The reaction mixture slirred 3
houwrs at room femperature and then an aliquot of organic phase was taken for analysis, and
injected in GC chromatograph.

[0106] Reaction 2a, GC results: CpH (0.6%) THF (77 .2%), 2-Br-pentane (17.4%), Cp; dimer
{4.8%). Any coupling product including CsHs-2-Pent was not detected in GC.

{0107 Reaction 2b, GUC results: CpH (2.3%) THF (77.5%), 2-Br-pentane (18.5%), Cp; dimer
{3.2%). Any coupling product including CsHs-2-Pentwas not detected in GC.

{0108] The product mono-substituted cyclopentadiens CsHs-2-Pent was not detected in GC

with solid KOH or KOH solution in water. Hence sither water reactive solids such as CaC; or
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Cak: or liguid ammonia solvent is needed fo facilitate the reaction according fo the recipe from

Mironov et.al.

Table 2. Relative amounts of starting compounds.

Reaction 2a
KOH 60% wiw inn water CpH (CsHey | 2-Br-Pentane
g 18.8 1.71 537
Mmol 2085 283 356
Reaction 2b
KOH solid CpH (CeHe) | 2-Br-Pentane
g 17.7 2.04 5.38
Mmol 316.0 313 358

Example 1. Synthesis of CsHs-2-Pent

{01091 The differences between Example 1 and Comparative Example 2 are: a) addition of
a catalyst (o promote the reaction at ambient conditions); b) excess of cyclopentadiene monomer
{utilized to achisve a higher selectivity).

§0110] KOH (24 g, 208.5 mmol) and Cal (5.6 g, 100 mmol) were first infroduced in a flask
and then THF (40 mL), CpH (8.33 g, 53.5 mmol, 55% w./w. in the crackead fraction), 2-Br-pentane
(5.36 g, 35.5 mmel) and BuPCH (1g, 3.4 mmol) were added into the flask in turn under stirming.
The reaction mixture stirred 2 h at room temperature and then analyzed by GC.

fo141} GC results: CpH {(1.0%) THF (71.9%), CsHs-2-Pent (14.0%), Cp. dimer (12.6%), CsHs-
(2-Pent) isomers {0.2% & 0.3%).

(01121 Mass spectrum of CsHs-2-Pent. m/z = 138 [M}* (CioHis) (25%), 121 [M-Me]* (8%, 107
IM-EL] (10%), 94 [M-CaMe]® (60%), 83 [M-CaHy ] (100%), 1 [M-CakHr—2H]" (80%), 78 [M-CaHa]*
(40%), 77 IM-CiHu]r (45%), 65 [M-CsHiilY {(15%). Observed patterns for cations in mass

spectrum are similar to calculaied ones.

Example 2. Scale-up synthesis of CsHs-2-Pent
{0113] The reaction setup included a 5 L flask equipped with an overhead stirrer,
thermocouple and dropping funnel. The flask had a possibility of cooling either through a jacketed

flask connected to a chiller or a flask immersed in a secondary container, where the cooling agent
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may be added. The flask was connected {0 a nitrogen line, purged with nitrogen and kepi under
1 atm of Na. KOH {700 g, 10.6 mol} was added in the flask, then CaC (300 g, 5.3 mol}, THF (1400
g) and TBPC (30 g) {TBPC refers to tetrabutylphosphonium chioride) were added into the flask
in turn using a funnel. Then the content of flask was cooled to nearly 0 - 5°C under stirring. Then
the cold product of Cp; cracking containing CpH monomer (500g, 8.15 mol CpH, 80% of
monomer {GC) in a cracked product, and the cracked product kept in dry ice at all time after
cracking} is poured in the flask under stirring.

[0114] 2-Br-pentane (801 g, 3.988 mol, the molar ratic 2-Br-pentane: CpH = 1 1.54) was
separately weighted and placed in the dropping funnel {(operation may be done in ain). 2-Br-
pentans was added to the reaction mixture in the flask with the speed 10-20 mlL/min, while cooling
the reaction mixiure and maintaining the temperature of reaction mixiure within 20 - 30°C. After
all 2-Br-pentane was added, cooling was necessary for some time (approximately 1 h) to have
the temperature of reaction mbdure within 20 - 30°C. After that, while the femperature started fo
decrease at the given degree of cooling, the cooling was stopped and the reaction midure was
allowed 1o proceed with stirring for approximately 1.5 h at room temperature. Then an aliquot of
reaction mixture was taken and analyzed by GC. If 2-Br-peniane was absent on GC {or < 0.1%
by GG}, filtration of reaction mixture could be performed. If 2-Br-pentane was present on GC (&
0.1%), the reaction mixiure was continuously stirred for 1 - 1.5 h more at room temperature and
reanalyzed by GC. When 2-Br-pentane was absent, the reaction mixture was filtered through the
medium glass frit {or alternatively decanted from solids). The remaining solid in the flask and solid
on the filter was washed with several portions of THF. All THF filirates were combined and the
flask with the filtered reaction mixture equipped with the stirring bar was connected to the short
path distillation setup. The stirring was started in the flask with THF filtrate, dry ice / IPA placed
in condenser and a recelving flask was cooled with dry ice (dry ice / 1PA). The liquid nitrogen trap
may be optionally installed after the receiving flask and before the vacuum line to prevent the
contamination of vacuum pump with organic compounds. The short path distillation procesded
under the reduced pressure, while the flask with the filtered reaction midure (hereinafier “parent
flask”y was under stirring, and the parent flask was moderately heated {o facilitate the distiliation
{the temperature of liquid in the parent flask is below 0°C at all times). When almost all THF was
stripped, temperature in the parent flask starts quickly rise (e.g. from -15°C to approximately 0 -
5°C at 1-3 Torr Vacuum in the ling), and vacuurm improves. At this point heating of the parent
flask was stopped, and the assembly was filled with 1 atm of nitrogen (or helium or argon), then
the receiving flask with THF and CpH monomer was disconnected. The empty parent flask was
reconnected o the receiving flask and cooled with dry ice. Then siripping of volatiles from the
parent flask proceads under vacuum until the lemperature of liquid in the parent flask reached

room temperature and vacuum was at the millitorr range {e.g. 20°C at 80-150 mTorr in Vacuum
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line). At this point distillation almost stopped and the system was filled with 1 atm of nitrogen.
Then an aliquot of stripped fraction was taken from the receiving flask for GC analysis. Then the
recelving flask was disconnecied under the nitrogen stream and the freshly regenerated
molecular sieves were added to the liquid in the receiving flask (this operation may be performed
in the nitrogen purged giove bag or inside the glove box). After addition of molecular sieves the
receiving flask with solution of CsHs-2-Pent was kept in the freezer below -20°C until the further
step. in one experiment, 544.6 g of crude product from the given amounts of starling compounds
was obtained. GC results of the product; CpH 1.0%, THF 3.4%, CsHs-2-Pent 78.2%, Cp2 16.89%,
CsHs-{2-Pent), 0.4%. CpH may be from pyrolysis of Cp: dimer in GC inlet T = 180°C. Yield of
CsHs-2-FPent from 2-Br-Pentane was 77%.

Example 3. Synthesis of CsHs-2-CaHe

i

7

U\\\J
[0115] Similar to Example 2, 2-Br-Butane was fully consumed in 4 hours (GC). KOH (140 g,
2.1 moly, Cal (80 g, 1.1 mol}, THF (300 mL), TBPC (8 g, 0.02 mol) were taken in turn into a flask.
The product of Cp: cracking contained CpH monomer (122 g, 1.48 mol CpH, 80% of monomer
(GC) in cracked product), 2-Br-butane (120.8 g, 0.88 mol, the molar ratio 2-Br-butane: CpH = 1
1.87). 182.1 g of crude product after stripping containing 46.8% of CsHs-2-CaHe was obtained.
Yield of CsHs-2-CyHg was 78% from 2-Br-butane.
{0116} GC results of the crude product, CpH 0.5%, THF 38.9%, CsHs-2-CaHe 46.8%, Cpa
12.0%, CaMa-(2-CaMelz 0.8%, {H(2-CeHoll 0.2%. CpH may be from pyrolysis of Cpz dimer in the
GC inlet T = 180°C. Mass spectrum of CsHs-2-CsHe. miz = 122 [MT (ColHag) {40%), 107 [M - Me]*
{12%), 105 [M — Me — 2H]" (8%, 93 [M — Et}* (100%), 91 [M — CaHe — HI* (70%), 79 [M — CaHul*
{20%), 77 M — CaMe]™ (60%), 85 M — CaHal" (156%).

Example 4. Synthesis of CsHs-1-F-Bu

&f\/\g

01171 This new molecule CsHs-1-F-Bu or CsHs~-1-F-Calio was prepared similar to Example
2. 1-F-4-Br-Butane was fully consumed in 3 hours (GC). KOH (8,57 g, 117.1 mmol}, Cal (2.88
g, 51.0 mol), THF (35 @), TBPC {0.29 g, 1.0 mmol) were taken, the product of Cp. cracking
contained CpH monomer (4.38 g, 53.0 mmol CpH, 80% of monomer (GC) in cracked product),
1-F-4-Br-butane {(4.54 g, 25.3 mmol, the molar ratio 2-Br-butane : CpH = 1. 181). 882 gof a
crude product afier stripping, containing 2.55 g of CgHs-1-F-Buwas obtained. Yield of CsHz-1-F-
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Buis 82% from 1-F-4-Br-Butane.

{01181 GC results of the crude preduct: CpH 1.0%, THF 85.4%, CsHs-1-F-Bu 2587%, Cpa
7.4%, CsHs-{1-F-CaMig)2 0.2%, CpH may be from pyrolysis of Cp: dimer in the inlet T = 180°C.
[0119] Mass spectrum of CsHs-1-F-Bu. m/z = 140 [MT* (CoHiF) (30%), 93 [M — CHCHFT
{20%), 91 M — CoHsFT* (20%), 80 [M — CsHsFT* (40%), 79 [M — CaHeFT* (100%), 77 [M — CaHsF}
{50%), 86 [CsHsl® (15%), 85 [CsHsl (5%).

Example 5. Synthesis of CsHs-1,1,1-3F-Cys

(<

{01201 CsHs-1,1,1-3F-CuHs or CaHs-1,1,1-3F-CaHe was preparsd similar to Example 2. 1-Br-
4.4 4-F-Butane was fully consumed in 3 hours (GC). KOH (19.87 g, (85%), 0.30 mol), Cal (7.77
g, 0.14 mol), THF (111 ¢), TBRPC (1.70 g, 5.77 mmol) were taken. A product of Cpe cracking
containing CpH monomer {(18.25 g, 0.23 mol CpH, (80% of monomer {(GC) in cracked product)),
1-8r-4,4 4-F-Butane (24.05 g, 0.13 mol, the molar ratic 2-Br-butane: CpH =1 1.85). 17.89 g of
crude product containing 7.92 g of CsHs-1,1,1-3F-CuMe after fractional distillation via the short
path was obtained. Yield of CsHs-1,1,1-3F-C4Hs is 35% from 1-Br-4,4 4-F-Butane in the fraction.
{01211 GC resuits of the crude product CpH 1.2%, THF 34.2%, CsHs-1,1,1-3F-CiHs 44.4%,
Cpz 18.2%, CsHs-(1,1,1-3F-CaHejz 1.5%, CsHs-(1,1,1-3F-CaHsls 0.23% CpH may be from
pyrolysis of Cpa dimer in the GC inlet T = 180°C.

[0122] Mass spectrum of CsHs-1,1,1-3F-CaHs. m/z = 176 [M]* (CoMy1Fs) (30%), 137 [M -~ HF 2]
{196), 109 (1%} [CsHaF3]*, 105 (1%) [CsHe], 93 [M — CHCFST (12%), 81 [M ~ CH.CF;s ~HiJ*
{15%;3, 79 [M — CsHaFa]" (100%]), 77 [CsHs]* (50%), 68 [CFa]*, (8%), 65 [CsHs]* (50%).

Example 8. Synthesis of Li{Cp-2-Pent)
/

f""‘/
/

!
Li

[0123] This new malecule L{Cp-2-Pent) or Li{Cp-2-CsH11) was prepared with 3 crude product
of C-C coupling reaction (16806.8 g of 70.8% wiw solution, 0.86 mol CsHs-2-Pent) and 247.6 g of
THF were placed under nitrogen in 2L flask equipped with the thermocoupie, stiring bar and
connected to the nitrogen line under 1 atm of nitrogen. The flask with solution was codled and
mainiained inthe range - 10 to 0°C. Separately other 1 L Schienk flask was filled with Meli solution

in ether (540 mbL of 1.8 M solution, 0.86 mol} under nitrogen, and then Melli solution was added
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via cannula to the flask with stirred solution of CsHs-2-Pent in THF, while mainiaining temperature
in the range -5 to 5°C. After all Meli was addsed, the content of flask was allowed to warm to room
temperature under stirring. When no more gas liberation was observed at room temperature, the
trap was installed between the flask and the vacuum line. The frap was vacuumed and immersed
in liquid nitrogen and all solvents were removed in the liquid nitrogen trap. At the certain moment,
when almost all solvents were removed, the content turned info a fluffy solid, which started
melting to a viscous glassy solid at about 100°C with liberation of significant amount of volatile
organic species. All volatiles were removed from the solid by heating under vacuum. In some
experiments heating under vacuum o 150 - 180°C was necessary o remove all volatile organic
species from bulk L{Cp-2-Pent). Then the pot content was cooled under dynamic vacuum {o
nearty room {emperature and the flask was transferred in a glove box, and the content analyzed.
Yield of L{Cp-2-Pent) was 120.0 g, 88% from CsHe-2-Pent. M.P. 98°C (DSC) producing a viscous
paste, phase transition to liquid was at 202°C (DSC). 'H NMR (THF-d8): 5.48 (s, 4H, CsHy), 2.57
{sext, 1H, CHCHMe), 1.58 (m, 1H, CH{CHz)Me), 1.38 (m, 3H, CH{CHa)2Me), 1.20 (d, 3H, CH-
Me), 0.80 (1, 3H, CHx-Me). Furity according to '"H NMR was 99.5%. Assignment and relative
amount of impurities was based on chemical shifts and total intensities of resonances.
Representative amount of impurities for the given procedure: CsHs-2-Pent .25%, other impurities
in total 8.25%. Li{Cp-2-Pent) may contain Li{Cp-3-CsHyq) if starting 2-Br-Pentane contains 3-Br-
Pentane. Li{Cp-2-Pent) is a brand new compound (CAS No: 2413046-23-6).

Example 7. Synthesis of Li{Cp-2-CaHg)

N
O

Li
{01247 L{Cp-2-CsHo) or LI{CsHa-2-CaHg) was synthesized similar to Example 8. 177.5 g of
crude product of C-C coupling reaction (46.8% w/w sclution, 0.68 mol. Cp-2-CsHg), 425.2 mbL of
1.6 M solution of MelLi in ELO (0.68 Mol) and 300 g of THF were taken. Gelation observed at
lower amount of THF. The reaction product heated up to 85%C under vacuum afier the reaction.
The yield is 88 g, guantitative from CsHs-2-CsHe. H NMR (THF-dB): 5.50 (m, 4H, CsHy), 2.54
(sext, 1H, CHCHMe), 1.83 {m, 1H, CH{CHLMe), 1.47 (m, 1H, CH{CH)uMe), 1.21 (d, 3H, CH-
Me), 0.81 (1, 3H, CHx-Me). Purity according to 'H NMR was 88%, relative amount of coordinated
THF 0.4%, Cp dimer 0.2%. M.P was 193°C (DSC). Note: overheating of reaction mixture during
the Meli addition was leading to appearance Cpli impurity; insufficient amount of THF was
leading to gelation resulting in incomplete reaction, residual Mell in sampile, local overheating

resuliing in appearance of Cpll impurity.
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Example 8. Synthesis of K{Cp-2-Pent)

[0128] This new molecule K{Cp-2-Pent) or K{Cp-2-CsHyi) was prepared with the crude
product of C-C coupling reaction (475 g of 60.3% solution in THF, 2.10 mol of CsHs-2-Pentand
anhydrous THF (508 g) placed under nitrogen in 3 L three necked flask equipped with the stirring
bar and thermocoupie. The flask was connected to the vacuum / nitrogen line and was under 1
atm of nitrogen. Separately, solid KH (84.3 g, 2.1 mol) was added in the solid addition funnel
under nitrogen {(e.g. in glove box). The solid addition funnel was connecled to the flask under the
flow of N2. KH was then added by portions via the solid addition funnel to the stirred THF solution
of cyciopentadiene ligand to maintain steady hydrogen liberation, while temperature of THF
solution was maintained below 30°C by any suitable means of cooling. After all KH was added,
the reaction mixture was stirred until hydrogen liberation was ceased {(approximately 2-3 hours
at room temperature). Then the solid addition funnel was disconnected under Nz flow and all
volatiles are stripped under vacuum. At the end of distillation, the residue in the flask was heated
to 100 - 130°C and kept under vacuum under stirring until liberation of gasecus product ceases
{(vacuum in the line improves and reaches its baseline valug). At that ime, heating was shut off
and the parent flask was cooled to nearly room temperature, transferred in the glove box and the
content analyzed. For the given amount of KH, 347.6 g (1.99 mol) of K{Cp-2-Pent) was isolated,
carresponding to the yield 84.8%. M.P of K{Cp-2-Pent) §5 - 58°%C (DSC). 'H NMR (THF-d8}. 5.38
{(2H, CsHa), 5.32 (2H, CsHa), 2.57 (sext, 1H, CH:CHMe), 1.58 {m, 1H, CH(CHz)2Me), 1.44 (m, 1H,
CH(CHz)Me), 1.31 (m, 2H, CH{CHRMe), 1.10 (d, 3H, CH-Me), 0.98 (1, 3H, CHx-Me). Purity
according to 'H NMR was 99.9%. Assignment and relative amount of impurities was based on
chemical shifts and total intensities of resonances. Representative amount of impurities for the
given procedure: CsHe-2-Pent 0.10%. KiCp-2-Pent) may contain K(Cp-3-Pent) if starting 2-Br-
Pentane containg 3-Br-Pentane. Since K(Cp-2-Fent) is air and moisture sensitive, the synthesis

process was done under the inert atmosphers.

Example 9. Synthesis of K{H(Cp-1-F-Bu)

P s o~ P
O T

|
K

[0126] This new molecule KIH{Cp-1-F-Bu K(H{(Cp-1-F-Bu) prepared similar o that described
in Example 8. 7.5 g of crude preduct of C-C coupling reaction (40.3% w/w solution, 22.1 mmol.
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CsHs-1-F-Bu, 1.2 ¢ (28.2 mmol} of solid KH and 45 g of THF were taken. KH to solution of CsHs-
1-F-Bu was added by cooling, keeping the temperature of reaction mixiure below room
temperaturs. After solvent stripping, the reaction product heated up to 40°C under vacuum. Yield
3.99 g, quantitative from CsHs-1-F-Bu. H NMR (THF-d8): 5.37 (m, 4H, CsHy), 4.54 {1, 1H, CHF),
4.45 (1, TH, CHoF}, 2.51 {m, 2H, CHCHLF), 1.78 (m, 2H, CH2CH2CHy), 1.81 (m, 2H, Cp-CHa),
overlapped with resonance of THF from solvent. Compound contains 3 mol. % of THF. Purity of
K{THF)53{Cp-BuF) from "H NMR was 98.8% wiw, relative amount of Cp dimer 0.4% wiw, CpK
2.9% whw. M.P = 83-81°C with decomposition (DSC).

Exampls 10, Synthesis of K{Cp-1,1,1-3F-Buw)

o o F
NY - .

<§‘;§~/J/’ \< F
i F

K

{01271 Preparation was similar to that described in Example 8. 17.8 g of crude product of C-
C coupling reaction (45% wiw solution, 45 mmol. CsHs-1,1,1-3F-Buy, 2.0 g (50 mmol) of solid KH
and 40 g of THF were taken. KH to solution of CsHs-1,1,1-3F-Bu was added by cooling, keeping
the temperature of reaction mixture below room temperature. After solvent stripping, the reaction
product heated up o 50°C under vacuum. Yield of K{Cp-1,1,1-3F-Bu) was 10.32 g, quantitative
from CsHs-1,1,1-3F-Bu. H NMR (THF-d8): 5.40 {m, 4H, CsHa), 2.57 {4, 2H, CHCF3), 2.24 (m,
2H, CHoCHLCF3), 1.80 (m, 2H, Cp-CH2) overlapped with resonance of THF. Compound contains
4 mol.% of THF. Purity of K{THF)o0{Cp-BuFs) according to 'H NMR was 96.4% wiw, relative
amount of Cp dimer 0.4% wiw, CpK 3.3% wiw. M.F. 105°C, decomposition from 155°C (DSC).

Example 11. Synthesis of Na(Cp-2-Pent)

F /\\7 ------- [
C\
N

{0128} This new molecule Na(Cp-2-Pent} or Na(Cp-2-CsHys) was prepared similar to that of
K(Cp-2-Pent) (Example 8). THF from Na(Cp-2-Pent) could be fully removed by heating at 150 -
200°C with stirring under vacuum. Yield: 95.8% for 180 g scale; M.P. 110°C (DSC); 'H NMR
(THF-d8): 5.51 (d, 4H, C:Ha), 2.64 (sext, 1H, CH:CHMe), 1.58 {m, tH, CH{CHz)2Me), 1.40-1.20
{rn, 3H, CHICH ) Me), 1.17 {d, 3H, CH-Me}, 0.82 {t, 3H, CHx-Me). Purity according to 'H NMR
was 99.6%. Assignment and relative amount of impurities was based on chemical shifts and total
intensities of resonances. Representative amount of impurities for the given procedure Cehs-2-

Pent 0.20%, other impurities in total 0.2%. Na(Cp-2-Pent) may contain Na(Cp-3-CsHy) if starting
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2-Br-Pentane contains 3-Br-Pentane.

Example 12. Synthesis of pure {(»88%) CsHs-2-Pent from hydrolysis of K{Cp-2-Pent)
{01291 K{Cp-2-Pent) (321.1 g, 1.842 mol) and 1 L of pentane were placed under nitrogen in
2 L three necked flask squipped with the stirring bar, thermocouple, and dropping funnel. The
flask was connected fo the vacuum line under 1 atm of nitrogen. K{Cp-2-Pent) was suspended
in pentane (that is, K{Cp-2-Pent) and pentane were forming two liquid layers) by stirring. The
deionized and degassed water (100.8 g, 5.526 mol) was placed in the dropping funnel under
nitrogen. Water was added under nitrogen {o stirred solution of K({Cp-2-Pent} in pentane from the
dropping funnel. During the addition of water, temperature in reaction mbdure was maintained
close to room temperature by any suitable means of cooling {e.g. by external chilier or by adding
ice in the secondary confainer). After all water was added, the resulted mixture was stirred 1 hour
under nitrogen, then added more water in air and then the organic layer was separated using the
separation funnel. The agueous solution was washed with pentane and the pentane fractions
werg combined. The pentans solution was dried with MgSQ. and then MgSQGy was filtered off.
The filtrate was placed in 2 L flask and pentane striped under vacuum affording 2376 g of
product. The product was the mixture of CsHs-2-Pent 85.8% wiw (GC) and pentane 14.4% wiw
(GC). Yield of CsHs-2-Pent 81%. The product was kept below -20°C o prevent dimerization of
CsHs-2-Fent. CsHs-2-Pent dimerizes at room temperature with the speed 4.5% per day.
{0130] CsHs-2-Pent and Pentane were separated by fractional distillation, producing a pure
{(>99%) CsHs-2-Pant. H NMR, {CsDs): 6.51, 6,45, 8.34, 8.22, 8.18, 5.94 {Cp-ring Cspa-H of 2
isomers), 2.78, 2.69 (Cp-ring Cspa-H of 2 isomers}, 2.49 (overlapped muitiplet Cp-CHMe(Pr), of
two isomers), 1.51, 1.37, 1.28, 1.21 (overiapped multiplets, CH(CHz)2Me), 1.13, 1.05 (d, 3H, CH-
Me of two isomers), 0.98, 0.95 (overlapped triplets CHz-Me, of two isomers). The structures of
the two isomers are as follows.

/= 7

\ 3 s
\{f l\\(f /\\/ /\\\{/A\V/
1 i

i
{01311 The disclosed method, hydrolysis of potassium compound, produces the pure mono-
substituted cyclopentadiens ligand {e.g., CsHs-2-Pent) in a high yield applying a relatively simpls
and fast procedure. Potassium saltis a very stable compound and may be shipped to any location
or stored for a fong time under the nitrogen atmosphere before using it for synthesis, hence this

is very convenient starting compound for a simple preparation of pure ligand.
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Example 13. Synthesis of In{Cp-2-Pent)

10132

in

PCT/US2021/045306

The given example is provided to demonstrate that In{Cp-2-Pent) could be prepared

enty from lithium compound LI{Cp-2-Pent) and InCl and only in ether, as shown in Table 3.

10133

M{Cp-2-Pent) (3-20 mmol) (M = Li, Ng, K) was mixed with the stoichiometric amount

of In(Hal) (Hal = Ci, Br, ), solvent added and the mixture stirred for a given time at selected

temperature. Then the mixiure filtered, solvent removed under vacuum at room temperature, then

the residue kept under vacuum in the range from room temperature to 70°C and all volatiles

collected in the separate flask cooled by the liquid nitrogen. The residue after the solvent stripping

and vacuum distillation at room temperature to 70°C weighted and analyzed by FTIR and NMR.

Table 3. Reactions to prepare In{Cp-2-Pent).

Batch _ i )
4 Reaction Solvent Time, Temp. Observations
(H 1 (Cp-2-Pent} + 1inCl ELO idatrt No reaction
(2y | 1K(Cp-2-Pent) + 1inCl ELO Sd atrt No reaction
) Indium metal formed.
(3) | 1Na(Cp-2-Pent) + 1inCl | Mineral ail | 2h,120 -180°C )
Yield of In{Cp-2-Pent) 8%.
{4} TK(Cp-2-Pent} + 1inCl neat 2h, 80 -150°C No reaction
(5} 1(Cp-2-Pent) + 1inCl ELO 6h, 80 - 85°C No reaction
incomplete, non-selective
(&) | 1K(Cp-2-Pent) + 1inBr ELO 3d, rt reaction. Yield of in{Cp-2-Pent)
22%
incomplete non-seleclive
{7} 1K(Cp-2-Pent) + 1inl ELO 3d, rt reaction. Yield of in{Cp-2-Peni)
25%
Complete and selective reaction.
(8) | 1LI{Cp-2-Pent) + 1inCl ERLO 4h, 1.t {solated

Yield of In{Cp-2-Pent} 83%
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{01341 Sedium and potassium compounds do not react with InCl while Inl and InBr afford
the targeted indium complex in a low yield and with unsuitable selectivity, the products contains
2.5-3.0% of InCp and up t0 8% of the ligand CsHs-2-Pent. Only lithium compound Li{Cp-2-Pent)
and InCl {reaction 8) in ether produce In{Cp-2-Fent) in a high vield and with the high selectivity.

Example 14. Scale-up synthesis of In{Cp-2-Pent}

10135] 2 L flask with L{Cp-2-Fent) (128.9 g, 0.91 mol} was charged with InCl (1373 g, 0.91
mol) and ether (529 q) at room temperature, stirring started and continued overnight, next day
visually InCl disappeared and a fine grey suspension was present. This suspension was filtered
through the medium size giass frit (in GB), fillrate collected in the second 2L flask. Ether solvent
is stripped until the temperature of liguid inside the second 2L fiask is about 15°C to room
temperature. The oblained crude reaction product containing 90-85% of In{Cp-2-Pent) is
subjected to fractional distillation under vacuum. The first fraction collected in a receiver cooled
with dry ice / isopropanol at 80 - 73.1°C and 3-4 mTorr vacuurm contained CsHs-2-Pent and InCp
that were discharged. The second fraction coliected in {o separate receiver cooled with dry ice /
isopropanol at 73.1 - 73.7°C and 3 - 4 mTorr vacuum contained in{Cp-2-Fent) with purity more
than 88%.

{0138} Starting from crude In{Cp-2-Penty (185.5 g), containing 1.8% ELO, 2.7% H{Cp-2-
Pent}), 85.5% In{Cp-2-Pent) and 0.2% In{Cp-2-Pent), (n = 2,3) according to GC integration,
collected in the 1% fraction is 24.7 g (13.3% GCsHs-2-Pent and 868.8% In{Cp-2-Penty (GC
integration)), in 2 fraction 158.4 g (0.9% CsHs2-Pent and 88.0% In{Cp-2-Pent)) (GC
integration}}, and remaining in a pot 2.2 g of red liquid, which is a mixiure of In{Cp-2-Pent), (n =
1-3} according to GC. In{Cp-2-Pent) is a brand new compound (CAS No: 2364834-67-1).

{01371 Although the subject matter described herein may be described in the context of
ustrative implementations to process oneg or more computing application features/operations for
a computing application having user-interactive components the subject matier is not limited fo
these particular embodiments. Rather, the techniques described herein may be applied to any
suitable type of userinteractive componeni exscution management methods, systems,
platforms, and/or apparatus.

{0138] it will be understood that many additional changes in the details, materials, steps, and
arrangement of parts, which have been herein described and illustrated in order to explain the
naiure of the invention, may be made by those skilled in the art within the principle and scope of
the invention as expressed in the appended ciaims. Thus, the present invention is not intended
to be limiled to the specific embodiments in the examples given agbove and/or the altached

drawings.
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{01391 While embodiments of this invention have been shown and described, modifications
thereof may be made by one skilled in the arl without departing from the spirit or teaching of this
invention. The embodimenis described herein are exemplary only and not limiting. Many
variations and modifications of the composition and method are possibie and within the scope of
the invention. Accordingly, the scope of protection is not limited o the embodiments described
herein, but is only limited by the claims which foliow, the scope of which shall include all

aquivalents of the subject matter of the claims.
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YWhat is claimed is:

1. A method of synthesizing a mono-substituted cyclopentadiens, the method comprising:
mixing & metal hydroxide, a halide, a cyclopentadiene monomer, an alkaling earth
oxide, and a catalyst in a sclvent; and
allowing a selective catalvtic carbon-carbon coupling reaction to form the mono-
substituted cyclopentadiene.

)

The methed of claim, further comprising:
contacting the mono-substituted cyclopentadiene with a metal compound; and

converting the mono-substituted cyclopentadiene to a metal cyclopentadieny! complex.

3. The method of claim 2, further comprising:
maintaining a temperature within a range of from -15°C fo 70°C under atmospheric

pressure.

4, The method of claim 2, further comprising:

optionally purifying the mono-substituted cyclopentadiens.

5 The method of any one of claims 1 {o 4, wherein approximately 20 - 400% excess

amount of the cyclopentadiene monomer is used relative to the amount of the halide.

8. The methed of any one of claims 1 to 4, wherein approximately 40 - 80% excess

amount of the cyclopentadiens monomer is used relative to the amount of the halide.

7. The method of any one of claims 1 to 4, wherein the metal hydroxide is MOH, wherein

M is Group | alkali metal.

8 The method of any one of claims 1 {0 4, wherein the halide is an silyl-, amino-, alkyl- or
hydrocarbony! halide or fluoroalkyi halide has the formula R{Hal) or R{(F){(Hal), wherein Hal is
selected from Cl, Br, §; R is sslected from

a a C4-Cq lingar or branched, saturated or unsaturated hydrocarbyl group,

b. a C+-Cp linear or branched, saturated or unsaturated fluorohydrocarbyl group
containing at least one flucrine;

c. a sityl group [SIR';] with R' being selected from H, a C4-Cy saturated or

unsaturated hydrocarbyl group;
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d. a sityl group [SIR':] with each R’ being selected from H, F, a C4+-Cq saturated or
unsaturated fuorchydrocarbyl group containing at ieast one fluorine atom; and
. an amino group [-NR'R? with each R' and R? being independently selecied

from H or a C4-Cs linear or branched, saturated or unsaturated hydrocarbyi group.

9. The method of any one of claims 1 o 4, wherein the alkaline sarth oxide is MO, wherein

M is Group 1l alkaline sarth metal.

10. The methed of any one of claims 1 to 4, wherein the catalyst is a tertiary phosphonium

sait.

1. The method of any one of claims 1 to 4, wherein the catalyst is {etrabutyiphosphonium
chioride, BuPCHCAS No: 2304-30-5).

12. The method of claim 2, wherein the metal compound is a Group |, Group H and Group 1

main group metal compound or a transition metal compound.

13. The method of claim 2, wherein the metal compound is an alkyl metal compound alkyl-

M, where M is Group |, Group H and Group Hi main group metal or g transition metal.

14. The method of claim 13, wherein the alkyl metal compound is selected from Melior
Buli.

15, The method of claim 2, wherein the metal compound is a metal hydride MH, wherein M

is a Group |, Group B or Group HH main group metal or a transition metal.

18. The method of claim 15, wherein the metal hydride MH, wherein M is selected from K,
Na, 8r, Ba, Ga, In, Y or Yb.

17. The method of any one of claims 1 {0 4, wherein the scivent is a furan solvent such as
THF, Me-THF.

18. The method of any one of claims 1 to 4, wherein the mono-substituted cyclopentadiene
is 1-flucrobutyl-cyclopentadiene {CsHs-1-F-CaHio, CsHa-1-F-Buy),

2-pentyi-cyclopentadiene {(CsHs-2-CaHyy, CsMs-2-Pent),

2-butyl-cyclopentadiene {CsHs-2-CaHs CsHs-2-Bu, or
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1,1, 1-triflucropropyi-cyclopentadiene {CsHs-1,1, 1-3F-CaHs, CsHas-3F-Bu).

19. The method of any one of claims 1 o 4, wherein the mono-substituted cyclopentadiene
is 1-fluorobutyl-cyclopentadiene (CsHs-1-F-CaHyg, CsHs-1-F-Bu).

20. The method of claim 2, wherein the metal cyclopentadienyt precursor is
Li{CsH4-2-CsHqp) (LICp-2-Pent), CAS No: 2413048-23-8), K(CsHa-2-CsH41) (K(Cp-2-Pent)),
Na(CsHs-2-CsHiq) (Na(Cp-2-Pent)), K{CsHe-1-F-Cabiey (K(Cp-1-F-Buy), K{(CaMa-1,1,1-3F-CaHs)
(K(Cp-1,1,1-3F-Bu), Li{CsHe-2-CaHg) (LI{Cp-2-Bul, or In{CsH4-2-CsHy) (In{Cp-2-Pent), CAS
No.: 2364834-67-1).

21. The method of claim 2, wherein the metal cyclopentadienyl precursor is Li{CsHe-2-
CsHyq) (LH{Cp-2-Pent), CAS No: 2413048-23-6},

22. The method of claim 2, wherein the metal cyclopentadieny! precursor is K{CsHe-2-CsHiq)
(K{Cp-2-Fent)).

23 The method of claim 2, wherein the metal cyclopentadienyl precursor is K{(CsHs-1-F-
CaHig) (K{Cp-1-F-Bu)).

24, The method of claim 2, wherein the metal cyclopentadienyl precursor is Na{CaH-2-
CaHiq) (Na(Cp-2-Peni).

25. The method of claim 2, wherein the metal cyclopentadienyt precursor is In(CsHs-2-
CsHig) (In{Cp-2-Pent), CAS No.: 2364834-87-1).

28, A metal cyclopentadienyl complex having the foliowing formula:

P ~R{Fim
Qr
l

MICsHiRE)m) { M }
wherein m 2 0; M is a main group, alkali or transition metal, CsHa represents a cyclopentadienyl
{Cp) ring where two hydrogens are substituled by M and R{F)q, respectively; R{F}q is
connected to any one of the carbon atoms of the Cp and selected from
i) a C-Cg linsar or branched, saturated or unsaturated hydrocarby! group;
i) a C+-Cs linear or hranched, saturated or unsaturated fluorohydrocarby! group

containing at least one fluorine;
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i) a silyl group [SiR'a] with each R’ being selected from H, a C+-C4 saturated or
unsaturated hydrocarbyl group;

iv) a silyi group [SiR'a] with R’ being independently selected from M, F, 8 C-Cy
saturated or unsaturated fluorchydrocarbyl group containing at least one fluorine atom; and

v} an aminc group [-NR'R?] with R' and R? each being selected from H or C1-Cs

linear or branched, saturated or unsaturated hydrocarbyl group.

27. The metal cyclopentadienyl complex of claim 26, wherein R is selected from n-Pr, i-Pr,
n-By, i-Bu, 2-Bu, n-Pent, -Pent, 2-Pent, n-Hex, i-Hex, 2-Hex, n-Hept, i-Hept, 2-Hept, -CF3, -
1,1, t-triflucropropane (1,1, 1-Prf3), ~1,1, -triflucrobutans {~1,1,1-BuFs), or ~1-flucrcbutane {~
1,1, 1-BuF).

28. The metal cyclopentadieny! complex of claim 28, wherein M is selected from K, Na, Sr,
Ba, Ga, In, Y or Yh.

29. A mono-substituted cyclopentadiene having the following formula:
,//,7 “;1;/ R{Fym
CsHs-R{F)m { }

wherein m 2 0; CHs represents a cyclopentadienyt (Cp) ring where one hydrogen is substituled
R({Fim; R{F)m is connected to any one of the carbon atoms of the Cp and selected from

i. a Cs-Cg linear or branched, salurated or unsaturated hydrocarbyl group,;

ii. a Cs-Cq linear or branched, saturated or unsaturated fluorchydrocarbyl group
containing at least one flucrine atom;

iil. a silyl group [SIR'3] with R being selected from H, a Cy-C4 saturated or
unsaturated hydrocarbyl group;

v. a silyl group [BIR';] with R’ being selected from H, F, a C+C4 saturated or
unsaturated fluorchydrocarbyl group containing at least one fluorine atom, and

' an amino group [-NR'R?} with R' and R? each being independently selected

from H or & C4-Cg linear or branched, saturated or unsaturated hydrocarbyl group.

30. The mono-substituted cyclopentadiens of claim 29, wherein R is selecied from n-Pr, i-
Pr, n-Bu, i-Bu, 2-Bu, n-Pent, i-Pent, 2-Pent, n-Hex, i-Hex, 2-Hex, n-Hept, i-Hept, 2-Hept, ~CF;,
~1,1,1-triflucropropane (-1,1,1-PrF;), —1,1, 1-trifluorobutane (~1,1,1-BuF,), or ~1-flucrcbutane {(~
1,1,1-BuF).
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