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viii
Abstract

The research presented and discussed in this t@iser involves the synthesis of
transition metal complexes of oxazolinylboranes agdlopentadienyl-bis(oxazolinyl)borates,
and their application in catalytic enantioselectvefin hydroamination and acceptorless alcohol
decarbonylation.

Neutral oxazolinylboranes are excellent synthitiermediates for preparing new borate
ligands and also developing organometallic comm@exdéchiral and optically active
bis(oxazolinyl)phenylboranes are synthesized bytiea of 2-lithio-2-oxazolide and 0.50 equiv
of dichlorophenylborane. These bis(oxazolinyl)pHbayanes are oligomeric species in solid
state resulting from the coordination of an oxamdlto the boron center of another borane
monomer.

The treatment of chiral bis(oxazolinyl)phenylbaganwith sodium cyclopentadienide
provide optically active cyclopentadienyl-bis(oxtmg)borates H[PhB(GHs)(Ox"),] [Ox" =

4S-iPr,Me2 AR-iPr,Me2 AStBu
Ox , OX , OX

]. These optically active proligands react with equivalent of
M(NMey)s (M = Ti, Zr, Hf) to afford corresponding cyclopaxtienyl-bis(oxazolinyl)borato
group 4 complexes {PhBE,)(Ox™)JM(NMe>), in high yields. These group 4 compounds
catalyze cyclization of aminoalkenes at room terappge or below, providing pyrrolidine,
piperidine, and azepane with enantiomeric excegpe® 99%. Our mechanistic investigations
suggest a non-insertive mechanism involving corde@—-N/C-H bond formation in the turn-
over limiting step of the catalytic cycle.

Among cyclopentadienyl-bis(oxazolinyl)borato grotigatalysts, the zirconium complex

{PhB(CsH)(OxX**P"M17r(NMe,), ({S2}Zr(NMe,),) displays highest activity and

enantioselectivity. Interestingly Sf2}Zr(NMe,), also desymmetrizes olefin moieties of achiral
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non-conjugated aminodienes and aminodiynes durityglization. The cyclization of
aminodienes catalyzed bys}Zr(NMey), affords diastereomeric mixture oifs andtrans cylic
amines with high diasteromeric ratios and excellenantiomeric excesses. Similarly, the
desymmetrization of alkyne moieties i52}Zr(NMe,),-catalyzed cyclization of aminodiynes
provides corresponding cyclic imines bearing queter stereocenters with enantiomeric
excesses up to 93%. These stereoselective desyiratietr reactions are significantly affected
by concentration of the substrate, temperature, tardpresence of a noncyclizable primary
amine. In addition, both the diastereomeric raind enantiomeric excesses of the products are
markedly enhanced by-deuteration of the substrates.

Notably, the cationic zirconium-monoamide complg¢kS-2}Zr(NMe,)][B(CeFs)4)
obtained from neutral §2}Zr(NMey), cyclizes primary aminopentenes providing pyrroles
with S-configuration; whereasS2}Zr(NMe ), providesR-configured pyrrolidines. The yttrium
complex {S2}YCH.SiMe; also affords Sconfigured pyrrolidines by cyclization of
aminopentenes, however the enantiomeric excesga®adicts are low. An alternative optically
active yttrium complex {PhB(§H4)(Ox**®"),}YCH ,SiMe; ({ S-3}YCH ,SiMes) is synthesized,
which displays highly enantioselective in the cyation of aminoalkenes at room temperature
affording S-configured cyclic amines with enantiomeric excesgp to 96%. A noninsertive
mechanism involving a six-membered transition skagtex concerted -GN bond formation and
N-H bond cleavage is proposed foiS-3}YCH,SiMe; system based on the Kkinetic,
spectroscopic, and stereochemical features.

In the end, a series of bis- and tris(oxazolingtgto iridium and rhodium complexes are
synthesized with  bis(oxazolinyl)phenylborane  [PhB8{€),],, tris(oxazolinyl)borane

[B(OxM*3)],, and tris(4,4-dimethyl-2-oxazolinyl)phenylborafeol']”. All these new and other
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known rhodium and iridium complexes were examined aicceptorless dehydrogenative
decarbonylation of primary alcohols. The catalysisvey shows that the compound™Tigs;*-
CgHs») is the most active for the conversion of primalgohols into alkane, fiand CO at 180
°C in toluene. Several aliphatic and aromatic priyredcohols are decarbonylated in the catalytic
conditions. Furthermore, Ydr(;*-CgH1.) is also able to decarbonylate polyols such aglete

glycol and glycerol to syngas gtand CO) at 180 °C.
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Chapter 1 — Introduction

General Introduction

Since the landmark discovery of ferrocene in 1981-fetallocenes are one of the most

developed and versatile catalyst classes usedrange of catalytic transformations such as

olefin polymerizations, hydrogenations, and carb@ment bond formatiorfsBent-sandwich

group 3 and group 4 complexes are among theselouetaé catalysts, which mediate a range of

processesia insertion and sigma-bond metathesis pathwaykeltwo cyclopentadienyl ligands

of a bent-sandwich complex are linked to a bridgelgment ite. ansametallocene), the

reactivity of the metal center increases (Figufid 1.
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Figure 1.1 Group3 & 4 bentsandwich metallocenes and derivat

Much of the chemistrpf these ent-sandwich complexes dependstioathree mutually
adjacent frontier orbitalcated in the wedge of t Cp;M-fragment (Cp = @Hs) (Figure 1.2
Other nodified ligands, such as mid cyclopentadieny&dmido ligands i.e. constrained
geometric ligands), or the incorporation of éorate in the ligand periphe® also increase

reactivityof the metal center because of the reduced nunileedrons in its orbital

¢S
’/

D
X

p.
/\ 1||
=—

.

W

z%}a /

Figure 1.2 Frontier orbitals oCp,M-fragment of group 4 bentietallocene

Introduction of chiral substituents on the cycloelenyl rings affords<C;-symmetric
chiral metallocenes that have been applied asysasalor stereospecific olefin polymerizati’
asymmetric hydrogenatidt?, and hydroaminatic®'®. Optically active metallocenes displ
reasonable stereospecificity in olefin polymeriaa* however, they are vulnerable to unde
epimerization in many catalytic processes such ydroaminatior'? Combining all these

concepts and limitations of metallocenes and tloerivatives we envision thata borate-
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containing, mixed Cp—l(L, = chiral donor group) ligand could provide reaetand stereo-rigid
compounds for enantioselective catalysis by redudhe effective electron count while
maintaining the mutuallgis configuration of orbitals.

In this context, we are interested on developinghlyi enantioselective catalysts for
hydroamination/cyclization of aminoolefins becauseantioselective cyclohydroamination
affords optically active nitrogen-heterocychda addition of amine NH bond across a carbon-

carbon unsaturated bond in an intramolecular fasteq 1.1):

1 2 4 n
4 R ;R H enantioselective catalyst R /\ﬁ\‘R; 1.1
R\/\()%\/ N R3 > R3/ R ’

Optically active nitrogen-heterocycles are importamieties in many natural products and
biologically active molecules, which are valuable dhemical and pharmaceutical industries
(Figure 1.3). Hence, the development of enantictgke hydroamination catalysts and
understanding the reaction mechanisms are extremwdgrtant for synthesizing enantiopure

cyclic amines.
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Figure 1.3 Selective examples of biologically active molesutontaining nitrogen-heterocycles

C;-symmetric chiral lanthanocenes are the first @énaelective catalysts, which cyclize

aminoolefins to cyclic amines bearing a stereoceatt@-position with enantiomeric excesses up
to 74% (Figure 1.4, i). However, these chiral lamibcenes undergo facile epimerization under

the reaction conditionwia reversible protolytic cleavage of metal-cyclopeirayl bonds,

leading to an equilibrium mixture of diastereomes@mplexes (Scheme 1.f)Therefore, the

enantioselectivity of the chiral lanthanocenesnsted by their epimeric ratio in solution.
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Figure 1.4 Selected enantioselective catalysts for hydroatian/cyclization of aminoolefins

Scheme 1.1Proposed mechanism for the epimerization of tlardhanocene complexes during

hydroamination reaction

Me,, _ﬁ\l_ NHR +H.NR  Me,, _76(\ _NHR __HNR Meu,% NHR

—
Si / Si L oo Lnd_
Me” %;'\NHZR “H,NR  Me” Ri\NHZR +H,NR  Me k%} NH,R
R* R

R*
The limitation of the chiral cyclopentadienyl baségdroamination catalysts has
stimulated the development of cyclopentadienyl-tatalyst systems. Bisoxazolinato rare earth

catalysts exhibit moderate enantioselectivitieafford optically active 2-methylpyrrolidines and
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2-methylpiperidines (Figure 1.4, iif. Several diamidobinaphthyf, and aminothiophenoldfe
group 3 complexes were synthesized, which areactalysts in hydroamination/cyclization of
aminoolefins at room or higher temperatures. Howernene of these catalysts provide cyclic
amines with more than 90% ee. Significant improveintd enantioselectivity was observed for
binaphtholate-supported scandium, yttrium, and tilute catalysts (Figure 1.4, iiff:*
Enantiomeric excesses up to 95% were achieved tisese rare-earth binaphtholate catalysts,
however only two pyrrolidines having greater th@¥®ee were obtained.

Besides rare-earth catalysts, several opticallyvactyclopentadienyl free group 4
catalysts have been developed. The cationic amerapate zirconium complex cyclizes only
secondary aminoalkenes with enatiomeric excessas 82% eé? In contrast to the cationic
zirconium catalysts, neutral zirconium catalystsagally cyclize only primary aminoolefins.
Chiral bis(phosphinic amid®) and binaphthalenedicarboxamfitiezirconium complexes are
moderate enantioselective in hydroamination/cytlima Chiral bis(amidate)zirconium
complexes exhibit significantly high enantioseleityi affording pyrrolidines up to 93% ee
(Figure 1.4, iv/? Notably, group 4-catalyzed hydroamination typigaliequires elevated
temperature (90-135 °C) and longer reaction timecdRtly, several other catalyst systems have
also been explored. A binaphtholate tantalum corpkes been reported, and highest 81% ee
was observed in cyclization of aminoalkefg# chiral magnesium phenoxyamine complex
affords pyrrolidines with good enantioselectivityp(to 93% ee) (Figure 1.4 Vij.Additionally,
several optically activpyrrolidines are obtained up to 91% ee usignaphthyl-based rhodium
catalyst (Figure 1.4, W}.*°

Nevertheless, despite significant advances, orfgwahydroamination catalysts display

good enantioselectivity (above 90% ee). Additionalall these catalysts display high
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enantioselectivity only for a very limited numbdrsoibstrates. Furthermore, the current catalytic
systems are associated with many other synthetiblgmns in hydroamination such as more
general substrate applicability, functional groaletance, and improve diastereoselectivity.

The potential of catalytic hydroamination reactiémispreparing valuable optically active
amines was the inspiration for the work describedhis thesis. The necessity of stereo-rigid
chiral ligand-metal systems with easily tuned st@noperties of the ancillary ligand led us to

develop a new class of optically active ligandslagentadienyl-bis(oxazolinyl)borates.

stereogenic center
The availability of an array of substituted enaptice chiral oxazolines should allow for
the facile synthesis of ligands with variable stevockets’ Additionally, the stereogenic center
at 4-position of oxazoline would be in close proxinto the metal center, which might create
excellent stereo-induction near metal center iralgais. The following chapters describe the
development of this new ligand class, and theiugr® and group 4 complexes. Additionally, the
catalytic activity of the metal complexes in stex@ective olefin hydroamination will be

discussed.
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Thesis Organization

The thesis is composed of six chapters. Chaptgivds a general introduction of the
research topic discussed in this dissertation. h&s dissertation describes a diverse range of
topics, the relevant literature review and refeesnare given in the introduction of each chapter
to provide an adequate understanding to the resdutart the significance of the results. Majority
of the materials in Chapter 2 through 5 are takennfthe articles to be submitted for
publication. Some of the results are already phbtisin literature.

Chapter 2 describes the synthesis and charadtenzaf group 4 complexes containing
cyclopentadienyl-bis(oxazolinyl)borate ligands, aiheir catalytic activity in enantioselective
cyclohydroamination of aminoolefins. Additionallthe detailed mechanistic investigations and
proposed catalytic cycle of these group 4-catalypattoamination have been discussed.

Chapter 3 illustrates the desymmetrizing hydroatnom/cyclization of achiral dialkenyl-
and dialkynylamines catalyzed by a  highly enantextere cyclopentadienyl-
bis(oxazolinyl)borato zirconium(lV) complex. Thefedt of dilution, temperature, and isotopic
perturbation on diastereoselectivity and enantextility is describes in order to optimize the
both diastereo- and enantioselectivity of the azkecgroducts.

Chapter 4 reports the catalytic activity and meda of cyclopentadienyl-
bis(oxazolinyl)borato yttrium-catalyzed enantiostikee cyclohydroamination of aminoalkenes.
The stereochemical and mechanistic features ofetlytisium catalysts are also compared to
analogous zirconium catalysts.

Chapter 5 describes the acceptorless decarbonylatiprimary alcohols and polyols to
alkanes and sys-gas under thermal conditions ea&t@lypy bis- and tris(oxazolinyl)borato

iridium compounds.
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Chapter 2. Neutral cyclopentadienyl-bis(oxazolinylporato group 4 complexes as catalysts

for enantioselective hydroamination of aminoolefins

Modified from a paper submitted o Am. Chem. Soc.

Kuntal Manna, Arkady Ellern, Aaron D. Sadow

Abstract

Cs- andC;-symmetric cyclopentadienyl-bis(oxazolinyl)borat@gp 4 complexes of type
{PhB(CsH4)(OXY)IM(NMe ), (M = Ti, Zr, Hf; OX = 4,4-dimethyl-2-oxazoline, Slisopropyl-
5,5-dimethyl-2-oxazoline, @tert-butyl-2-oxazoline, BR-isopropyl-5,5-dimethyl-2-oxazoline) are
highly active precatalysts for intramolecular hyalronation of aminoolefins. These group 4
complexes are synthesized by the reaction of dptieative ligands H[PhB(€Hs)(Ox");] with
an equivalent of M(NMg,. These compounds catalyze cyclization of amingakeat room
temperature or below, providing pyrrolidine, pipine, and azepane with enantiomeric excesses
up to 99%. The cyclization rate is first order degence on both aminopentene and precatalyst.
Substrate saturation on initial reaction rate waseoved, which indicates the existence of
reversible substrate-catalyst association precethegturnover-limiting step in the catalytic
cycle. The nonzero x-intercept in the initial rgiets that coincides with concentration of the
catalyst indicates that 1.0 equiv. of substratedired to activate the precatalyst. The observed
isotopic perturbation of enantioselectivity (IPE)inenates intramolecular 2 + 2]

cycloaddition of a metal-imido alkene intermediag possible mechanisms for C-N bond

* Primary researcher and author

" Author for correspondence
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formation. Primary kinetic isotope effect was meady which indicates the cleavage of
N-H/N-D bond in the turnover limiting step, andalsxhibits the favor of one diastereomeric
pathways over the other. Secondary aminopentenet isyclized, however cyclization occurs in
presence of non-cyclizable primary amine. The zin@m monoamide complex
{PhB(CsH4)(OX**P"Me3 1 7rCI(NMe,) was synthesized and is seen to be inactive in
hydroamination. The accumulated data includingréte law, the KIE, isotopic perturbation of
enantioselectivity, and the KIE for the two enatgmc pathways are less consistent with olefin
insertion as possible mechanisms for C-N bond ftona A non-insertive mechanism
involving concerted C-N/C-H bond formation is prepd. The cyclopentadienyl-
mono(oxazolinyl)borate ligand H[PB(CsHs)(Ox*='P"Me3] was synthesized, and its zirconium
complex was inactive in hydroamination/cyclizatimhaminoolefin at room temperature, which
suggest the involvement of both oxazoline with thetal center to activate the precatalyst

{PhB(CsH4)(OX*>""M*3,}Zr(NMe ),

Introduction

Asymmetric olefin hydroamination is a facile an@mising approach for the synthesis of
optically active nitrogen heterocycles, which amaportant in commodity and specialty
chemicals, medicinal compounds, and natural predymeparationS. Despite significant
progresses, the synthesis of efficient, configoratily stable, and highly enantioselective
catalysts is still challenging to solve synthetiolgems in hydroamination such as general
substrate applicability, enantioselectivity, diastselectivity, enantioselective intermolecular
hydroamination, and anti-Markonikov additions. Rroid with high optical purities are limited

to a few choice pyrrolidines even in the well-sedlintramolecular hydroamination/cyclization;
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asymmetric olefin hydroaminations that afford fuoctlized pyrrolidines, piperidines, and
homopiperidines (amonmanyvaluable chiraN-heterocycles) are not developed.

Still, great progress is highlighted by catalystvattes with metallocene-based and
axially chiral lanthanide compoun&g?>°7"#%1%|kali metal coordination complex&sand G-,
C,-, and G-symmetric alkaline earth metal catalyktBreakthroughs in zirconium-catalyzed
alkene hydroamination include axially chiral catmorbis(aryloxy)r® bis(amido):* a highly
enantioselective bis(amidat®)!® and bis(carboxyamid¥) complexes (or similar Ta-based
systemsY as precatalysts. :&ymmetric mixed Cp*(oxazolinyl-aryloxo)zirconium né
constrained geometry-type catalysts uniquely defpamt the predominant axially chiral ligand
design'® A single example of a highly enantioselective l&@nsition-metal (rhodium-based)
aminopentene cyclization catalyst has been repéttédthough these systems are generally
limited to pyrrolidines, highly efficient and seta@® intramolecular catalysts may provide
strategies for addressing some of the tougheregdis in olefin hydroamination.

In this context, catalyst synthesis and screenaograpanied by mechanistic tests should
help advance the field. Most detailed studies g hydroamination/cyclization mechanism
have involvedd® complexes including lanthanid&>'® ??actinide? alkaline earth met&f:?>%°

nt>%7282%nd all of the catalytic cycles associated wittsthcatalysts typically are

and zirconiu
proposed to have metal-amido resting states. Fratnpioint, the proposed mechanisms felNC
bond formation are remarkable divergent to incl(@eolefin insertion into M-N bonds and (B)

[2n+2r] cycloaddition to metal-imido that involve four-¢ered transition state.
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Scheme 2.1The a-bond insertive mechanism for cyclohydroamination
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A few interesting and sometimes conflicting obseores, however, provide some
guidance. First, the primary-in-magnitude isotodéeat suggests that the intramolecular
cyclization of the metal-amidoalkene catalyst regtstate is not a simple unimolecular process
in almost any conversidit>*?’ Perhaps an even more compelling observation iscikérans
ratio is increased at high substrate concentrabonby addition of propylamine in the
diastereoselective cyclization of chiral racemidrazalkenes by achiral catalysts; in addition, the
cigtrans ratio is lowered byN-deuteratiorf® A second interesting observation in zirconium-
catalyzed hydroamination involves primary and sdeoy aminoalkenes as substrates and
cationic and neutral precatalysts. The cationialgat system CfZrMe,/B(CgFs)3 is only active
for secondary aminoalkenes, and the authors suggéslyst deactivation occurs with primary
amines through the formation of inactive, neutiedanium imidoalkene specié3°In contrast,
several neutral zirconium catalysts cyclize primdmyt not secondary aminoalkenes; such
observation is often invoked as support for a zingm imido intermediate prior to {&2n]
cycloaddition.

Notably, the reaction of imidozirconium compoundsl olefins (Scheme 2.2) is not
independently established (although Zr=NR and akggcloadditions are well knowd}® In
fact, mixtures of an isolated zirconium-imido antkemes returned starting materii8.
Furthermore, isolation of the immediate organontietaroducts i.e., a metal-alkylamine or a
azametallacyclobutane) formed from either of theteps has not yet been described fof ar
f"d® metal compound. However, the vinylamine productalifyne insertion into a hafnium-
nitrogen bond was recently isolated and chara@efzin addition, a molybdenum amido and
alkyne react to provide @ vinylamine>® Interestingly, conclusive evidence for olefin irtgm

into d" metal amidos (& 0) has been provided in palladium systéfs.
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These unusual features, as well as the potentralafioine synthesis, motivated our
investigations of group 4-catalyzed aminoalkene lizgtion using
bis(oxazolinyl)cyclopentadienyl borate ligads’ We envisioned that C;-symmetric
cyclopentadienyl-bis(oxazolinyl)borate supported tahe complexes could be highly
enantioselective hydroamination catalysts, becaisthe close proximity of the stereogenic
center of the oxazolines to the metal center. Aalditly, these complexes would be non-
epimerizable unlike th€;-symmetric chiral lanthanocenes, due the lack efesigenic center on
the cyclopentadienyl ring. Herein, we report thentegsis and catalytic activity of
cyclopentadienyl-bis(oxazolinyl)borate supported  ougpr 4 complexes for
hydroamination/cyclization of aminoolefins, whickhgit high catalytic activity and excellent
enantioselectivity (>95%) in a number of azacyclése substrates scope, and the effect of
temperature, solvents and additives to the enaécsvity will be discussed. Our studies have
attempted to address a range of synthetic and misticaissues, including the precatalyst
conformation, the coordinating properties of thaznline moieties in the borate ligands, relative
rate and stereoselectivity of titanium, zirconiuamd hafnium based precatalysts, the valence
needed for catalysis, and the effect of the oxaeoiroup on catalyst’s stability, activity, and

stereoselectivity.

Results and discussion
Synthesis and Characterization of Proligands

Four dianionic cyclopentadienyl-bis(oxazolinyl)btms are prepared as protonated
species (Scheme 2.%)?3®The achiral proligand H[PhBg8s)(Ox"¢?)] (H{ 1}; OxM*? = 4,4-

dimethyl-2-oxazolinyl), the chiral 4-isopropyl oxainyl H[PhB(GsHs)(Ox*S'P"Me3,] (H{ S-2}:;
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Ox*SPrMe2 = 4Sisopropyl-5,5-dimethyl-2-oxazolinyl) and its rebdavailable enantiomer

H[PhB(GsHs)(OX* R P"Me3. 1+ (H{ R-2}; R-OX*F P Me2= 4R isopropyl-5,5-dimethyl-2-oxazolinyl),
and the optically-active tert-butyl oxazoline H[PhB(€Hs)(Ox**>"®"),] (Hx{ S-3}; Ox*™®" = 45
tert-butyl-2-oxazolinyl) are all synthesized following samilar route in two steps from the
appropriate 2H-oxazolines 2H-8x2H-0xX"%2, 2H-Ox*SFrMe2 o Ox#RPrMe2 o1 Ox*SBY via
neutral bis(oxazolinyl)phenylborane PhB({)x intermediates (Scheme 2¥)These borane
intermediates are critical to the overall ligandhteesis. The steric bulk of the oxazoline
substituents in 2Li-0%?2, 2Li-Ox* PrMe2 7| j.ox**PrMe2 and 21Li0x*S®" slow the addition of
a third oxazolide preventing the formation of oXMapdborates. This approach works well for
the synthesis of the oligomeric bis(4,4-dimethyd&zolinyl)phenylborane [PhB(M%%),], (4).
However, &-isopropyl-2-oxazoline apparently does not havdigaht bulk, and the attempted
synthesis of bis@isopropyl-2-oxazolinyl)phenylborane affords an eparable mixture of

PhB(OX>™", and Li[PhB(OX>'™")].3¢%8

Scheme 2.3.Synthesis of proligands H[PhB{8s)(Ox");] from achiral and chiral 2H-

oxazolines.

RS Ph/ >/_/\

1) 2.12 BuLi 1) Na[CsHs]

2 H{\ ~  [PhB(OXP)3], ! A

R1 2) 0.98 PhBCl, 2) silica gel R >& %R

R?R! R2ZR’

OxMe2: R1=R2=Me; R3=H OxP= OxMe2 (4) OxR = OxMe2: Hy[1]
OX4S—iPr,Me2: R1=H; R2=i-Pr; R3=Me OX4S—iPr,Me2 (3-5) OX4S—iPr,Me2: H2[S-2]
OX4Fi—iPr,Me2: R1=i-Pr; R2=H; R3=Me OX4R—iPr,Me2 (R—S) OxARiPrMe2. HZ[H-2]
Ox*SBu: R1=R3=H; R2=t-Bu Ox*5Bu (5-6) Ox*S1BU: Hy[S-3]

The isolable dimethyl-substitutedguided our preparation of chiral derivatives, &g+

dimethyl-4S-isopropyl-oxazoline (2H-OX*"™*3 was targeted to provide an optically active
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oxazolinylborane intermediate. Deprotonation of @K Me2 with nBuLi in THF at-78 °C
occurs selectively at the 2-position to give thB-dimethyl-4&isopropyl-2-lithio-2-oxazolide
(2Li-Ox*SPMe3 - Addition of 0.5 equiv. of PhBGlo the THF solution of 2Li-O%*"Me2 g

followed by stirring at room temperature for 14cdprovide bis(5,5-dimethyl&isopropyl-2-
oxazolinyl)phenylborane PhB(&XF"™M®3, (S5). The preparation of PhB(&X™M3, (R-5)

proceeds similarly, but PhB(&X®Y), (S6) is synthesized usingert-butyllithium for the
deprotonation of &tert-butyl-2-oxazoline.

The crude yellow solid bis(oxazolinyl)phenylboraremtain variable amounts of LiCl,
but are sufficiently pure for further synthetic \WofThe solid staté’B NMR spectroscopy
indicates that [PhB(3%?),],, is a complicated mixtures of oligomeric speciesuting from the
coordination of an oxazoline to the boron centeraobther PhB(O%?), monomer’ In
acetonitrileds, solvent coordination to the boron center gavéngls''B NMR signal at-8.1
ppm assigned to the adduct PhtE3.B(NCMe). In non-coordinating toluerdy solvent,
[PhB(OX"®),], does not provide an observable sigh®8 NMR spectra acquired at room
temperature or at elevated temperature (350 K). évew two''B NMR resonances were
detected at5.2 and-11.0 ppm in a spectrum acquired at 220 K. Comparisothese low
temperature chemical shift values to those obtafoedicetonitrile adducts of [PhB(H5),],
suggest that intermolecul&-oxazoline andN-oxazoline coordination provides two distinct
boron sites. At room temperature in non-coordirpatsolvent (toluenels or benzenel), the
exchange process is in the so-called intermedégfiene, which obscures the signals.

The other bis(oxazolinyl)phenylboranes have similpectroscopic properties, ahtB

and™N NMR chemical shifts and infrared C=N stretchinggfuencies fo4, S-5, R-5 andS-6 are
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reported in Table 2.1. THEB NMR values are consistent with neutral, four-ctiate boron

centers and suggest that a neutral doiey &cetonitrileds) coordinated to the boron cenfer.

Table 2.1.1'B, ®N NMR chemical shift andcy values for bis(oxazolinyl)phenylboranes8),
cyclopentadienyl-bis(oxazolinyl)phenylborates{t-H »{ 3}, and 2H-oxazolines.

Compound YBNMR (6% | N NMR (6)? | ven (KBr, cm?) | [a]p®°®
H[PhB(GsHs)(OX"%),] ~15.3,-15.6, 172 1589 n.a.
(H2[1]) -16.0
H[PhB(GsHs)(OX™""""*);] | ~15.7 br ~179.1 1584, 1567 ~62.9°
(HAS-2])

H[PhB(GsHs)(OX™F"M&),] | -15.7 br ~179.1 1582, 1560 +63.2°
(HAR-2])

H[PhB(GsHs)(OX™>"°Y),] ~14.9,-15.3, -190.9 1595, 1588 ~139.1°
(H2[S3)) ~15.6.

PhB(OX"), (4) 8.1 ~147.0 1621, 1601 n.a.
PhB(OX"™""), (S5) 75 ~131.6 1588 n.a.
PhB(OX™"""'*), (R-5) 75 ~131.6 1588 n.a.
PhB(Ox "), (S6) 7.3 ~124.3 1617, 1590 n.a.
H[PhB(OX™"""*)(CsHs)] | -10.0,-11.5, ~155.2 1594 —55.2°
(HAS7]) -12.4

2H-OxSFrMe: n.a. -143.3 1632 cnt -35.2°
2H-OxXRPrMe: n.a. -143.3 1632 cnt +34.8°
2H-OX*=™Y n.a. -148.0 1635 cni' -104°

3 Measured in acetonitrilds solvent” Measured in benzene.

The bis(oxazolinyl)phenylborands6 react with Na[GHs] in THF to provide the desired

mixed oxazoline-cyclopentadienylborates Na[PhB{{(Ox"),]. The crude products are purified
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by column chromatography to yield the proligand®k(GHs)(Ox"),]. These compounds are
all light yellow solids that are soluble in benzemethylene chloride, and THF.

The isolated ligands$-4 are each a mixture of three isomers, as indicagetHband*'B
NMR spectroscopy (Table 2.1). THE NMR spectra of these mixtures were complicated by
overlapping resonances in the phenyl, cyclopentgtlieand oxazoline regions and were not
useful for characterization or assessment of puli NMR spectroscopy is more informative,
and the three resonances in tf® NMR spectrum of achiral are upfield compared to that of
borane4 (as an acetonitrile adduct), as expected for arboenter in an anionic four coordinated
borate®® Thus, 1-GHs(BRs), 2-GHsB(BRs), and 5-GHsB(BRs3) connectivity accounts for the
three isomers. Borylcyclopentadienyl compoundsveet: known to form mixtures of isomef8.
In a *H-">N HBQC experiment orl, correlations from the oxazoline methyl and meghg
resonances provided 4PN NMR chemical shift of-172 ppm (on the CHNO, scale) that is 45
ppm upfield of 4,4-dimethyl-2-oxazoline-127 ppm). For comparison, tH&N NMR chemical
shift of N-protonated oxazoline in if-(Ox"¢%),BPh(OX"*?H)]( 7/*-CgH12)]OTf is —206 ppm’* In
the IR spectrum of, a single oxazoline-based bandy = 1589 cnT, KBr) was observed at
lower energy than that of 4,4-dimethyl-2-oxazol{wven = 1630 crit). Thus, upfield®N NMR
and IR data are consistent with proton-oxazolineractions through the imidine nitrogen,
where the proton either bridges between the twogen or rapidly exchanges.

In case of optically-active bis(oxazolinyl)boratgands H[S-2] and H[R-2], only one
broad 'B signal at-15.7 ppm (232 Hz at half-height) was resolved. Agdhe 'H NMR
spectrum contained overlapping resonances forsiimérs. Thé'B NMR signals for H[S-3]

were well-separated. Interestingly and in conttast,[1], two vcy bands were detected in the
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IR spectra of K{S2], Hy[R-2], and H[S-3]. The wavenumber for these bands appeared at lower
energy by 40-50 cththan uncoordinated oxazoline.

A chiral cyclopentadienyl(oxazolinyl)diphenylborateynthesized for comparison with
the bis(oxazolinyl)boratek-3, is prepared by reaction of 2Li-&%™""¢?and PRBCI followed by
addition Na[GHs]. Exhaustive purification by silica gel column ohratography yields
H[Ph,B(CsHs)(OX**'P"Me3] (H,[S-7]) in modest yield. Thre&'B NMR resonances indicated that
this cyclopentadienyl-mono(oxazoline)borate is asmixture of three isomers. Unexpectedly,
the N NMR signal modestly shifted upfiele-155 ppm), less than£52]; the proton is shared
or rapidly exchanges between two oxazolines inl#ter (oxazoline:H = 2:1), whereas we
expected the oxazoline in the former is fully prated (oxazoline:H = 1:1). Presumably, the
nitrogen-proton interaction is not the only var@tgoverning thé°N NMR chemical shift of

these compounds.

. 1) 1.06 equiv. nBuLi CsHs
~ H Ph/, /
-0 2) 0.98 equiv. Ph,BClI "B
/>—H >  pp” YN 1)
N 3) Na[CsHs] 0
4) silica gel R
H,[S-7]

Synthesis and Characterization of Mixed Cyclopentadienyl-Oxazolinylborate Group 4

Compounds

The general scheme for preparation of group 4 cexasl containing mixed
cyclopentadienyl-oxazolinylborate ligands involthe interaction of homoleptic dimethylamide
compounds M(NMg4 (M = Ti, Zr, Hf) with H{ 1}, H{S2}, H{R-2}, Hx{S3} and H{ 7} (eq
2). However, the conditions for synthesis and tommglex stability vary for the metal-ligand

pairs.
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CsHs /@
/
Ph—B \

'\'"OXFf-,:H + M(NMeyp), _ Ph—B-.,,/O H,M--'\"NMez @)
OxA -2 HNMe, \’7 NMe,
M = Ti, Zr, Hf OxR

The achiral proligand 1} and M(NMe)), (M = Zr, Hf) react rapidly in benzene at
room temperature affording {PhB{B,)(Ox"*?}Zr(NMe,), ({1}Zr(NMe,),) and
{PhB(CsH4)(0OxM®3),}Zr(NMe,), ({1}Hf(NMe,),). *H NMR spectra of micromolar-scale
experiments in benzerdg-indicated that the reactions proceed to completiithin 10 min.
Analytically pure materials are obtained by evaporaof the benzene and HNMbyproduct in

98% isolated yield for both zirconium and hafniuompounds.

CsHis
Ph—B"uOXMﬁz benzene /@\

¥ “H + M(NMey), Ph—B M-+ NMe, 3)
=N~ - “NyMe2

o\ 2 AiNMe, Ox"2” N \me,

\)\ M = Zr, Hi —N

Ho[1] O A" [11Zr(NMey),; 98%

[1]Hf(NMe,),; 98%

The spectroscopic data fod}Zr(NMey), and {1}Hf(NMe,), are similar (Table 2.2).
Upon coordination and amine elimination, th¢ NMR multiplets associated with the three
CsHsB isomers are replaced with two resonances assign@édH,B in aCs-symmetric molecule.
One set of oxazoline resonances was observed asnglets for inequivalent methyl groups and
two doublets for the inequivalent GHThis pattern did not vary iftH NMR spectra of the
zirconium and hafnium compounds acquired at tenipera from 190 K and 300 K in toluene-
ds. 'H-"*N HMBC experiments contained a correlation betweeazoline methyl and nitrogen,
and the™N NMR chemical shifts for the oxazoline nitrogen @irconium and hafnium

compounds at135 and-132 ppm are only slightly upfield of non-coordirnd@H-4,4-dimethyl-
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2-oxazoline €127 ppm). Thé®™N NMR chemical shift of £*-PhB(OxX"®9)3}Zr(NMey)s is —140
ppm, in which oxazoline coordination to Zr is unaguwus; in the current system, the small
change in°N NMR data of complexess. 2H-oxazoline does not distinguish two simultarstpu
coordinated oxazolines from one coordinated oxaeoliapidly exchanging with a pendent
oxazoline. Analytically pure ¥}Zr(NMey), and {l}Hf(NMe,),, obtained from evaporation of
benzene solutions, were analyzed by IR spectrosay only one/cy band was observed for
each compound (both at 1595 &niKBr). From these data, eithea) (the GH4B group and both
oxazolines are bonded to the metal centerbprtiie GH4B group and only one oxazoline is
coordinated, and the pendent oxazoline and codetinaxazoline exchange rapidly on the
NMR timescale in solution and the IR timescaleha $olid state.

Slow diffusion of pentane into a solution di}Zr(NMe), dissolved in THF and cooled
to 243 K provided X-ray quality crystals of}fZr(NMe»),THF, in which only one oxazoline was
coordinated to the zirconium center (Figure 2.Tdde coordination geometry of zirconium is
described as that of a squashed 4-legged pianbsatob that Cnioi-Zr-N (NMe,: 125.8 and
135.0° OX"®% 99.4°) and Cgnwoic-Z-O (101.2°) angles. The dimethylamide groups are
transoid (N-Zr—N: 120.26°), as are the oxazoline and THF ligadisZf—O: 159.4°). The site
trans to the cyclopentadienyl ring is unoccupied. Thé agll contains four, symmetry-related
molecules (Z = 4), but the model does not reveadecicontacts between the pendent oxazoline
nitrogen and the other molecules in the unit cell.

The solid-state infrared spectrum df}Zr(NMe,),THF revealed that this structure and
the structure of {}Zr(NMe), are not equivalent. In particular, twey stretching frequencies at
1610 cmt* (pendant oxazoline) and 1533 ¢rtzr-Ox"¢%) were observed for crystals from THF.

Furthermore, the conformation ol}Zr(NMe,),THF in the solid state is not representative of
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the solution structure. At room temperature, thegnais in 'H NMR spectrum
of{ 1}Zr(NMe,),THF were identical to those of1}Zr(NMey), in the absence of THF and those
of THF in the absence of 1JZr(NMe,),. Interestingly, theH NMR spectrum of
{1}Zr(NMe,),THF at 190 K contained only two broad single resmes, one assigned to
oxazoline methyl and the other to oxazoline methglgroups. The two methyl groups on each
oxazoline are expected to remain chemically inemjeivt at all temperatures, and a rigid
structure for {}Zr(NMe)(THF) should contain either two or four methyl sa¢gr(depending on
the structure). Thus, the fluxional process isfamt on the'H NMR timescale to resolve a rigid
structure. The hafnium analod}Hf(NMe ), is also fluxional in the presence of 1 equiv. of
THF, and the resonances (observed at room temperaissigned to oxazoline methyl

substituents and the methylene group coalescéwittdroad singlets at 190 K.

Table 2.2. B, ™ NMR chemical shifts andve values for cyclopentadienyl-

bis(oxazolinyl)borate group 4 complexes.

Compound YBNMR (0) | ®™NNMR (0) | ven [a]p?°
acetonitrileds | acetonitrile- | (KB, (CsHe)
ds cm?)
{PhB(CsH4)(OX"*)2}Zr(NMe>), -14.5 -135.4 1595 | n.a.
{1}Zr(NMe),; amorphous
{PhB(CsH4)(0X"*),}Zr(NMe ), ~14.5 n.a. 1603, | n.a.
{1}Zr(NMe),; crystallized 1505
{PhB(CsH4)(Ox"*%),}Zr(NMe ), THF ~14.5 n.a. 1610, | n.a.
{1}Zr(NMe ), THF 1533
{PhB(CsHa)(OX"*)2}Hf(NMe 2) ~14.6 ~132.3 1595 | na.
{L}Hf(NMe ),
{PhB(CsH,)(OX*™"™""*),}Zr(NMe ), ~14.5 ~152.6, 1565 | —124.7°
{S2}Zr(NMe), -155.0
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{PhB(CsH4)(OX"™""™)}Zr(NMe 5). ~145 ~152.3, 1559 | +122.6°
{R-2}Zr(NMe ), ~155.1
{PhB(CsHa4)(OX™""""*}Hf(NMe 2). ~14.6 ~148.8, 1559 | —86.98°
{S-2}Hf(NMe ,); ~150.7
{PhB(CsHa4)(OX™""""*,} Ti(NMe »). ~14.8 ~153.8, 1560 | -94.71°
{S2}Ti(NMe ), ~156.1
{PhB(CsHa4)(OX™"™");}Zr(NMe ), ~14.4 —145.4, 1608, |-139.13°
{S31Zr(NMe ), ~148.1 1506
{PhB(CsH4)(OX=T" V9 17rCI(NMe,) | -16.4 ~153.4, 1578, |-111.4°
{S2}ZrCI(NMe ) ~154.9 1567
{Ph;B(CsH4)(OX™"""M}Zr(NMe 5), ~11.7 ~155.2 1562 | —-82.02°
{S7}Zr(NMe>),
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Figure 2.1a. ORTEP diagram of {PhB()(0x"*),}Zr(NMe), THF ({1}Zr(NMey);THF).
Ellipsoids are plotted at 50% probability, and logen atoms are not illustrated for clarity.
Atomic distances (A): zZrIN2, 2.321(1); ZriN3, 2.045(1); ZriN4, 2.062(1); Zr0s3,

2.415(1).
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Figure 2.1b. ORTEP diagram of {PhB(4)(0x"*9)}Zr(NMey), ({1}Zr(NMe,),). Ellipsoids
are plotted at 50% probability, and hydrogen atams not illustrated for clarity. Atomic

distances (A): Zr4N1, 2.255(1); Zr£N3, 2.031(2); Zr£N4, 2.035(2).

We therefore pursued THF-free, X-ray quality crisstaf {1}Zr(NMey),, which were
obtained by slow diffusion of pentane into toluesmdutions of {l}Zr(NMey), cooled to 243 K.
As in {1}Zr(NMe,),THF, the [PhB(GH4)(Ox"*?,] ligand bonds to Zr in the THF-free

compound through thes8,B and one oxazoline group (Zl1, 2.25 A), while the second
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oxazoline is not coordinated to Zr (22, 4.31 A). The geometry at zirconium is that of a
three-legged piano stool; the &foic-Zr—Noxazoine@ngle (103.1°) is similar to that of the THF-
adduct, while the GCpuroicZr-NMe, angles (110.47 and 122.35°) are smaller than in
[1]Zr(NMey),THF. The Zr-NMe distances (ZHMN3, Zrl-N4) are slightly shorter in
[1]Zr(NMe,), than in the THF adduct (just outside ef)3and the ZrOx“? distance is 0.066 A
shorter in the THF-free species. We wished to ifienthether this compound would provide the
same IR spectrum as the material obtained fromarasipn of benzene. In fact, a spectrum of
the crystalline sample (KBr) contained two bandshia IR at 1603 and 1505 énassigned to
ven Stretching frequencies of non-coordinated and afirdinated oxazolines. This IR data
contrasts that of the material obtained by evapmratvhere only onecy band at 1595 crhwas
observed.

In contrast, the reaction of Ti(NMe with Hx{1} in benzene at room temperature
provides a mixture of unidentified products. Th¢ NMR spectrum does not have the same
spectral signatures as noted above Zf(NMe,),. *H NMR spectra of reaction mixtures in
benzeneads or tolueneds contained vinylic resonances from isomers ¢fi4B; the conversion of
these signals to those associated with a si@gleymmetric compound was not observed even
upon heating at 120 °C. HNMevas observed in spectra of reaction mixtures witth min.
which indicated that some ligand substitution opetir Four'B resonances were detected
ranging from 33.6 te-14.7 ppm, and the upfiefttB NMR signal also suggested that a borane
was among the reaction products.

The chiral, 4&isopropyl-5,5-dimethyl-2-oxazoline-based proliganti,[S2] and
M(NMey)4 (M = Ti, Zr, Hf) react in benzene at room temperaf providing £§2}M(NMe ), in

excellent yield (eq 4; Ti: 25 h, 86%; Zr: 7 h, 96P#; 7 h, 92%).
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/Csts /@
Ph—B., benzene _ \

OX‘::H + M(NMey)y Ph=B.,  _M.NMe, (4)
=N~ -2 HNMe, Ox™ / NMe,

_ —N

07_)7\ M=TiZr HE  [S2[TiNMeo); 86%
= [S-2]1Zr(NMey),; 96% 7)7\

Ho[S-2] [S-2]Hf(NMe,),; 92% i

The opposite enantiomeR{2}Zr(NMe,), is prepared from HR-2] and Zr(NMe),. As
expected, the NMR and IR spectroscopic featurgsSéf}Zr(NMe»), and {R-2}Zr(NMe), are
identical. Two sets of oxazoline resonanoesg} (two septets and four doublets assigned to the
isopropyl groups and four singlets for the 5-methybups) and four downfield multiplets
ranging from 6.7 to 6.06 ppm for the cyclopentagigmoup suggeste@;-symmetric species for
{S-2}Zr(NMe,),. Two singlets are observed for the two inequival@methylamide ligands.
Additionally, the broad'B NMR resonance at15.7 ppm resulting from overlapping signals
from isomers of K{S-2] is replaced with a sharper signal-d#4.5 ppm (122 Hz at half-height).
The compounds $2}Ti(NMe ), and {S2}Hf(NMe ), have similar'H NMR spectra. Thec-
stereocenters in the molecule necessarily rendetwib oxazolines inequivalent, sl NMR
spectroscopy does not distinguish between zerq, mnevo coordinated oxazolines. However,
>N NMR and IR spectroscopy suggests that both okeemlcoordinate to the metal centers in
{S-2IM(NMe ,),. Two N NMR signals were observed a152.6 and-155.0 in comparison to
~143 for 2H-OX>'P"Me2 Additionally, only one CN stretching frequencysaabserved in the IR

at 1565 crit. A vey associated with a non-coordinated oxazoline, basetie higher energyen
of 2H-0xX*5'P"Me2(1632 cnt), was not detected.

The solution structure was further probed wittHa'H NOESY experiment to identify
which groups on the ancillary ligand interact witle presumed reactive sites that are occupied

by NMe, groups in §2]Zr(NMey),, and correlations and assignments are illustrateéigure
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2.2. First, theS2 intraligand correlations establish the metal-ldaconformations that are
sufficiently populated to provide NOEs. The twosset correlations discerned are oxazoline-
CsH, correlations and oxazoline-oxazoline correlatioimserestingly, the former correlations
only involve the lateral 2- and 5- hydrogen on @4, group (Figure 2.2A) to methyl and
isopropyl groups of both oxazolines. No correlasidretween the oxazoline and the 3- and 4-
hydrogen were observed in the NOESY. The lateradetations suggest significant population
of configurations in which the zirconium-ligand enaction contains one dissociated oxazoline
{ - i*-Ph(OX"™M*3B(CsH,) (OXT"Me31Zr(NMe,),. The significance of this conformation is
further suggested by the X-ray crystal structure{BZr(NMe,),. However, there are also
through-space correlations between the two oxagelthat suggest both oxazolines coordinate
to zirconium for on an NOE-significant timescalehuf, we suggest that these two
conformations dominate the geometry &3}Zr(NMe,), and exchange rapidly on the NMR

time scale (eq 5).

'
Teay

W

W

Furthermore, the intra- and inter-oxazoline cotretes are useful to establish the relative
orientation of the two oxazolines (Figure 2.2B)sBa on these assignments and NOEs between
oxazoline and NMgligands, we can assign the signals for the inedeint NMe groups and the

overall configuration of the zirconium center (Fig2.2C).
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A: CsHs—-oxazoline B: Intra- and inter-oxazoline C: NMe,-ligand
/@\ NMe,
Ph—B,(% i NMe,
53.18
front: § 1.3 6 1.09, 1.06
back: § 1.2
~H.83.21
: 60.97,0.89 ; s e
front 1.13 back 1.16 ront: 6 1.13 5% 50.97,0.89
back: 5 1.16

*A dashed double-headed arrow represents a weak correlation

Figure 2.2 Through-space correlations i&2]Zr(NMey)..

Interestingly, the "back” NMein Figure 2.2 at 2.83 ppm correlatations show ujjre
space interactions with the "back" oxazoline, wher¢he "front"” NMe at 2.70 contained
correlations with resonances from both oxazolimgsi Thus, the open space between the
cyclopentadiene and the "back™” oxazoline is ocalpig a dimethylamide group, and the other
dimethylamide group is situated between the twozohkme rings in the di-coordinated
conformer.

A second optically active zirconium complex {PhBKG)(OX**'®"),}Zr(NMe.), {S
3}Zr(NMey,), is prepared by reaction of,£53} and Zr(NMe), in benzene at room temperature
for 20 min. In its'H NMR spectrum, two singlet resonances at 0.850a84 ppm were assigned
to tert-butyl substituents on two inequivalent oxazolineugs, and four downfield multiplets
ranging from 6.74 to 6.09 ppm were assigned taclodopentadienyl group. Likewise and as in
S2, two singlets for two inequivalent dimethylamidoogps were observed, and the overall
pattern was consistent wit®, symmetry. In thé’B spectrum, a sharp resonance-54.4 ppm

indicated that a single product was formed. The mer {S3}Zr(NMe,), decomposes in
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benzene at room temperaturg,(* 2 h), leading to HNMgand unidentified oxazolinylborate
products.
In contrast, §2}M(NMe ,), complexes (M = Ti, Zr, Hf) are unchanged in berzewen

after 36 h at room temperature.

CsHs /@
/
Ph—B.. benzene \

\SX\‘,:H + Zr(NMey), > Ph_B‘o,, _—Zr;*NMe,  (g)
=N’ -2 HNMe, OX™” NN,
o\)7( =N
80.1% O\)7r
H,[S-3]
[S‘3]ZT(NM92)2

Additionally, several compounds were required &i {@) the reactive valencies required
for hydroamination catalysis and (b) the naturamdillary ligand-zirconium interaction and its
impact on cyclization and enantioselectivity. Trempound &2}ZrNMe,Cl was prepared to
address the former point. Reaction of[#2] and 2 equiv. of KChiCsHs affords K[S-2].
Reaction of K[S2] and ZrC} in THF at room temperature provideS2}ZrCl, within 30 min.

Two septets, four doublets, and four singlets m'th NMR spectrum (tetrahydrofuran-
ds) assigned to oxazoline isopropyl and methyl growese consistent with inequivalent
oxazolines expected for@-symmetric complex. Four multiplets in the dowrdieegion from
6.88 to 6.23 ppm were attributed to the cyclopeaetad group in §2}ZrCl,. The complex is
unchanged in THIeg for 7 days at room temperature, however, broadassgwere observed in
'H NMR spectra of $2}ZrCl, after the solvent was evaporated and the residiseredissolved
in tetrahydrofurards. Therefore, the complexS${2}ZrCl, is best prepared in situ for the
synthesis of §2}Zr(NMe,)CI.

The desired compounds{2}Zr(NMe)Cl is prepared by of one equiv. of LINM® {S

2}ZrCl, (generated in situ). The complex was isolateddmyaval of volatiles from the reaction
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mixture in vacuq followed by benzene extraction with 79% isolateeld. A mixture of two
diastereomers is formed (in 4:1 ratio as detectetHoNMR spectroscopy of tetrahydrofuralg-
solutions) because the zirconium &2}Zr(NMe,)Cl is a stereocenter. THEl NMR resonances
associated with the ancillary ligand in each oftthie diastereomers indicated the (expected)
symmetry. Two sets of oxazoline resonances, onglegifior dimethylamido group, and four
multiplets for the cyclopentadienyl group were alised for each of theCi-symmetric
diastereomers. The 4:1 diastereomeric ratio remainkanged in THF at room temperature after

12 h.

ZFC|4 Ph—B , Cl
Ky[S-2] — » BT ANG [S-2]ZrNMe,Cl (7

07)7\ [S-2]Z(Cl,

A mono(oxazolinyl)borato zirconium§7}Zr(NMe,), compound is prepared by reaction
of H[Ph,B(CsHs)(OX*SP™e3] (H{S7}) and Zr(NMe),. The treatment of isomeric mixture of
Hx{S7} with 1 equiv. of Zr(NMe), in benzene at room temperature formé&d7{Zr(NMey),
after 20 min with 92% isolated yield. THE NMR spectrum of §7}Zr(NMe,), in benzene is

constant at room temperature over at least 12 h.

/C5H5 Zr(NMe2)4 Ph/,. /ﬂ

AN
Ph.. B Zr"NMe,
B -
Ph™ Ph /N (8)
}:NH benzene \:N NMe;
Ho[S-7] [S-71Zr(NMey),

One set of oxazoline resonance®.( one septet and two doublets assigned to the

isopropyl groups and two singlets for the 5-metgsdups), two singlets for two inequivalent
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dimethylamido groups, and four downfield multipléts the cyclopentadienyl group suggest a
Ci-symmetric species for§7}Zr(NMe,),. The'H NMR pattern did not change at variable
temperatures ranging from 190 K and 320 K in totugqn Additionally, three'B NMR
resonance at10.0,-11.5 and-12.4 ppm from isomers of J57] is converted to a single
resonance at11.7 ppm. In infrared, onecy at 1562 crit for {S-7}Zr(NMe,), indicates that the

oxazoline is coordinated to the zirconium center.

Catalytic Hydroamination/Cyclization of Aminoalkenes

The bis(oxazolinyl)cyclopentadienylborate-coordethtbis(amido) group 4 compounds
{1}Zr(NMey),;, {1L}Hf(NMej),, {S2}Zr(NMey),, {S2IHf(NMe,),;, {S2JTi(NMey),;, {R-
2}Zr(NMe»y),, and {&3}Zr(NMe,), catalyze the cyclization of aminoalkenes to gaeemic and
optically-enriched pyrrolidine, piperidine, azepaa@d indoline products at room temperature
(Tables 2.3-2.5). These tables are organized bgtsaib type: Table 2.3 gives conditions for
cyclization of aminopentene®a-13a that have aliphatic or aromatic 3,3-disubsititatidable
2.4 contains 6 and 7-membered rings from substiatad 7a Table 2.5 contains cyclizations of
substrated8a-23a that give indoline, halogenated, acetal, and makealkenes. In contrastS{
2}Zr(NMe»)Cl and {S7}Zr(NMe,), are not precatalysts for cyclization of aminoak®munder
the conditions tested.

The general rates of cyclization depend on the Imegater, ancillary ligand, and
substrate. Some general trends (for which exceptiane summarized as follows. The metal
center affects the reaction rate following the drefr > Hf >> Ti. For example, the apparent
reaction rate (based on time required for convar&dd95%) for cyclization of aminopenteBa

is greater for {}Zr(NMe ), than {L{}Hf(NMe ), (Table 2.3, entries 1 and 2)5-g}Zr(NMe>), is
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a significantly more effective precatalyst thagZ}Hf(NMe ,),, and in many cases only starting
materials were detected in mixtures &Z}Ti(NMe ), and aminopentenes (allowed to stand at
room temperature for extended times). In fact, dhige of the most highly reactive substrates
diphenyl 8a, tris(allyl) 11a and cyclohexyll2a are cyclized by $2}Ti(NMe,), at room
temperature with appreciable conversion.

For zirconium diamide catalysts, the oxazolinessitiloents on the ancillary ligand affect
hydroamination rates, generally following the treff82}Zr(NMey), > {1}Zr(NMey), > {S
3}Zr(NMe,),. For example, diphenyl substra&a is cyclized to pyrrolidingBb in 1.25 h by &
2}Zr(NMey),, 11 h by {1}Zr(NMe>),, and 18 by §3}Zr(NMey), (Table 3, entries 3, 1, and 14).
This trend applies to the formation of most pydoie, azepane, and indoline products found in
Tables 2.3-2.5. However, achiral 4,4-dimethyl-2 zntme-based {}Zr(NMe»), is a more active
catalyst than $2}Zr(NMe), for unsubstituted aminopentefh8a (Table 2.3, entries 46 and 47)
and aminohexeneka and15a (Table 2.4, entries 1 and 2; entries 5 and 6);uth&ubstituted
aminopentene is readily cyclized b$}Zr(NMe,), at room temperature, buS}Hf(NMe ,),,
{S2}Ti(NMe,),, and {&3}Zr(NMe,), are not precatalysts for this cyclization, an& {

2}Zr(NMey), requires temperatures of 110 °C for only a femawers.

Table 2.3. Catalytic cyclization of aminopentenes with achiead optically active group 4

compounds coordinated by mixed cyclopentadienyblizolinyl)borato ligand$.

Reactant to Entry Precatalyst Solvent Time (h)Yield | ee (%Y
Product (%)

1 {1}Zr(NMe>), CsDs 11 90 racemic
2 {1}Hf(NMe ), CsDs 24 29 racemic
3 {S2}Zr(NMey), | CeDs 1.25 95 93 R
4 {S2}Zr(NMey), | CeéDs 6 95° 93 R
5 {S2}Zr(NMey), | THF-dg |5 95 9% R
6 {S2}Zr(NMe,), |CD,Cl, |5 95 93 R)
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H2N/W 7 {S2}Zr(NMe,), | C;Dsg 5d og° 98 R
PR Ph
i 8a 8 | {R2Zr(NMe,), |CeDs 125 |95 [93(9
Ph 9 {SZ}Hf(NMe 2)2 CsDs 5 97 91 (R)
\(jiph 10 | {S2}Hf(NMe,), |C;Ds 15 98 |96 R
HN 8b 11 | {S2}Hf(NMe,), |CD,.Cl, |15 96" |94 R
12 | {S2}Hf(NMe,), |THF-ds |20 98 |96 R
13 | {S2}Ti(NMey), | CeDs 5d 93 76 R
14 | {S3}Zr(NMe), | CeDsg 18 95 93 R)
15 {1}Zr(NMe>), CsDs 11 88 racemic
H,N =
] ea 16 | {S2}Zr(NMe2), | CeDs 4 88 922 R
17 {R-2}Zr(NMe>), CsDs 4 88 92 (9
l 18 | {S2IHf(NMe.), | CeDs 20 90 94 R)
\Q) 19 | [S2}Hf(NMe,), |C;Dg 8 85 |95 R
HN 9b 20 {S—Z}TI(NMG 2)2 CsDs 48 0 -
21 {S3}Zr(NMe>), CsDs 11 77 88 R)
22 {1}Zr(NMe ) CeDs 11 85 racemic
=
HoN 5
2 m 23 | {S2Zr(NMey), | CeDs 7 89 89
l a 24 | {S2)Zr(NMe,), |C;Dg 8d 95 |93
" 25 | {S2}Hf(NMe,), | CeDs 20 90 87
\/j;'\:e 26 | {S2}Ti(NMey), | CesDe 72 0 -
HN
10b 27 | {S3}Zr(NMe,), | CeDs 48 20 -
28 {1}Zr(NMe>), CsDs 11 98 racemic
HoN =
2 Kq\ 29 | {S2}Zr(NMe,), | CeDe 0.75 98 93 R
11a \\ 30 |{S2Zr(NMes), |CD.Cl, |1 98 | 94R
l 31 |[{S2})Zr(NMe,), |THF-dg |1.25 96 94 R
= 32 | {S2}Hf(NMe,), | CeDs 5 98 90 R
HN - 33 | {S2Hf(NMe,), |CiDsg 20 909 |96 R
11b 34 | {S2)Ti(NMe), | CeDs 5d 90 82 R
35 [{S3})Zr(NMe,), | CeDs 30 97 88 R)
36 {1}Zr(NMe>), CsDs 11 92 racemic
37 | {S2}Zr(NMe,), | CeDs 1.25 96 920 R
38 | {S2})Zr(NMe,), | CeDs 6.5 9 |90®
39 | {S2}Zr(NMe,), | C;Dg 10 94 |91 (R)
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HN N N 40 | {S2)Zr(NMe,), |THF-dg |11 9 94 R
X\/ 41 {S2}Zr(NMey), | CD.Cl, 10 o5 9B R
12
l a 42 {R-2}Zr(NMey), | C¢Ds 1.25 96 90
43 {S2}Hf(NMe,), | CsDs 5 95 9B R
HN 12b 44 {S2}Ti(NMe ), CsDs 5d 75 83 R
45 {S3}Zr(NMe>y), CsDs 30 92 87 R
46 {1}Zr(NMe>), CsDs 15 90 racemic
H NW
2 13a a7 {S2}Zr(NMey), | C¢Ds 15 24 -
l 48 { S-Z}Hf(N Me 2)2 CsDs 48 0 -
\Q 49 {S2}Ti(NMey), | CgDs 48 0 -
HN—" 13b 50 {S3}Zr(NMey), | CgDg 48 0 -

@ Reaction conditions: 10 mol % catalyst, r.t. unlested.”% ee (x0.5%) was determined by and/or
F NMR spectroscopy by integration of the spectraMisher amide derivatives. The absolute
configuration assignments are based on literagperts>**°*° 2 mol % catalyst! Reaction performed at
0 °C.°Reaction performed at30 °C." % ee measured byF NMR of Mosher amides derivatives and
HPLC of benzoylamide derivative¥Reaction performed at 110 °C.

The enantioselectivities were determined by intégma of °F NMR spectra of
trifluoromethylamide derivatives. For samples whk highest % ee, the result was checked with
HPLC using a chiral stationary phase; the two ma#ghmvariably provided the same value
within error. Racemic products were obtained fro}Zf(NMe,) for spectroscopic and
chromatographic comparison with optically activéehnecycles.

Several generalizations about the influence oflngiligand, metal center, solvent, and
temperature on enantioselectivity for most substratan be identified. Overall, this group 4
system provides pyrrolidines with excellent opticpurities. For example, diphenyl-
aminopentene is cyclized at room temperaturig-tmnfigured 2-Me-pyrrolidine with 93% ee by
{S-2}Zr(NMe), (Table 2.3, entry 3) and 91% ee b$ZIHf(NMe ), (Table 2.3, entry 9), and
93% ee by &3}Zr(NMey), (Table 2.3, entry 14). Impressively, the enantedeities of
reactions catalyzed by5{2}Zr(NMe), are high for a range of substrates that includetfanal

groups on five membered rings and seven-membengg (iTables 2.3 — 2.5). In the series of
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pyrrolidines, spiro-cyclohexyl-pyrrolidinel2b (90%), cyclopentyl-pyrrolidine9b (92%),
dimethyl-pyrrolidine 10b (89%), and trisallyl-pyrrolidinellb (93%) are obtained at room
temperature usingg2}Zr(NMe,), (Table 2.3). Furthermore, while the reaction ratsensitive

to the substrate and catalyst concentration, homieeenantioselectivity is not. For example, 2-
10 mol % {[S2}Zr(NMe ), provides8b pyrrolidine with 93% ee at all catalyst loadingst the
apparent turnover rate decreases significantly aaslyst concentration decreases (Table 2.3;
entries 3 and 4).

In general, §2}Zr(NMe )., {S-2}Hf(NMe ;). and {S3}Zr(NMe), provide products with
better optical purities than the titanium-basedatalyst &2} Ti(NMe,),. The 4&isopropyl-5,5-
dimethyl-2-oxazoline ligand$-2 and R-2 often give pyrrolidines with higher % enantiomeric
excess than3tert-butyl-2-oxazoline ligan&-3. For example, tris(allyl)methylamine is cyclized
by {S-2}Zr(NMe ), to give 4,4-diallyl-2-methyl-pyrrolidine in 93% eehereas §&3}Zr(NMe»).
affords the product in 88% ee. Similar effects @oserved with the cyclopentyl substrate (92%
vs. 88%) and cyclohexyl substrate (9096 87%), while diphenyl pyrrolidine forms with
equivalent % ee with $2}Zr(NMe,), and {S3}Zr(NMey),. As expected, the mirror-image
precatalyst R-2}Zr(NMey), gives equivalent reactivity and enantioselectivigs {S
2}Zr(NMey),, but provides the products with the opposite alisokonfiguration. Thus, an
additional advantage of valine-derived ligands tert-leucine is that both enantiomers are

readily available for the former.
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/@\ Ph—B/@\
Ph-B: . Zr:NMe
g /Zr“NM62 /OX/ ~ 2
N7 v, 2N e
LA b
(R : [R-2]Zr(NMe.) (S)
S-2]Zr(NMe 22
HN Ph Ph Ph HN Ph
93% ee 93% ee

The hafnium precatalyst S{2}Hf(NMe ), is also highly enantioselective, and the
examples here are the first in which hafnium comm@é&ords hydroamination products with
optical purities >90%. In fact, S2}Hf(NMe,), provides pyrrolidines with higher
enantioselectivity than$2}Zr(NMe), for about half of the aminoalkenes that were teshe
particular, &2}Hf(NMe,), gives higher % ee in benzedg-at room temperature for
cyclopentylpyrrolidine 9b, 94% ee) and cyclohexylpyrrolidindZb, 93% ee). Under these
conditions, diphenylpyrrolidine, trimethylpyrrolig, and diallylpyrrolidine are formed with
greater optical purities in reactions catalyzed{I92}Zr(NMe,), than {S2}Hf(NMe,),. The
enantiomeric excesses were always lowest WBHTi(NMe ), as the precatalyst, regardless of
the substrate. Thus, the effect of metal centehymiroamination enantioselectivity follows the
trend Zr= Hf >Ti for this mixed cyclopentadienyl-bis(oxazoji)borate group 4 system.

Aside from slight variations, in general the pymoie products' optical purities are high
in benzene, toluene, methylene chloride, and THfe dpparent turnover rate is diminished in
THF or methylene chloride compared to benzene loete, however, the enantioselectivity is
enhanced. With the §2}Zr(NMe,).-catalyzed cyclization of the diphenyl substr& as a
representative example, benzelge-and methylene chloridé, solvents the same

enantioselectivity (93% ee), although the react®faster in benzends. Higher enantiomeric
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excess is obtained in THF at room temperature (9&8l6le 2.3, entry 5) and conditions of lower
temperature«30 °C) in tolueneds solvent provide the product with 98% ee (Table 28ry 7).

In fact, the asymmetric induction is significantgnhhanced at lower temperatures,
although in several cases long reaction times aeded. For example,S{2}Zr(NMey),
catalyzes the formation of 4,4-dimethyl-pyrrolidid®b at —30 °C with 93% enantiomeric
excess, whereas the product is formed with only 8@%t room temperature (Table 2.3, entries
23 and 24). A similar trend is also observed B82Hf(NMe ,),, whichmediates the formation
of diallylpyrrolidine with 96% ee at 0 °C comparexi90% ee at room temperature (Table 2.3,
entries 32 and 33).

These trends established for more common pyrr@idproducts suggest thalS{
2}Zr(NMey), is a highly effective and enantioselective groupadalyst for the cyclization of
additional amino alkenes. Some minor optimizatiques, substrate, could involve the hafnium
catalyst, solvent modification, or temperature colrds addition substrates are tested.

Typically, cyclizations of aminohexenes and amimgibrees have proven more difficult
than the aminopentenes described above. In factaties of cyclization of aminohexeibéaand
153 as catalyzed by $2}Zr(NMey),, are significantly decreased with respect to the
aminopentenes. Additionally, the enantiomeric ezesf the 2-methylpiperidines products are
significantly lower than the 2-methylpyrrolidine$he conversion and rate of the hafnium
precatalyst §&2}Hf(NMe )y, is superior to the zirconium catalyst for pipemiliformation,
although elevated temperature is required.

Although cyclization of aminoheptenes is also slowan the catalytic conversions of
aminopentenes, azepanes are obtained with hightiememnic excesses. The cyclization of

aminoheptene substrates is catalyzed ByY{NMe,), to give the racemic products and H {
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2}Zr(NMey),, providing optically active homopiperidines, atono temperature (Table 2.4,

entries 9). However, hafnium comple&2}Hf(NMe ), the titanium compoundS2}Ti(NMe )2,

and the tert-butyl-oxazolinylborate zirconium coep{S3}Zr(NMe,), are not effective at room

or elevated temperatures.

Table 2.4.Catalytic hydroamination/cyclization of aminohexsr@ad aminoheptenés.

Reactant to Entry | Precatalyst solvent Time (h) Yield (% ee (%)
Product
HZN/V 1 | {1}Zr(NMey), CeDs 11 87 racemic
14a
2 | {S2})Zr(NMey), | CeDs 40 48 31°
ﬁi% 3 | {S2Hf(NMe,), | CsDs 30 85 26°
HN 14b 4 {S3}Zr(NMey), | CsDs 48 80 29
HNTY " 5 | {1}Zr(NMe>), CeDse 4d 95 racemic
Ph Ph 15a
l " 6 | {S2})Zr(NMey), | CeDs 4d 65 46
7 " {S2IHf(NMe ), | CD 20 8 18
HN 15b 2)2 676
HoNS = {1}Zr(NMe ), CsDs 5d 56 racemic
PHj Ph 16a
HN— .Ph 9 | {S2})Zr(NMey), | CeDs 5d 73 91
~Ph
— .
HNT 10 | {1}Zr(NMey), CsDs 4d 76 racemic
% dr.=5.6:1
HN— _ph 11 | {S2}Zr(NMey), | CeDs 4d 85 94, 90
O‘\/) dr.=3.81
17a =~

“Reaction conditions: 10 mol % catalyst, r.t. unlested.” % ee (+0.5%) was determined tiy and/or
1F NMR spectra of Mosher amide derivative% ee verified by HPLC® 85 °C.

The highly enantioselectivity in amino pentene @ations motivated further study of

the formation of other five-membered rings. The cptalysts §2}Zr(NMey), and {S

2}Hf(NMe 2), cyclize ortho-allylaniline at room temperature to generate @blyc active 2-
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methyl-indoline with 95% and 94% ee respectivelal{le 2.5, entries 2 & 3). 2-Substituted
indolines are important subunits in drug candidateduding as eletriptan, indapamide,
muscarine receptor agonists and antagoffisBreviously described syntheses of highly
enantioenriched (>90%) indoline subunit bearingeme®genic center at the 2-position rely on
either catalytic asymmetric hydrogenation of indoler the kinetic resolution of racemic mixture
of indoles. Therefore, complexesS2}Zr(NMe,), and {S2}Hf(NMe,), are promising
precatalysts for preparation of optically activdohne building blocks from aniline derivatives.
Two other reported hydroamination catalysts canvige 2-methyl indoline from ortho-
allylaniline with moderate enantioselectivify?°

This series of group 4 precatalysts are active eéthglene chloride and THF, suggesting
that substrates containing halogen and ether fumatity. We therefore investigated cyclizations
of aminopentenes containing these functional groQuste promisingly, high enantioselectivity
is obtained for the intramolecular hydroaminatioh 2)2-diethoxy-aminopentené9a ({S
2}Zr(NMey),, 97% ee; §2}Hf(NMe,),, 96% ee; Table 2.5, entries 6 and 7). The achiral
precatalyst {}Zr(NMe,), mediates the cyclization at approximately the saaie as &
2}Zr(NMey),, but neither the &tert-butyl-oxazolinylborate-base&{8}Zr(NMe ), nor titanium-
based precatalyst is effective.

2-Allyl-2-(4-bromophenyl)pent-4-enylamin20a is cyclized by {}Zr(NMe,), to a 2:1
diastereomeric mixture afis andtrans pyrrolidines at room temperature. The assignméthe
major isomer asis is supported by NOE experiments in benzdger which irradiation of the
2-methyl signal of the major isomer (1.00 ppm) hessin decreased intensity of tloetho- and
metaphenyl resonances at 7.27 ppm and 6.69 ppm. Itteybs the optically active precatalyst

[S-2]Zr(NMe>). is more efficient (full conversion in 20 min), g better diastereoselectivity
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(cistrans = 4:1), and provides the products with exceediriggh enantioselectivityc{s: 97%
ee;trans 95% ee). The diastereomeric raticascis = 2:1) as well as the optical purity of the
major enantiomer (at 93% ee) are lower with thaeninah catalyst $2]Hf(NMe,),. Even higher
optical purities are obtained with bys-B]Zr(NMe,), (Table 2.5, entries 13), although the
diastereomeric ratio is 1:1.2 (favoring tin@nsisomer) and the reaction time is two days. Finally
and impressively, both diastereomers are obtainefl926 ee after cyclization at30 °C in
toluene with §2]Zr(NMey), as the precatalyst. However at that temperatbhesdiastereomeric
ratio (cis:itrans) decreases to 1:1.3 (with ttransisomer slightly favored).

Similar effects are observed in the cyclization4eéminomethyl-4-methyl-hepta-1,6-
diene, in that the fastest cyclization rates iswigtd with &2}Zr(NMe,), as the precatalyst and
the highest diastereoselectivity is obtained with2fHf(NMe,),. The enantioselectivity is
slightly better with §2}Zr(NMe»), whereas the diastereoselectivity for cyclizatiersiightly
better with &3}Zr(NMe,).. Although diastereoselectivity for bis(allyl)amisabstrates is poor,
the enantioselectivity is high. Although the abseloonfiguration of the stereocenters in these
molecules are not established by X-ray crystallplyya inspection of HPLC traces of benzoyl
derivatives and®F NMR spectra of Mosher amide derivatives suggeat the stereocenter
obtained from €N bond formation with §2}Zr(NMe>), is R for both diastereomers for both
methyl and para-bromophenyl substrates. In particular, Mosher-amdkrivative of S-8b
structurally characterized by X-ray crystallography

R enantiomer elutes before tBeenantiomer from a Regi§$(S-Whelk O1 column HPLC
column; additionally the peak from tlieenantiomer is sharp whereas a broad band is appare
from the S isomer’®*® In the mixtures of diastereomers obtained fromlizgtion of substrates

20a and2laby {S2}Zr(NMe,),, four peaks were observed in the HPLC that appeaairs.
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The two peaks associated with the mdpoenantiomers elute together and earlier thanShe
disfavored enantiomers, following the same eludi@mnd established with the pyrrolidines,
whose absolute configurations are determines eithercrystallographicalf? or optical
rotation?®2>2d

These early bands are narrow, whereas the disfd\erantiomers of the diastereomeric
pairs are broad. Likewise, in th# NMR spectra of the Mosher amides of 2-methyl-phdines
20b and21b, the RR-pyrrolidine Mosher amide resonances are upfield simrp whereas the
SR-pyrrolidine Mosher amides resonances are broacdanahfield. In the'®F NMR spectra of
20b and21b acquired at 60 °C, two sharp, upfield singletsevalserved as the major species
presen0b: —73.73 and-70.83;21b: —70.83 and-71.07); the minor species were detected as a
pair of broad downfield signal2Qb: —69.98 ppm and69.89 ppm21b: —70.15 ppm and70.04
ppm in chloroformd). From consistent the relative peak positions sigthal shape for th&
enantiomers and the tendency &Z}Zr(NMey), to provide theR enantiomer oRlaand?21b
substrates, we assign the configurations of th@mnejantiomers of the two diastereomersRs 2
for bromophenyl and methyl substrates.

In case of cyclization of substrate containing riné alkene22a only {1}Zr(NMe), and
{S2}Zr(NMe,), are seen to be active precatalysts providing raceand enantio-enriched
pyrrolidines respectively. 2-ethyl-pyrrolidine wit89% ee is obtained usingsf}Zr(NMey),
(Table 2.5, entries 19)

The turnover rate diminished with decreasing theristbulk on the backbone of
aminopentene, following the commonly cited Thorgdld effect. The rate of cyclization of

mono-phenyl aminopentene (Table 2.5, entries 23)ereased significantly compare to the
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substrate diphenyl substrate (Table 2.3, entriear) as noted above the parent aminopentene is

not efficiently cyclized by any of these chiral aeéinylborate catalysts.

Table 2.5Catalytic hydroamination/cyclization of aminoalkene

Reactant to Entry | Precatalyst Solvent Time (h) Yield %) | ee (%Y
Producf
©\/\/ 1 {1}Zr(NMe>), CeDs 72 90 racemic
NH, 2 | {S2Zr(NMe,), | CeDs |3d 92 95
l 18a 3 [{S2Hf(NMe,), | CDs |5d 80 94
4 | {S3)Zr(NMe,), | CsDs |72 0 -
18b
/\(\/ 5 {1}Zr(NMe ), CsDs 30 90 racemic
EtO OEt
19a 6 | {S2}Zr(NMez), | CeDs |30 90 97
l 7 | {S2Hf(NMe,), | CDs |5d 90 96
OEt
\H@*oa 8 |{S3}zr(NMez), |CeDs |5d 15 :
19b
\ CHLBr 9 {1}Zr(NMe>), CsDs 20 100 racemic
Se dr.= 2:1
7 NHy | 10 |{S2)Zr(NMes), | CDs | 0.33 100 97, 95
¢ 20a dr.=4:1
", 11 | {S2})Zr(NMey), | C:Dsg 24 10¢f, d.r. =| 99, 99°
Oﬁ\%\”@r 1:1.3
HN
12 | {S2}Hf(NMe CeD 3 90 93, 95.6
20b-cis < (S2HH( 2)e e dr.=2:1
W, ¥ y 13 | {S3}Zr(NMe,), | CsDs | 48 100 96, 98
T\ ? dr.=1:1.2
HN CgH,4Br
20b-trans
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\ . 14 | {1}Zr(NMe>), CeDs 30 85 racemic
dr.=15:1
7 NH2 15 |{S2)Zr(NMey), |CDs | 0.5 98 93, 92
¢ dr.=1.11
o 16 | {S2}Hf(NMey), | CsDs 20 90 87, 63
H,\Q\ ' dr.=1.4:1
21b cis 17 | {S3}Zr(NMey), | CsDs 30 85 92,91
dr.=1.2:1
Ph Ph 18 | {1}Zr(NMey), CsDs 4d 20 racemic
— NH2
l 22a 19 | {S2}Zr(NMey), | CsDs 4d 85 89
Ph 20 {S2}Hf(NMe ), | CsDs 4d 15 -
HN Ph
22b
Ph 21 | {1}Zr(NMe>), CeDs 20 95 racemic
AN NH, dr.=1.4:1
l 23a 22 {S2}Zr(NMey), | CgDs 15 95 66, 57
dr.=3:1
23 {S2}Hf(NMey), | CsDs 24 90, d.r. =|65,58
\yph 2.5:1
HN 24 | {S2}Zr(NMe,), | CsDs | 48 20 -
23b dr.=3:1

& Reaction conditions: 10 mol % catalyst, r.t. unlested.” ratio of diastereomers defined @is/trans. ©
% ee (+0.5%) was determined by and/or'F NMR spectra of Mosher amide derivativés30 °C.¢%
ee verified by HPLC.
Spectroscopic and Kinetics Features of Catalytic Reactions

The olefin hydroamination reactions catalyzed &2JZr(NMe,), are unique among
current group 4 systems in terms of the mild coodg of conversion (room temperature-®0
°C), their broadly high enantioselectivity, and tieative insensitivity of enantioselectivity to
solvent choice. We have collected additional datacharacterize some of the kinetic and

stereochemical features of our system for comparisoother group 4 catalysts, to rule out

possible catalytic pathways, and possibly identify features that provide high rates and high
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enantioselectivity. We have also investigated ¢$feof ancillary ligand modifications on
cyclization rates, and along with the kinetic dgtegvide a mechanistic hypothesis that we

believe best explains the currently available data.

a. Reaction time course and its kinetic featuresHNMe, is observed by'H NMR
spectroscopy to upon addition of the aminoalkepnethé precatalyst. The active catalyst is not
directly observed at room temperature by in $#{UNMR spectroscopy of the reaction mixture.
However, the active species is formed at room teatpee within one minute after addition of
aminoalkenes to metal diamides, based on the agpespf product in thtH NMR spectrum of
the reaction mixture.

In situ'H NMR spectra of a mixture of 1.0 equiv. ©f(1-allyl-cyclohexyl)-methylamine
(128) and {S2}Zr(NMey), at 230 K in toluenals contained resonances assigned to HpMe
(2.20 ppm), new olefinic resonances (5.81 and pd@l) associated with transformation but not
cyclization of12a(5.69 and 4.99 ppm at 230 K), and ancillary ligaesbnances. Signals at 2.82
ppm are assigned to the remaining Zr(NM&eaks froml2a and the £2}Zr(NMey), starting
material are not visible in this mixture. Upon wammto room temperature, the resonances in
the olefinic region are no longer observed.

Reaction of £§2}Zr(NMe,), and two equiv. ofi2aat 230 K also provides HNMeThe
'H NMR signals previously assigned to ZrNMevere absent from the spectra, as were
resonances assigned 12a However the'H NMR spectrum of the reaction mixture was
complicated by broad overlapping resonances inptienyl and cyclopentadienyl regions, and

structural assignment was not possible. Similaryald resonances forS{2}Zr-species were
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observed in catalytic reaction mixtures at low tenagure, therefore assignment of the structure
of a catalytic resting state is not possible & guint.

Instead, the reaction pathway was characterizewyusnetic studies. The concentrations
of the "cyclohexyl" substrat€-(1-allyl-cyclohexyl)-methylaminel2a) and the cyclized "spiro"
product 3-methyl-2-aza-spiro[4,5]decari®lf) were monitored byH NMR spectroscopy over
the course of the catalytic conversion. Plots dfida vs. time are linear (up to 75-82%
conversion), and this is consistent with first-ardependence on substrate concentration. Using
the first 75% of the reaction, a series of pseuds-brder rate constanks are obtained for a
range of initial concentrations of the precatafys}Zr(NMe,),. A linear relationship between
keps and [S-2}Zr(NMe,),] provides the empirical rate lawsd[12g/dt = Kopd 128 [{S-

2}Zr(NMe ,),]* (Kobs= 0.085 M's™; 21 °C).
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Figure 2.3. Plots of InL24g versus time for the $2}Zr(NMe,), catalyzed conversion df2a
into pyrrolidine 12b. Three experiments are illustrated, in whicls-gZr(NMey),;] = 9.7 mM

and 0, 4, and 6 equiv. of the prod@@t, are added prior to conversion. Linear least-segibest

fits for ~2.5 half-lives corresponds to conversiorstibstrate:catalyst ratio = 2.5:1 for the three

data sets.

However, after two half lives, the reaction ratecréases to a greater degree than

expected for a first-order reaction. Similar obséinns have been reported in other early-metal-

catalyzed aminoolefin cyclizations (although tyflicathese showed zero-order substrate

concentration dependence), and the non-linearityat@ibuted to product inhibiticf}:>>28>¢

Recently, however, Schafer pointed about that threature might result from a change

in rate law?® We therefore pursued this point further. Cycliaatrates ofl2a catalyzed by $
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2]Zr(NMey), were measured with 4 equiv. and 6 equiv. of prodab (using 90% ee material)
relative to catalyst, and pseudo-first order @instants (0 equi¥2b: kops = 1.08x 10° st; 4
equiv12b: kops= 0.32 x 10° s*; 6 equivl2b: kops= 0.22x 10° s*) were smaller in the presence
of 12b (measured with equivalent catalyst concentrati@2}{Zr(NMe,),). Thus, kinetic
experiments indicate that addition of product rssil slower conversion (without a change in
rate law) consistent with product inhibition.

Interestingly, even in the presence of 6 equivi2if, plots of InfL2g vs.time are linear
for only ~75% conversion. In general, thell2f] vs time plots deviate from first-order substrate
dependence at a ratio of [substrate]/[catalysts]25. This apparent effect may be related to the
requirement that two molecules b2a are required for catalytic turnover (see the ahitates
experiments below). Thus, these experiments sugigasthe curvature in first-order plots results
from a change in mechanism at low substrate coraté. Furthermore, the product inhibition
suggest that initial rate measurements, whé@b|[is minimized, might better describe the
substrate dependence of the catalytic reaction.

An additional observable that can provide insigtib ipossible mechanism change is the
enantioselectivity, which is often sensitive toatgdt structure and mechanism. Therefore, the %
ee was monitored as a function of conversion, argi$ plotted in Figure 2.4. Notably, this plot
shows that the % ee is constant from 35-70% cororerand the enantioselectivity begins to
decrease above 75% conversion. Furthermore, ther lemantioselectivity occurs at the same %
conversion at which the rate appears to deviata ficst order. However, we should note that at
equivalent and full conversion, the observed % semvariant over experiments in which the

total volume (and thus, the concentration) of #gection mixture is varied.

www.manaraa.com



52

100 T T T T T T T

95 ° ° ° ° —

85 | -

% ee of 12b

80 + -

75 -

70 1 1 1 1 1 1 I
30 40 50 60 70 80 90 100

% conversion of 12a

Figure 2.4. Plot showing the correlation of enantiomeric esscef pyrrolidine product2b with

catalytic conversion of substrat@a

Still, most mechanistic studies of early-transitiometal, lanthanide, and actinide-
catalyzed hydroamination/cyclization have probec tkinetic features (isotope effects,
temperature-dependence) based on some percentageabftic conversion. The same is done
here for comparison to other hydroamination systemmg ~2.5 half-lives of data. Conversion
of C-(1-allyl-cyclohexyl)-methylamine-Np (12a-d,), catalyzed by $2]Zr(NMey),, is much
slower than conversioh2aitself. Linear least squares best fits of plotkgf® versus catalyst
concentration provide the second-order rate cohstad™ and the largekopd/Kopd® value
(3.5) that is consistent with a primary isotopeeeff(.e., an N—H or N-D bond is broken in the

transition state of the turnover-limiting step; tig 2.5).
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Figure 2.5 Plots of pseudo first order rate constaigs)(vs catalyst concentration. Reactions

were performed at 295 K in toluede-

In addition, hydroamination mechanisms are oftenetcally characterized using
transition-state theory. Second-order rate constity) for cyclization ofl2awere measured at
temperatures from 266 K to 314 K (Figure 2.6). phat of In(kobs/T) vs. 1/T from these data
provides the values of activation parametet$i* = 11.01 kcal-mét andAS' = -18.3 cal-mol

K1,
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Figure 2.6.Plots of InK'opd7) Vs L/T and Inkx/T) vs. 1/T.

b. Initial rates. The effects of product inhibition should be minietizat the initial portion of the

reaction. This potential simplification motivateaivestigations of the instantaneous rate

dependence on substrate concentration for theZrs25% of the catalytic conversion. Linear

least squares best fit of curves obtained fra@d][ vs time provide the initial rated{123)/dt)in;.

For a series of experiment42d was varied from 0.0098 to 0.154 M a${2}Zr(NMey),] (5.39

mM) and temperature (23 °C) were kept constantréwide a set of data that describe the rate

dependence on substrate concentration (Figure 2.7).
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Figure 2.7.Plot of initial cyclization rate ofHd[12&]/dt)ini vs. [substrate]; for 12a (m) and12a

d> (A), measured in toluendy; 23 °C. The curves represent nonlinear least-egudar(eq 10).

At low concentrations (0.0098 to 0.07 M), the ageranitial substrate conversion rates

increase linearly as the substrate concentratiaareases; however, at higher substrate

concentrations (70 mM), the initial rates approachanaximum and eventually do not increase

with further increases in substrate concentratfoslight decrease of the initial rate is observed

at [124 > 70 mM. Experiments that probe initial rate degence on substrate concentration

performed at 273, 314, and 322 K, as well as udirdeuterated substrate?2a-d,, provide

similar curves. As can been seen in Figure 2.7|rit@l rate plots also contains a non-zero x-

intercept that coincides with precatalyst concdiuna which suggests that 1 equiv. of substrate

is required before one catalytic cycle can be cetepl That statement is an approximation, in

fact, because the low temperature experiments With substrate to catalyst indicate that
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cyclization can occur at that low ratio. Howeves,saiggested by the In[substratg] time plots,
the reaction rate drops precipitously at low swdistconcentrations.

The non-linear rate dependence on concentratianates that the rates of the elementary
reaction steps are inequivalently influenced byssabe concentration; the results is that
changing substrate concentration modifies the dmriton of the elementary steps to the rate of
catalysis. Nonlinear least-squares regression sisabf the data in Figure 2provides good
correlation with eq 10, which includes the rate stantk; for the irreversible step, the catalyst
formation constanK' ({k-1 + ko}/ ki), and the substrate inhibition const&a§. The form of the
rate equation resembles the Michaelis-Menten eguatwith the addition of a reversible
substrate inhibition step (eq 11)Additionally, the substrate concentration in egid@nodified
by the approximated requirement that one equivsudfstratel?a is needed to convertS{

2]Zr(NMey), precatalyst into the active catalyst, giving tearts {[12d—[{ S-2}Zr(NMe3),]} in

eq 10.
—d[12a] ko[{S-2}Zr(NMey),] {[12a] - [{S-2}Zr(NMe),] 10
dt K+ {[12a] - {S-2)Zr(NMe,),} + Ks({[12a] - {S-2)Zr(NMe,),}?
kl k2
cat + 12a cat. 12a ——> catalyst + product (12b) (11)
ki
Ksi | 12a
cat.(12a)?

The rate law in equation 10 corresponds to thetimaanechanism shown in the
following equation 11, which shows reversible stddst and catalyst association followed by an
irreversible step. The three parameters obtainem the curve fit ard, (1.7+0.3x 10° s%), K'

(2.8+0.7x 10% M), andKsg (5+2 M™Y). The composition of the catalytic species carpasly
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assessed from this kinetics analysis. The intemactif substrate and catalyst in a 1:1 ratio
provides the active catalyst that is likely [Zr(NHRMe,)] (catalyst initiation NHR =
amidoalkene). The equilibrium stepy/k1) involves reversible interaction of catalysith

substrate giving [Zr(NHR) and HNMe.

c. Isotope effectsThe primary kinetic isotope effect was also vedfby actual rate constakt
obtained from the saturation kinetic plots uslidg-d,. The initial rate increased with increase of
[12a-d,]in until a saturation was observed similar to the gwednalog 12a). A nonlinear least-
squares fit R = 0.099) of —[d{2a-d,)/dt]ini vs [12a-d;]ini at 23 °C provides a saturation curve,
with the value of Kx)p = 7.3 x 10° s*. The value ok, k® from the initial rate plots (Figure
2.7) is 2.3 (0.5), indicates that-N bond is involved in the turnover-limiting stepig&ificant
increase of isotope effect was observed at 0 °@.vBtue ok, k,® measured from initial rate

plots at 0 °C is 4.5.

d. Activation parameters. The second order rate constant include the subdimtling constant
as shown in the plot of initial rate and also iteraw. Therefore, it is necessary to determine the
actual values of the activation parameters usingbtained from saturation kinetics, which
exclude the substrate binding constégf” values were determined from the initial rate phtts

273 K, 294 K, 314 K, and 322 K (Figure 2.8). Thetpdf In(/T) vs 1/T provideAH* = 6.7

kcalsmol* andAS = -43 calemof*K * (Figure 2.9).
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Plots of initial rates vs. [substrate]ave
from 273 K to 322 K
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Figure 2.8 Plots of initial rates of cyclization —t24/dt vs [12d 4. for cyclization of12a by
{S-2}Zr(NMey), (0.0054 M) at 273 K, 294 K, 314 K, and 322 K. Tdueves represent non-linear
least-squares regression analysis of the data te #guation: —d[substrate]/dt =
ko[catalyst][substrate]K' + [substrate] Ks[substrate]}.
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Plot of In(kle) vs. 1T

from the plots of initial rates vs. [substrate]ave

-8 \ \ 1 1 \
—i——y=2.0042 - 3359.5x R= 0.95997

In(k,/T)

105 i i i | i
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037

uT

Figure 2.9 Plot showing a linear correlation betweerkdf{) vs 1/T from initial rates plots at
273 K, 294 K, 314 K, and 322 K. From this plat* = 6.7 kcalemof andAS = -43 calsmot*

K are calculated.
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e. Significant isotope effects on enantioselectiyit Significant isotopic perturbation on

stereoselectivity was observed in hydroaminatiasiizgtion of proteo- and deuteron-
aminoalkenes using precatalys&Z}Zr(NMe»),, {R-2}Zr(NMey),, { S2}Hf(NMe )., and {&
3}Zr(NMe»),.The cyclizations of deuterated aminoolefins provi@eteron-pyrrolidines with ee
values, which are systematically and significattigher than the values for the corresponding
proteo-analogs. The ee values for deuteron-hetelesxga-d,, 95%;12a-d,, 97%;14ad,, 46%)
are higher compared to the corresponding proteexbeycles 8a, 93%;12a 90%;14ad,, 31%)
for {S2}Zr(NMey),. Similarly, in case of Hf-precatalystS2}Hf(NMe ),, the ee values for
deuteron-heterocycles84-d,, 96%; 12ad,, 97%; 14ad,, 44%) are higher compared to the
corresponding proteo-heterocycl8s,(91%;12a 93%;14ad,, 26%).

For {S2}Zr(NMe,),, the isotope effect for the favored diastereomeyathways
(ka"/ko") is 2.2(5) and for the unfavored diasteromérs/ko") is 7.7(1) (fromk'w/K'p). Thus,N-

deuteration slows th&-diastereomeric pathways by a greater extent thaR-pathways.

Table 2.6 Effect of N, substitution on % ee in enantioselective hydroatnm catalyzed by
Zr- and Hf-catalysts®

Catalysts: S} {R-2} {S2} {S3}
Zr(NMey), | Zr(NMey), | Hf(NMey),2 | Zr(NMey)-,
Ph_ Ph wPh
N N e I\ Ph NB R 931 91 R 9B R
8a 8b
DH,C
Ph.Ph i oPh %BR, | 5O | %R | 9%
pZ “_ND, —> HN Ph 97 R "
Sa'dz 8b-d2
/& W 90 R 90 (§ CRN(R} 86 R)
NH, —> HN
7 1oa 12b
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7

DHZCW 97 R), 97 S 97 R 91 R
ND, —> DN 98 (R) )

12a-d, 12b-d,

31 R 3109 26 R) -

—

46 R 46 (S 44 R) -

—

-

NH, m
14a 14b
NH, m
l4a

14b-d,

aReaction Conditions: 23 °C ¢Bs, >95% yield”0 °C in toluene or THF—-30 °C in THF.

f. Ancillary ligand-metal interactions during catalysis. The high enantioselectivity of the-
symmetric chiral cyclopentadienyl-bis(oxazolinyljbte zirconium precatalyst can be
rationalized due to the presence of non-epimeré&zabiral oxazoline based ancillary ligand. The
stereogenic center is in close proximity of theagen coordinating center on the oxazoline as
well as to the metal center in the precatalyst,civiprovide excellent stereochemical induction
around the metal center. However, the coordinageometry of the zirconium center during the
catalysis might have an important role in high\agtiand enantioselectivity for cyclization of
aminoalkenes, which is unknown to this point. Toh®w the coordination geometry of the
zirconium catalyst during hydroamination, the cgtalactivity of complex {PhB(CsHa4)(Ox*
PrMed 7 (NMe,), ((S7)Zr(NMes),) is compared to the precatalyst {PhBz)(Ox*
PrMed 17r(NMeo), ({S-2)Zr(NMey),). Notably, {S7}Zr(NMe,), is not a precatalyst for
hydroamination/cyclization of aminoalkenes. Diphlemyinopentene 8a) or diphenyl-
aminohexene 168 is not cyclized by 10 mol% of §7}Zr(NMey), in benzeneat room
temperature over 4 days and even after heatingdl@t°C for 2 days. The inactivity ofSf

7}Zr(NMe»), in hydroamination/cyclization contrasts to the higtivity of {PhB(GH.)(Ox*
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IPrMe3 17r(NMe,), at room temperature. This comparison study indic#tat the coordination
of two oxazolines is required to activate the ptalyat for hydroamination.

g. Valencies Required at Metal. To investigate the valency required at metal aemwte
{PhB(CsH4)(0x**"""Me3,17r(NMe,), for hydroamination, the catalytic activity of a sian
model complex {PhB(EH)(OX*="P"Me3 17rCI(NMe,) [{S2}ZrCI(NMe)] is tested in
hydroamination/cyclization. $2}ZrCI(NMe,) has a single readily aminolyzable amido site
(single available valency). This complex is inedt ¢yclize both primary and secondary
aminopentenes. Addition of one equiv of 2,2-diphammnopenteneda) to the benzene solution
of {S-2)ZrCI(NMe>) provided the complex {PhBEL)(OX*
PrMe3 17rCI(NHCH ,C(Ph)CH,CHCH,). However, no cyclization of aminopentene was
observed at room temperature and even at highgreteture up to 150 °C. In contrast, the
constrained geometry complex (CGC) (8MeN'Bu)Zr(NMe,)Cl, having a single readily
aminolyzable amido site (single available valencyy a competent catalyst for
cyclohydroaminatio® (CpSiMesN'Bu)Zr(NMey)Cl cyclizes aminopentene significantly faster

than (CpSiMe:N'Bu)Zr(NMe,), and insertive pathway has been proposed.

h. Cyclization of secondary aminopentene in preseacof primary amine. Secondary
aminopentene is not cyclized in presence of 10%alf zirconium precatalyst§2}Zr(NMey),

in toluene. Addition of 1.0, 2.0 of N-methyl-2,2ptiienyl-4-penten-1-amine to the toluene
solution ofS-2}Zr(NMe5), form the corresponding mono- or bis amido compei formation

of pyrrolidine was observed at room temperatureearah upon heating at 90, 120 or 160 °C for
2 days. However, addition of two equiv of noncyablie primary amine such as amylamine or

propylamine with respect to the precatalyst leadsyclization of N-methyl-2,2-diphenyl-4-
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penten-1-amine at room temperature with 24% corer3he conversion is not improved even
after addition of variable of amounts of amine #igids or performing the reaction at high

temperature.

Mechanism and Catalytic Cycle

The first order rate dependences on both the saibséind catalyst are observed for the
cyclization ofC-(1-allyl-cyclohexyl)-methylaminel2a) using precatalyst§2}Zr(NMe»).. The
primary kinetic isotope effect suggests that tleaehge of NH or N-D bond is involved in the
turnover-limiting step. The significant isotopicrpgbation on enantioselectivity suggests that
N-H/N-D bond cleavage also significantly affects the mpmhtion of the new stereocentee.
the G-N bond formation occurs in the turnover-limitingst

The substrate saturation on initial rates (Figur ihdicates reversible substrate-catalyst
association followed by turnover-limiting step etcatalytic cycle. The nonzero x-intercept in
the initial rate plots that coincides with concatitn of the catalyst also indicates that 1.0 equiv
of substrate is required to activate the precatalys

Importantly, the zirconium center of the activeatydt requires two active valencies for
cyclization of aminoalkenes aS§{}ZrCI(NMe>) is inert in cyclization of primary and secondary
aminopentenes. This experiment suggests that theeacatalyst contains two amidoalkene
moieties. Additionally, the cyclization of secongaaminopentene by §2}Zr(NMey), in
presence of catalytic amount of noncyclizable pryimamine suggests the necessity of NH-
proton for G-N bond formation.

The positive effect oN-deuteration on the enantiomeric excess of theymtodnd the

cyclization of secondary aminopentene in preserfc@rionary amine additive rule out the
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[2n+2n] cycloaddition of a Zr-imidoalkene species in taalytic cycle because the metal-imido
moiety is lack of NH (or ND).

Additionally, our accumulated data including thenddic isotope effect, the kinetic
isotope effect for the two enantiotopic pathwayse trequirement that substrate/precatalyst
should be >2 for catalytic turnover, the cyclizatiof secondary aminopentene in presence of
primary amine additive, and the inactivity &&2}ZrCI(NMe>) in cyclization disfavor insertion-
based mechanism, rather suggest a proton-assisiathsertive pathway for €N bond
formation.

To investigate the nature of the turnover-limitsigp, the temperature dependence of the
cyclization rate ofC-(1-allyl-cyclohexyl)-methylamine 12a) was measures using both the
second order rate constats as well as the actual rate constignobtained from saturation
kinetics at different temperature. The values dfvation parameters usinksps were AH* =
11.01 kcal-mot and AS' = —-18.3 cal-motK™®, calculated from Eyring plot Ik{,dT) vs LT
(Figure 2.6). These values of activation parametegse significantly different compared to
those obtained from the plots KWT vs. 1/T) i.e AH* = 6.7 kcal-mot andAH*= —43 cal-mofK
! (Figure 2.9). The marked differencesAifi* andAS values for the two Eyring plots suggest
that the Eyring analysis of multiple steps in cgtal cycles can be greatly affected by
equilibrium steps in the mechanism. Nevertheldss,large and negativeS’ value suggests a
highly ordered transition state.

C-N bond formation establishes the configurationhef hew stereocenter, whereas the
new CG-H bond is not attached to the stereogenic carbooweder, the stereochemical
relationship between the-lHl and the €N bond suggests that-® and G-H bond formation

and N-H bond cleavage occur in a concerted fashion dutiegcyclization step. Given that an
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N-H bond is broken during thernove-limiting stepand the catalytic intermediate contains i
NHR ligands, we propose a stenter transition state in whilN-H transfer from one amide

the terminal methylene of the other amidoalkenecascerted with intraligand —-N bond
formation. The two participating ligands are pragmb$o be two amido groups because only
reactive valent sites are available, kirs indicate that two substrates interact with thialgat
in the turnover limiting step, and the additionaothird substrate, presumably as a coordin
amine, inhibits the cyclizatiorThis proposal is related to the observation that ibnzer-x
intercept of the initial rate plot that is coincide witsubstrate] Figure 2.7, which indicate a
least one equiv. of substrate is necessary toaetithe precataly. Finally, this mechanism

also consistent with the fathat secondary aminoalkenese not cyclized, unless a prime

amine is present to form an amido that can trarsfaoton
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Figure 2.10. Proposed new catalytic cycle for hydamination of aminoalkenes as catalyzed
by {S-2}Zr(NMe 7),.

Conclusions

Cyclopentadienyl-bis(oxazolinyl)borate supportedcanium and hafnium diamide
precatalysts are highly active and enantioselegeeatalysts for hydroamination/cyclization of
aminoolefins. The catalytic activity was observédam temperature or even-&80 °C. The
precatalysts provide nitrogen heterocycles withyvieigh enantiomeric excesses up to 99%.
Enantioselectivities are high with varying subgrits of aminopentenes and also in the presence
of oxo- and halogen-functional groups. The reactiat® was first order dependence on both
substrate and precatalyst. Substrate saturationnitial rate was detected. The activation
parameters of saturation kinetics are not the sameverall catalytic activation parameters.
Therefore, the activation parameters of catalyides can disguise individual steps and can be
uninformative. A non-insertive mechanism involviogncerted C—-N/C—-H bond formation was
proposed based on the kinetics, primary isotopeectSf isotopic perturbation of
enantioselectivity, and the investigation of intediates. The inactivity of cyclopentadienyl-
mono(oxazolinyl)borate zirconium complex in hydroaation/cyclization suggests that the
coordination of two oxazolines is required to aate/the cyclopentadienyl-bis(oxazolinyl)borato

zirconium precatalyst.
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Experiment

General Procedures. All reactions were performed under a dry argon csjphere using
standard Schlenk techniques or under a nitrogemsgihere in a glove box unless otherwise
indicated. Dry, oxygen-free solvents were used uphout. Benzene, toluene, pentane and
tetrahydrofuran were degassed by sparging witlogetn, filtered through activated alumina
columns, and stored under,.NBenzeneds, tolueneds and tetrahydrofurads were vacuum
transferred from Na/K alloy and stored under il a glove box. sodium cyclopentadienfde,
diphenylchloroboran® Zr(NMey)s,*" Hf(NMe,)4,*® 2,2-diphenyl-4-penten-1-amin&4d),%® C-(1-
allyl-cyclopentyl)-methylamine 9a)*° 2,2-dimethyl-4-penten-1-amine 1@a),*® 2,2-bis(2-
propenyl)-4-pentenylaminel1{g),**® C-(1-allyl-cyclohexyl)-methylamine 12a),* 4-penten-1-
amine (33),> 1-(3-butenyl-cyclohexyl)methylamine14a),*® 2,2-diphenyl-5-hexen-1-amine
(153, 2-diphenyl-1-amino-6-heptene 16a),*'® ortho-allylaniline (183),>° 2-allyl-2-
methylpent-4-enylamine2(a),**? 2,2-diphenyl-1-amino-4-hexen@3a),”* 2-phenyl-4-penten-1-
amine 233),>! and tetrakis(trimethylsilyl)silarié were prepared by published procedures. All
aminoalkenes were distilled from CgHdegassed and stored with freshly activated 4 A
molecular sieves in a glove box prior to use. Ahey chemicals used here are commercially
available. (+)-§-a-methoxye-(trifluoromethyl)phenylacetyl chlorides{Mosher’s chloride) was
obtained from Alfa-Aesar (>98%, (+)-137.3). Ti(NMeand all other starting materials were
purchased from AldricttH, *C{*H}, *'B, and**F{*H} NMR spectra were collected either on a
Bruker DRX-400 spectrometer, Bruker Avance lll 76fectrometer or an Agilent MR 400
spectrometer—N chemical shifts were determined Hy-">N HMBC experiments either on a
Bruker Avance Ill 700 spectrometer or on a BrukemAce 11l 600 spectrometel’N chemical

shifts were originally referenced to liquid Nidnd recalculated to the GNO, chemical shift
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scale by adding-381.9 ppm.*B NMR spectra were referenced to an external sample
BFs-ELO. Accurate mass ESI mass spectrometry was performied @an Agilent QTOF 6530
equipped with the Jet Stream ESI source. An Agilest test mix was used for tuning and
calibration. Accurate mass data was obtained iptsitive ion mode using a reference standard
with ions at 121.05087 and 922.00979. The massuteso (FWHM) was maintained at 18,000.
Elemental analysis was performed using a PerkineEl2A00 Series Il CHN/S by the lowa State
Chemical Instrumentation Facilitya]p values were measured on a ATAGO AP-300 polarimeter

at 23 °C.

[PhB(Ox¥?),]. A 100 mL Schlenk flask was charged with 4,4-dimé@vpxazoline (1.0 mL,
9.48 mmol), which was then degassed by three frpaag-thaw cycles. The degassed
oxazoline was dissolved in 50 mL of tetrahydrofusawd the flask was cooled +@8 °C. Using a
syringe,nBuLi (4.0 mL, 10.0 mmol) was added to the cold #olu and the resultant solution
was stirred for 45 min at78 °C. Dichlorophenylborane (0.619 mL, 4.72 mmadsvadded drop
wise via syringe into the flask and the solutiorsvgéirred for 1 h at78 °C. Then, the solution
was allowed to gradually warm to room temperatafeer stirring for 14 h at room temperature,
the solvent was removed under reduced pressuréfadal a light yellow solid. The resultant
solid was extracted with benzene and pump off theestin vacuoto yield PhB(OX®), as a
yellow solid (1.27 g, 4.47 mmol, 94.3%H NMR (acetonitrilegs, 400 MHz):5 7.42 (d,*Jun =

7.2 Hz, 2 H,ortho-CgHs), 7.13 (m, 2 HmetaCgHs), 7.05 (m, 1 H, para-CgHs), 3.64 (d, 2 H,
2Jun = 8.0 Hz, CNCMe,CH,0 ), 3.57 (d, 2 HJun = 8.0 Hz, CNCMe,CH,0), 1.26 (s, 6 H,

13~r1 St .
CNCMe,CH,0), 1.17 (s, 6 H,CNCMe,CH,O )."C{"H} NMR (acetonitrileds, 150 MHz): &
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183.00 (brCNCMe,CH,O ), 132.860(tho-CgHs), 127.58 etaCgHs), 125.99 para-CgHs),

77.79 (CNCMeCH,0 ), 67.44 CNCMe,CH,O ), 28.71 CNCMe,CH,O )MB NMR

(acetonitrileds, 128 MHz): 5 -8.1. N{*H} NMR (acetonitrileds, 71 MHz): & —-147.0 (

CNCMe,CH,0). IR (KBr, cni®): 3069 w, 3046 w, 2964 s, 2930 s, 2872 m, 162581 s, 1462

S, 1432 s, 1384 m, 1346 w, 1260 s, 1194 s, 1126083 w, 993 s, 970 s, 886 m, 703 s. Calcd
for C16H2:BN2O,: C, 67.63; H, 7.45, N, 9.86. Found: C, 64.69; F517 N, 8.26. Mp: 133-137
°C.

H[PhB(CsHs)(0x®?),]. A Schlenk flask was charged with PhB{53%, (3.00 g, 10.5 mmol)
and Na[GHs] (0.581 g, 6.59 mmol) in the glove box. The flasks attached to a Schlenk
manifold, and THF (150 mL) was addet cannula addition to form a yellow solution. The
flask was sealed and the resulting solution wasestiovernight. The solution was filtered to
remove a precipitate that appeared overnight, had the solvent was removed under reduced
pressure to afford a brownish yellow solid. Thisd® product was purified by silica gel column
chromatography (Hexane:EtOAc:Bt = 12:7:1; R = 0.50) to afford 3.13 g of
H[PhB(GsHs)(OxM®?),] (4.95 mmol, 47.1%) as a mixture of three isom@&tee light yellow solid
was dissolved in benzene and stirred owsRo dry without any reduction in yieldd NMR

(acetonitrileds, 400 MHz): 6 7.14-7.04 (m, 5 H, &s), 6.61-6.16 (m, 3 H, §s-spf), 4.09-4.00
(m, 4 H, CNCMe,CH,0 ), 2.90-2.88 (m, 2 H,s8s-sp’), 1.35-1.34 (m, 12 HCNCMe,CH,O ).
C{'H} NMR (acetonitrileds, 150 MHz): § 190.50 CNCMe,CH,0 ), 158.8 (bripso-CsHs)

141.90 (GHs-sp?), 140.85 (GHs-spf), 134.96 (GHs-spf), 134.74 (GHs-spf), 134.65 értho-
CeHs), 134.37 (GHs-spf), 134.30 (GHs-spf), 131.81 (GHs-spf), 129.71 (GHs-spf), 128.51

(CsHs-sp), 128.34 fnetaCeHs), 126.48 (GHs-sff), 126.24 paraCeHs), 81.31 (
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CNCMe,CH,0), 64.71 (CNCMe,CH,0 ), 64.68 CNCMe,CH,O ), 47.45 (Bs-sp), 43.48

(CsHs-sp’), 28.47 (CNCMe,CH,0 ), 28.35 CNCMe,CH,O ):'B NMR (acetonitrilee;, 128
MHz): § -15.27, -15.63, —15.99. N{'H} NMR (benzeneds, 71 MHz): § -172 (

CNCMe,CH,0). IR (KB, cm?): 3080 w, 3056 w, 3028 w, 2969 m, 2929 w, 28871689 s

(C=N), 1461 s, 1429 s, 1416 s, 1383 m, 1365 m51841318 s, 1265 m, 1195 s, 1138 w, 1090
w, 1064 w, 1022 w, 965 s, 934 s, 891 s. Anal. CédedC,1H,7BOsNo: C, 72.01; H, 7.77; N,

8.00. Found: C, 71.99; H, 7.99; N, 7.84. mp 152-1G.

{PhB(CsH4)(0x"*),}Zr(NMe ,),. In the glove box, H[PhB(s)(Ox"*?,] (0.250 g, 0.714
mmol) and Zr(NMeg), (0.193 g, 0.721 mmol) were placed in a 100 mL &gklround bottom
flask. The solids were dissolved in benzene (50,mhyd the solution was stirred for 2 h. All
volatile materials were removed under reduced pres® afford a light yellow oil, which was
washed with pentane to obtain a light yellow powafe{PhB(GsH)(Ox"¢?),}Zr(NMe>), (0.367
g, 0.696 mmol, 97.6%fH NMR (benzenak, 400 MHz): 5 8.21 (d,*Juu= 7 Hz, 2 H,ortho-
CeHs), 7.52 (1,334 = 7 Hz, 2 HmetaC6H5), 7.32 (t2Juy = 7 Hz, 1 H, para-CeHs), 6.52 (m, 2
H, CsHa), 6.15 (M, 2 H, €Hs), 3.64 (d, 2 H2Juy = 8.0 Hz, ENCMe,CH,0 ), 3.56 (d, 2 HJ

= 8.0 Hz, CNCMe,CH,0 ), 2.69 (s, 12 H, NMe 1.11 (s, 6 H,CNCMe,CH,O ), 1.01 (s, 6 H,
CNCMe,CH,0). *C{*H} NMR (benzeneds, 100 MHz): § 194.65 (CNCMe,CH,O ), 151.5
(br, ipso-CgHs), 143.01 (pso-CsHy), 135.11 ¢rtho-CgHs), 127.67 MetaCgHs), 125.47 para
CeHs), 122.61(GH4), 113.66 (GH4), 78.91 (CNCMe,CH,O ), 67.16 ENCMe,CH,O ), 43.94
(NMey), 28.91 (CNCMe,CH,O ), 28.50 ENCMe,CH,O )°N{'H} NMR (benzeneds, 71

MHz): & —-135.4 (CNCMe,CH,0 ); Zr(NMe), was not detected’B NMR (benzeneds, 128
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MHz): §-14.51. IR (KBr, cri): 3064 w, 3040 w, 2962 s, 2927 s, 2863 s, 282F8] s, 1595 s
(C=N), 1491 s, 1461 s, 1444 w, 1429 m, 1369 m, 1860283 s, 1249 s, 1195 s, 1165 s, 1139 s,
1118 s, 1050 s, 1037 w, 989 w, 963 s, 942 s, 9886w, 871 w, 837 m, 815 m, 796 m, 783 w,
732 s, 705 s, 688 s. Anal. Calcd fossisBK,O2N4: C, 56.91; H, 7.07; N, 10.62. Found: C,

57.26; H, 6.99; N, 9.87. m.p. 107-110 °C, dec.

{PhB(CsH4)(Ox®?)}Hf(NMe ,),. A procedure analogous to that described for
{PhBCsH4(0OxM®),}Zr(NMe,),, using H[PhB(GHs)(0x*?,] (0.250 g, 0.714 mmol) and
Hf(NMe,)s (0.256 g, 0.721 mmol), provides {PhB€;)(OxM*?)}Hf(NMe ,), as a light orange
solid. Yield: 0.430 g (0.699 mmol, 97.9 % NMR (benzenels, 400 MHz):58.21 (d,2Juy =

7 Hz, 2 H,ortho-CgHs), 7.52 (t,°Jun = 7 Hz, 2 HmetaCgHs), 7.32 (1,334 = 7 Hz, 1 H,para-
CeHs), 6.46 (M, 2 H, @Ha), 6.12 (M, 2 H, €Ha), 3.65 (d, 2 H2Ju= 8.0 Hz, ENCM&CH,0 ),
357 (d, 2 H,%Jss = 8.0 Hz, CNCMe,CH,O ), 2.74 (s, 12 H, NMg 1.12 (s, 6 H,
CNCMe,CH,0), 1.00 (s, 6 H, CNCMe,CH,0O )C{*H} NMR (benzeneds, 400 MHz): &
198.36 (CNCMe,CH,O ), 150.75i§s0-CeHs), 140.61 ipso-CsHa), 134.79 értho-CeHs), 127.46
(metaCgHs), 125.22 para-CeHs), 120.88 (GH,), 112.49 (GHa), 78.91 (CNCMe,CH,0 ), 67.07
( CNCMe,CH,0), 43.77(s, Wey), 28.51 (CNCMe,CH,0 ), 27.90 ENCMe,CH,0O  )°N{*H}
NMR (benzeneds, 71 MHz): 5 —132.3 (CNCMe,CH,0 ).*'B NMR (benzeneds, 128 MHz): 5

~14.6. IR (KBr, cnt): 3064 w, 3042 w, 3012 w, 2962 s, 2928 m, 286853 s, 2821 s, 2773 5,
1595 m (C=N), 1549 w, 1483 s, 1462 s, 1446 m, 123370 m, 1361 m, 1287 s, 1251 s, 1203

s, 1195 s, 1183 s, 1166 m, 1138 m, 1051 m, 103968, s, 936 s, 908 w. Anal. Calcd for
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C25H37BOzN4Hf(C6H6)o.5: C,51.43;H, 6.17; N, 8.57. Found: C,51.17; RO6N, 8.40. Mp: 90-

95 °C, dec.

{PhB(CsH.)(0x"*?),}Zr(NMe ,),THF. Slow diffusion of pentane into a THF solution Dfat
—-30 °C provided analytically pure, X-ray quality stgls of {PhB{>-
CsH4)(0xM*?),}Zr(NMe ), THF. The room temperature NMR spectroscopic datd fs identical
to that of the THF-free species in addition to reswes due to uncoordinated THF. The
structural difference is observed in the IR andhie analytical data. IR (KBr, ci: 3063 w,
3042 m, 2995 m, 2966 s, 2930s, 2862 s, 2819 s, 276810 s (CN), 1533 s (CN), 1488 m, 1461
m, 1429 m, 1367 w, 1356 w, 1281 s, 1243 s, 119680 s, 1149 m, 1135 m, 1059 s, 1048 s,
1035 m, 1021 m, 991 s, 964 s, 950 s, 937 s, 8883s, 817 s, 799 s, 774 w, 732 s, 704 s. Anal.

Calcd for GgH45BOsN4Zr: C, 58.08; H, 7.56; N, 9.34. Found: C, 57.88:7H81; N, 9.10.

L-Valine methyl ester hydrochloride®® Thionyl chloride (47.6 mL, 0.65 mol, 1.10 equivisv
added drop wise over 2 h to methanol (300 mL) thrae-necked flask cooled in ice-salt bath
and connected to an oil bubbler-Valine (70.0 g, 0.600 mol) was added in one partio the
solution, and the mixture was heated aP650 dissolve all of the solids. The solution wiasrt
heated for 1 h. The solvent and excess reagentsnesroved by distillation. The resulting white
solid was driedn vacuofor several hours and then dissolved in minimabanmt of methanol (90
mL). The methanol solution was poured intg@E{900 mL), and then recrystallized-e80 °C.
The solid was collected, washed with cold@tand driedn vacuoto give theL-Valine methyl
ester hydrochloride as white solid (90.7 g, 90.5%he *H NMR spectrum (given below)

matches the literature valugs.!H NMR (300 MHz, chloroformd): & 8.91 (br, 3 H,
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HCI-NH,CH(CHMe)CO,Me), 3.93 (d 33y = 4.5 Hz, 1 H, HGNH,CH(CHMe;)CO,Me), 3.84
(s, 3 H, HCINH,CH(CHMe)COMe), 2.47 (m, 1 H, HGNH,CH(CHMe;)COMe), 1.16 (vt, 6

H, HCI-NH,CH(CHMe;)COMe).

25-Amino-1,1,3-trimethylbutanol. A solution of methylmagnesium bromide (180 mL, B10n
Et,O, 0.540 mol, 6.0 equiv) was diluted with,@t (500 mL). L-Valine methyl ester
hydrochloride (15.0 g, 0.0896 mol) was added irtipos over 1 h. The mixture was allowed to
stir at room temperature overnight. Saturated agmddlH][CI] was added in a drop wise
fashion to quench the reaction. The white solid seggarated from the diethyl ether solution, and
the organic solution was dried over J8&,. The solid was dissolved in 300 mL saturated
[NH4][CI] aqueous solution, and another 300 mL of desdi water was added. This aqueous
solution was extracted with £ (4 x 200 mL). The organic extracts were combined amgddr
over NaSQ,. The two organic solutions were filtered, combinadd evaporated under reduced
pressure. The crude product was distilled (@5 40 mm Hg) to afford 2Amino-1,1,3-
trimethylbutanol as a clear, colorless oil (4.9618,3%) that is spectroscopically identical to the
literature®® *H NMR (300 MHz, chlorofornd): & 2.41 (d, % = 2.7 Hz, 1 H,
NH,CH(CHMe,))CMe,OH), 1.93 (m, 1 H, NBCH(CHMe))CMeOH), 1.20 (s, 3 H,
NH,CH(CHMe)CMe,OH), 1.12 (s, 3 H, NbCH(CHMe&)CMe,OH), 0.97 (d2Jun = 7.2 Hz, 3

H, NH,CH(CHMe,)CMe,OH), 0.88 (d3Juy = 6.6 Hz, 3 H, NHCH(CHMe;) CMe,OH).

= O
6 MeMgB Me,NCH(OMe) /N
evigbr ey €)o /
OMe ——————> H > H \
cat. p-tolylsulfonic acid o
NH3C| NH2 2H_OXiPr,M€'2 ”

www.manaraa.com



74

4S-Isopropyl-5,5-dimethyl-2-oxazoline. A modification of Meyers' procedure for 2-H
oxazoline synthesis usingS2mino-1,1,3-trimethylbutanol was implement€d DMF-DMA
(13.7 mL, 103.3 mmol, 1.2 equiv) was added to deghd&-amino-1,1,3-trimethylbutanol (11.1
g, 84.7 mmol). This mixture was allowed to reflix7& °C for 7 h. The volatiles were removed
under reduced pressure, and the mixture was t@travith hexane (4 30 mL). Thenp-
toluenesulfonic acid monohydrate (26.5 mg, 0.14 mMO017 equiv) and hexane (40 mL) were
added, and an addition funnel with approximatelynd10 of molecular sieves inside was placed
on top of the flask, and a condenser was placepiof the funnel. The solution was heated at
90 °C at reflux for 24 h and the condensed liquids wdsbver the sieves as the reaction
proceeded. The reaction mixture was washed witlrated aqueous NaHGGolution (30 mL)
and then with brine (50 mL). The aqueous solutimese combined, back-extracted with,@t
(25 mL x 6), and then the organic extracts were combindl thie organic solution and dried
over NaSQ, overnight and filtered. Concentration of the &t gave a dark red oil which was
distilled to provide 8.11 g (57.4 mmol, 68%) o&Kopropyl-5,5-dimethyl-2-oxazoline as a
clear, colorless oil. Bp: 85C, 18 mm Hg!H NMR (300 MHz, chloroformd): §6.74 (s, 1 H,
CHNC(CHM&)HCMe0), 3.23 (d3Jun = 8.4 Hz, 1 H, CHNC(CHM8HCMe,0), 1.80 (m, 1 H,
CHNC(CHMe,)HCMe;0), 145 (s, 3 H, CHNC(CHM@HCMeO), 1.29 (s, 3 H,
CHNC(CHMe&)HCMe,0), 1.08 (d3Juy = 6.6 Hz, 3 H, CHNC(CMIe;)HCMe;0), 0.98 (d 2Jun

= 6.6 Hz, 3 H, CHNC(CMe)HCMe,0). BC{*H} NMR (benzeneds, 150 MHz): & 152.74
(CHNC(CHMe2z)HCMe0), 85.17 (CNC(CHMgHCMe,O), 80.07 (CNC(CHMe)HCMe0),
29.56 (CNCCHMe,)HCMe0), 29.48 (CNC(CHM@HCMe0), 21.53, 21.48, 21.20
(CNC(CHMe)HCMe,0O, CNC(CHVIe))HCMe,0). *N{*H} NMR (benzeneds, 71 MHz): &

~143.3.IR (KBr, cmi'): 3069 w, 2973 s, 2874 m, 1686 w, 1632 s (CN),1147 1462 m, 1386
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m, 1372 m, 1336 w, 1304 w, 1272 w, 1243 w, 1202%2 m, 1134 m, 1114 m, 1082 s, 1015

m, 934 m, 894 m, 856 w, 813 w, 769 w]§*° = —35.2 (GHe).

PhB(Ox*s"P"™Me2), " A 100 mL Schlenk flask was charged witi$i4opropyl-5,5-dimethyl-2-
oxazoline (0.500 g, 3.54 mmol) and tetrahydrofu&hmL), and the flask was cooled to -78 °C.
Using a syringe, 2.50 MBuLi (1.50 mL, 3.75 mmol) was added, and the sotutvas stirred for

1 h at-78 °C. Dichlorophenylborane (0.23 mL, 1.75 mmolswtowly added, and the solution
was stirred for 1 h at -78 °C and then allowedraxlgally warm to ambient temperature. After
stirring for 14 h at room temperature, the solwgas removed under reduced pressure to afford
a light yellow solid. The solid was extracted wiiknzene, and the solvent was evaporated to
yield [PhB(OX>"P"™M®3 ] as a light yellow, impure solid (0.60 g, 1.63 mmtipat appears to
contain variable quantities of LiCl. This mixture sufficiently pure, however, for further
synthetic work and was used as obtained from thedree extractioH NMR (tetrahydrofuran-

ds, 400 MHz): 5 7.45 (d,*Juy = 7.6 Hz, 2 Hortho-CgHs), 6.97 (m, 2 HmetaCgHs), 6.87 (m, 1

H, paraCeHs), 3.22 (d,2Jun = 4.8 Hz, 2 H, CN@PHCMe0), 3.20 (d,2Jun = 4.8 Hz, 1 H,
CNCIPHCMe0), 1.79 (m, 1 H, CNC(BMe)HCMeO), 1.23-0.85 (24 H,
CNC(CHVIe&)HCMe,0). °c{H} NMR (tetrahydrofurands, 150 MHz): & 185.47 (br,
CNCiPrHCMeO0), 150.50 (br,pso-CgHs), 133.42 ¢rtho-CgHs), 126.37 (etaCgHs), 124.69
(para-CgHs), 82.66 (CN@PrHCMe,0), 82.61 (CN@PrHCMe,O), 79.81 (CNCiPrHCMeO),
79.45 (CNCiPrHCMeO), 30.38, 30.09, 30.07, 29.92, 22.11 br, 21.585@1(overlapping
CNC(CHMe,)HCMe,O, CNAPrHCMe,O, and CNC(CHle,)HCMe0). *'B NMR (THF-ds,

128 MHz): 5-7.5. IR (KBr, cm): 3070 w, 3046 w, 2963 s, 2932 s, 2872 m, 1588\ 1466
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m, 1432 m, 1386 m, 1371 s, 1277 w, 1242 s, 119831%6 m, 1146 s, 1120 m, 1096 m, 1023 s,

993 m, 943 m, 879 m, 849 m, 802 m, 762 w, 741 \8, W2Mp: 101-106 °C.

H[PhB(CsHs)(Ox**"P"Me2),]. A Schlenk flask was charged with [PhB@%"™3,] (0.580 g,
1.57 mmol) and [Na&Hs] (0.082 g, 0.931 mmol). Addition of THF (60 mL)guided a yellow
solution that was stirred overnight. A precipitbdemed after 12 h, and the solution was filtered.
Solvent was removed under reduced pressure toda#fdight yellow solid. This crude product
was purified by silica gel column chromatographgxX@ne:EtOAc:EN = 9:1:1; R = 0.58) to
afford an off-white solid of H{PhB(&1s)(Ox*>'"""M®3,] as a mixture of isomers. The product was
dissolved in benzene and stirred oveOPto remove residual water, giving 0.210 g of
H[PhB(GsHs)(Ox*'P"M®3.] (0.482 mmol, 51.8%)'H NMR (acetonitrileel;, 400 MHz): 5 7.71-
7.0 (m, 5 H, GHs), 6.67-6.18 (m, 3 H, &1s), 3.39-3.25 (m, 2 H, CN®HCMe;0), 2.89-2.88
(m, 2 H, GHs), 1.89-1.78 (m, 2 H, CNC{@Me,)HCMeO), 1.47-0.94 (24 H,
CNC(CHVIe)HCMe:0). *C{*H} NMR (acetonitrileds, 150 MHz): § 133.48 Ortho-CgHs),
129.06 fnetaCgHs), 128.22 para-CeHs), 141.17 (GHs; 10 sp’ resonances for 3 isomers
observed), 140.99 (Bls), 135.25 (GHs), 134.76 (GHs), 134.20 (GHs), 133.91 (GHs), 133.83
(CsHs), 131.28 (GHs), 128.90 (GHs), 128.37 (GHs), 94.11 (CNGPrHCMe,O), 66.67
(CNCiPrHCMe0), 47.52 (GHs-sp’), 43.18 (GHs-sp’), 30.24 (CNCCHMe,)HCMe,0), 29.26
(CNC(CHMe)HCMe0), 29.92, 29.68, 22.09, 22.04, 21.81, 21.77, 21.3B..26
(CNC(CHVIe;)HCMe,0). "B NMR (acetonitrileds, 128 MHz): & —15.7 (overlapping
resonances). IR (KBr, ch): 3084 w, 3066 w, 3025 w, 2971 s, 2927 m, 2870L584 s (CN),
1567 s (CN), 1486 w, 1466 m, 1432 w, 1403 s, 139886 m, 1370 m, 1356 w, 1347 w, 1330

w, 1302 w, 1244w, 1225 w, 1212 m, 1177 w, 1146 696lw, 1068 w, 1027 m, 999 w, 993 w,

www.manaraa.com



77

956 m, 942 m, 890 m, 852 w, 813 w. Anal. Calcd@eH3zsBN,O,: C, 74.65; H, 9.05; N, 6.45.

Found: C, 74.29; H, 9.28; N, 6.74. Mp: 78-83 °€]f° = -62.9 (GHe).

{PhB(CsH4)(Ox**P"Me2)17(NMe ,),. A Schlenk flask was charged with H[PhBIG)(Ox*s
IPrMe3 1 (0.100 g, 0.230 mmol) and [Zr(NMg] (0.061 g, 0.228 mmol). The solids were
dissolved in benzene (15 mL), and the resultingtsm was stirred for 8 h. After filtration, the
volatile materials were evaporated to give a lighitow gel which was triturated with pentane
affording {PhB(GH.)(0x**'""M*3,1Zr(NMe,), as an off-white analytically pure solid (0.135 g,
0.221 mmol, 96.0%)'H NMR (benzenel, 400 MHz): 5 8.09 (d,*Jun = 7.2 Hz, 2 Hortho-
CeHs), 7.50 (m, 2 HmetaCgHs), 7.29 (m, 1 H,para-CgHs), 6.76 (m, 1 H, €H,), 6.59 (m, 1 H,
CsHa), 6.25 (M, 1 H, €Hz), 6.06 (m, 1 H, €Hs), 3.24 (d, 2 H3Jyy = 5.6 Hz, CNGPHCMe;0),
3.20 (d, 2 H3Juu = 5.6 Hz, CNGPHCMe,0), 2.80 (s, 6 H, NM@, 2.68 (s, 6 H, NMg, 1.73
(m, 2 H, CNC(BHMeyHCMeO), 1.34 (s, 3 H, CNP®rHOMeO), 1.24 (s, 3 H,
CNCiPrHCMe,0), 1.18 (s, 3 H, CNiPrHOMe;0), 1.14 (s, 3 H, CNIPrHOMe,0), 1.12 (dJuy

= 6.8 Hz, 3 H, CNC(CMe)HCMe,0), 1.09 (d,2Jys = 6.8 Hz, 3 H, CNC(CMe))HCMe0),
0.97 (d, 3Juy = 6.8 Hz, 3 H, CNC(CMe)HCMe,0), 0.89 (d,3J = 6.8 Hz, 3 H,
CNC(CHVie;)HCMe,0). **C{*H} NMR (benzeneds, 150 MHz): 5 197.01 (br CNCiPrHCH:0),
194.29 (br,CNCiPrHCH0), 151.50 (brjpso-CeHs), 135.10 6rtho-CsHs), 127.51 tnetaCgHs),
125.26 para-CeHs), 123.47 (GH4), 122.83 (GH4), 113.93 (GH.), 113.64 (GH.), 85.08
(CNCIPrHCMe,0), 84.84  (CNGPrHCMe,O), 79.05 (CINCiPrHCMeO),  78.89
(CNCiPrHCMe0), 44.51 (NMe), 42.95 (NMe), 30.44 (CNCCHMey)HCMe0), 30.27
(CNC(CHMe»)HCMe,0),  30.24 (CN@PrHCMe0), 30.02 (CNEPrHOMe0), 21.96

(CNCiPrHOMe;0),  21.81 (CNGPrHOMe0), 20.70 (CNC(CMWe)HCMe0), 20.47

www.manaraa.com



78

(CNC(CHVIe;)HCMe,0), 20.37 (CNC(CiWe,)HCMe;0), 20.18 (CNC(CiWe)HCMe;0). M'B
NMR (benzeneds, 128 MHz): 5 -14.5.">N{*H} NMR (benzeneds, 71 MHz): 6-152.6,-155.0
(CNCiPrHCMeO). IR (KBr, cni'): 3043 w, 3068 w, 2967 s, 2930 s, 2873 s, 2772565 m
(CN), 1489 w, 1467 s, 1431 w, 1388 m, 1369 m, 1960194 s, 1142 s, 1093 s, 1054 s, 1023 s,
947 s, 884 w, 855 w, 804 s, 734 s, 703 s. AnalccCtir G;H49BN4O.Zr: C, 60.86; H, 8.07; N,

9.16. Found: C, 60.63; H, 8.48; N, 9.34. Mp: 68°T3 dec. ft]o>° = -124.7 (GHe).

{PhB(CsH4)(Ox**"P"Me2 W\Hf(NMe ,),. A round bottom Schlenk flask was charged with
H[PhB(GsHs)(Ox*™'P"Me3,] (0.125 g, 0.287 mmol) and Hf(NM)g (0.101 g, 0.287 mmol). The
solids were dissolved in benzene (20 mL), and éselting solution was stirred for 7-8 h. After
filtration, the volatile materials were removed vacuoto give a light yellow gel which was
triturated with pentane giving {PhBEBE.)(Ox*>"P"Me3 1Hf(NMe ,), as a off white solid (0.185 g,
0.265 mmol, 92.0%)*H NMR (benzenas, 400 MHz): 5 8.06 (d,3Jun = 7.2 Hz, 2 H,ortho
CeHs), 7.46 (m, 2 HmetaCgHs), 7.26 (m, 1 H,para-C¢Hs), 6.64 (m, 1 H, 6H,), 6.55 (m, 1 H,
CsHa), 6.23 (M, 1 H, €Ha), 6.00 (M, 1 H, GHa), 3.26 (d, 2 H2Jun = 5.6 Hz, CNCPHCMe0),
3.23 (d, 2 H2Juy = 5.6 Hz, CNCPHHCMe,0), 2.84 (s, 6 H, NM2, 2.76 (s, 6 H, NMg, 1.74
(m, 2 H, CNC(®GMey)HCMe0), 1.35 (s, 3 H, CNErHMe0), 1.24 (s, 3 H,
CNCPrHOMe0), 1.19 (s, 3 H, CNErHOMe;0), 1.15 (s, 3 H, CNBrHOMe,0), 1.11 (d2Jun

= 6.8 Hz, 3 H, CNC(CMe)HCMe,0), 1.07 (d.3Jyu = 6.8 Hz, 3 H, CNC(CMe,)HCMe0),
0.99 (d, 3}y = 6.8 Hz, 3 H, CNC(CMe)HCMe0), 0.89 (d,*Jyy = 6.8 Hz, 3 H,
CNC(CHVIe)HCMe,0).  *C{*H} NMR (benzeneds, 100 MHz): 5 151.36 {pso-CgHs), 135.07
(ortho-CgHs), 127.52 fhetaCgHs), 125.28 paraCgHs), 122.43 (GH4), 121.55 (GH4), 113.38

(CsHa), 112.62 (GH.), 85.31 (CNC(CHM@HCMe,0), 79.02 (CN(CHMe)HCMe20), 44.20
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(NMe,), 42.71 (NMe), 30.51 (CNCCHMe,)HCMe0), 30.38 (CNC(CHM&HCMe0), 30.32
(CNC(CHM&)HCMe;0), 30.08 (CNC(CHM&HCMe;0), 22.02 (CNC(CHM&HCMe;0),
21.84 (CNC(CH/ez)HCMe,0), 20.42 (CNC(CMez)HCMe,0), 20.32
(CNC(CHVie;)HCMe,0), 20.00 (CNC(CiWe)HCMe0). 1°N NMR (benzenads, 71 MHz): &
~148.83,-150.66.'B NMR (benzenels, 128 MHz):5-14.6. IR (KBr, cnt): 3071 m, 3044 m,
2967 s, 2932 s, 2870 s, 2822 s, 2770 s, 1559 s, (6P s, 1433 m, 1393 m, 1373 m, 1353 w,
1246 m, 1195 m, 1145 s, 1105 w, 1048 m, 1021 m,Q4882 w, 856 w, 807 s, 769 w, 740 s,
703 s. Anal. Calcd for £H49BN4,O-Hf: C, 53.26; H, 7.07; N, 8.01. Found: C, 52.78;482; N,

8.04. o = —86.98° (GHg). Mp: 60-65 °C, dec.

{PhB(CsH4)(Ox**P"Me2)1Ti(NMe »),. A round bottom Schlenk flask was charged with
H[PhB(GsHs)(Ox*'""™M¢3,] (0.050 g, 0.115 mmol) and Ti(NMg (0.026 g, 0.115 mmol). The
solids were dissolved in benzene (5 mL), and tiselti@g solution was stirred for 25 h. After
filtration, the volatile materials were removedvacuoto give a red gel which was triturated
with pentane giving {PhB(gH4)(Ox*S'""M#3 1 Ti(NMe ,), as a off white solid (0.056 g, 0.099
mmol, 86.1%)H NMR (benzenels, 400 MHz): 5 7.73 (d,*Jqn = 7.2 Hz, 2 H,0rtho-CgHs),
7.39 (m, 2 HmetaCgHs), 7.21 (m, 1 H,para-C¢Hs), 6.88 (m, 2 H, €H,), 6.70 (m, 1 H, €H,),
6.59 (m, 1 H, GHJ), 3.12 (s, 6 H, NMg), 3.10 (s, 6 H, NMg, 3.03 (d, 2 H?Jun = 5.6 Hz,
CNCPHCMe0), 2.97 (d, 2 H,%u = 5.6 Hz, CNPHCMeO), 1.82 (m, 1 H,
CNC(CHMey)HCMe0), 1.70 (m, 1 H, CNC(BMe)HCMeO), 1.23-0.77 (24 H,
CNC(CHVe)HCMe0).  ®C{*H} NMR (benzeneds, 100 MHz): § 195.50 (br,
CNCiPrHCMe0), 152.97 ipso-CgHs), 135.18 ¢rtho-CgHs), 134.91 metaCgHs), 133.46 para-

CeHa), 127.41 (GH4), 125.38 (GHa), 125.35 (GH.), 84.79 (CNC(CHMgHCMe,0), 84.49
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(CNC(CHMe)HCMe,0), 79.28 (CNC(CHMe))HCMe20), 78.92 (CKR(CHMe)HCMe20),
44.38 (NMe), 39.32 (NMg), 31.51 (CNCCHMe,)HCMe0), 31.41 (CNOTHMe,)HCMe,0),
30.63 (CNC(CHMg@HCMe0), 30.11 (CNC(CHM@HCMe,0), 22.23
(CNC(CHM&)HCMe;0), 22.19 (CNC(CHM&HCMe;0), 21.72 (CNC(CHWe)HCMe0),
20.53 (CNC(CHe))HCMe0), 20.49 (CNC(CMez)HCMe,0), 20.29
(CNC(CHVIe)HCMe,0). B NMR (benzenads, 128 MHz):5-14.8.1°N NMR (benzenals, 71
MHz): 5§-153.8,-156.1.IR (KBr, cmi'): 3041 w, 2969 s, 2931 m, 2872 m, 2847 m, 2766 m,
1560 s (CN), 1468 m, 1433 w, 1409 w, 1389 w, 1364245 m, 1226 m, 1193 m, 1147 s, 1050
m, 1020 m, 988 m, 941 s, 894 w, 811 w, 740 w, 7081 m. Anal. Calcd for £H49BN4O,Ti:

C, 65.50; H, 8.69; N, 9.86. Found: C, 59.91; HA818, 9.51. fi]p = —94.71° (GHe). Mp: 89-93

°C.

4R-isopropyl-5,5-dimethyl-2-oxazoline.

D-Valine methyl ester hydrochloride. Thionyl chloride (23.8 mL, 0.33 mol, 0.55 equivasv
added drop wise over 2 h to methanol (150 mL) thrae-necked flask cooled in ice-salt bath
and connected to an oil bubbler. D-Valine (35.@.800 mol) was added in one portion to the
solution, and the mixture was heated aP650 dissolve all of the solids. The solution wiasrt
heated for 1 h. The solvent and excess reagentsnesroved by distillation. The resulting white
solid was driedn vacuofor several hours and then dissolved in minimabam of methanol (45
mL). The methanol solution was poured intg@E{500 mL), and then recrystallized-s80 °C.
The solid was collected, washed with cold@tand driedn vacuoto give the D-Valine methyl
ester hydrochloride as white solid (45.4 g, 90.5 ¥)NMR (300 MHz, chloroforrmd): § 8.91

(br, 3 H, HCINH,CH(CHM&)COMe), 393 (d, 3w = 45 Hz, 1 H,
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HCI-NH,CH(CHMe,)COMe), 3.84 (s, 3 H, HGNH,CH(CHMe&)COMe), 2.47 (m, 1 H,

HCI-NH,CH(CHMe;)CO:Me), 1.16 (vt, 6 H, HGNH,CH(CHMe;)CO:Me).

2R-Amino-1,1,3-trimethylbutanol. A solution of methylmagnesium bromide (180 mL, B1Gn
Et,O, 0.540 mol, 6.0 equiv) was diluted with,@t (500 mL). D-Valine methyl ester
hydrochloride (15.0 g, 0.0896 mol) was added irtipos over 1 h. The mixture was allowed to
stir at room temperature overnight. Saturated agsigdlH;][Cl] was added in a drop wise
fashion to quench the reaction. The white solid sggsarated from the diethyl ether solution, and
the organic solution was dried over JS&,. The solid was dissolved in 300 mL saturated
[NH4][CI] aqueous solution, and another 300 mL of dexdi water was added. This aqueous
solution was extracted with £ (4 x 200 mL). The organic extracts were combined ameddr
over NaSQ,. The two organic solutions were filtered, combinadd evaporated under reduced
pressure. The crude product was distilled9©640 mm Hg) to afford to afford®2Amino-1,1,3-
trimethylbutanol as a clear, colorless oil (4.9618,3%).'*H NMR (300 MHz, chlorofornd): &
241 (d, %3y = 27 Hz, 1 H, NBCH(CHMe)CMeOH), 1.93 (m, 1 H,
NH,CH(CHMe,)CMe;OH), 1.20 (s, 3 H, NCH(CHMe)CMeOH), 1.12 (s, 3 H,
NH,CH(CHMe&)CMe,0OH), 0.97 (d,%Juy = 7.2 Hz, 3 H, NHCH(CHMe)CMe,OH), 0.88 (d,

33 = 6.6 Hz, 3 H, NHCH(CHMe»)CMe,OH).

4R-Isopropyl-5,5-dimethyl-2-oxazoline. DMF-DMA (13.7 mL, 103.3 mmol, 1.2 equiv) was
added to degassedRramino-1,1,3-trimethylbutanol (11.1 g, 84.7 mmadhhis mixture was
allowed to reflux at 78C for 7 h. The volatiles were removed under redymedsure, and the

mixture was triturated with hexane 430 mL). Therp-toluenesulfonic acid monohydrate (26.5
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mg, 0.14 mmol, 0.0017 equiv) and hexane (40 mL)ewasaded, and an addition funnel with
approximately 40 mL of molecular sieves inside wksed on top of the flask, and a condenser
was placed on top of the funnel. The solution weatéd at 90C at reflux for 24 h and the
condensed liquids washed over the sieves as tloiaegroceeded. The reaction mixture was
washed with saturated aqueous NaH@Olution (30 mL) and then with brine (50 mL). The
agueous solutions were combined, back-extracteld B0 (25 mLx 6), and then the organic
extracts were combined with the organic solutiod dned over Ng5O, overnight and filtered.
Concentration of the filtrate gave a dark red ofliehh was distilled to provide 8.11 g (57.4
mmol, 68%) of &R-isopropyl-5,5-dimethyl-2-oxazoline as a clear,cctdss oil. Bp: 85°C, 18
mm Hg. 'H NMR (400 MHz, chloroformd): & 6.73 (d, 3Jus = 6.4 Hz, 1 H,
CHNC(CHMe)HCMe0), 3.23 (dd, °Juy = 84 Hz, “Jyy = 2.0 Hz, 1 H,
CHNC(CHMe)HCMe0), 1.78 (m, 1 H, CHNC(BMe)HCMeO), 1.43 (s, 3 H,
CHNC(CHMe&)HCMe0), 1.28 (s, 3 H, CHNC(CHM}HCMe,0), 1.06 (d2Juy = 6.4 Hz, 3 H,
CHNC(CHVe))HCMe,0), 0.97 (d,3Juy = 6.4 Hz, 3 H, CHNC(CMe)HCMe0). *C{*H}
NMR  (benzenads, 176 MHz): & 152.72 CHNC(CHMe,)HCMe0), 85.17
(CNC(CHM&)HCMe,0), 80.07 (CNC(CHMe))HCMe0), 29.55 (CNOCTHMe,)HCMe0),
29.48 (CNC(CHM@HCMe0), 21.52, 21.47, 21.21 (overlapping CNC(CHM&Me,O and
CNC(CHVIe)HCMe,0). N NMR (benzeneds, 71 MHz): 6 -143.4. IR (KBr, cnit): 3069 w,
2974 s, 2874 m, 1632 s (CN), 1471 m, 1462 m, 13863%2 s, 1336 w, 1303 w, 1272 w, 1243

w, 1202 w, 1172 m, 1134 m, 1114 s, 1082 s, 101984,w, 936 m, 894 w, 856 w 813 vu]p>°

= (+) 37.7 (GeHe).
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H[PhB(CsHs)(Ox**P"Me2).1 - A 100 mL Schlenk flask was charged witiR-opropyl-5,5-
dimethyl-2-oxazoline (0.400 g, 2.83 mmol) and teydrofuran (30 mL), and the flask was
cooled to—78 °C. Using a syringe, 2.50 kBuLi (1.20 mL, 2.98 mmol) was added, and the
solution was stirred for 1 h a78 °C. Dichlorophenylborane (0.23 mL, 1.40 mmolsvstowly
added the flask, and the solution was stirred fdr 4t—78 °C and then allowed to gradually
warm to room temperature. After stirring for 14thr@om temperature, the solvent was removed
under reduced pressure to afford a light yellowdsdlhe solid was extracted with benzene and
the solvent was evaporated to yield PhBfX M3, as a light yellow solid (0.50 g, 1.36 mmol).
'H NMR (tetrahydrofuran-d8, 400 MHz) 7.45 (d,3Juy = 7.6 Hz, 2 Hortho-CgHs), 6.98 (m, 2

H, metaCgHs), 6.87 (m, 1 H,para-CeHs), 3.19 (d,*Jun = 4.8 Hz, 2 H, CNC(CHMRHCMe,0),
3.17 (d,%J4n = 4.8 Hz, 2 H, CNCIPrHCM®), 1.73 (m, 2 H, CNC(CHM$HCMe,0), 1.22-0.95
(24 H, CNC(CHMe@)HCMe0). B NMR (tetrahydrofurards, 128 MHz): §—7.2. IR (KBr, cm

1): 3071 w, 3046 w, 2961 s, 2932 s, 2872 m, 1588MN)( 1466 m, 1432 m, 1386 m, 1371 s,
1277 w, 1242 s, 1193 m, 1176 m, 1146 s, 1120 mg h091023 s, 995 m, 943 m, 879 m, 849 m,
802 m, 759 w.

A Schlenk flask was charged with PhB@%""3, (0.500 g, 1.36 mmol) and Najigs]
(0.070 g, 0.799 mmol). Addition of THF (40 mL) pided a yellow solution that was stirred
overnight. A precipitate formed after 12 h, and siodution was filtered. Solvent was removed
under reduced pressure to afford a light yellowdsdrhis crude product was purified by silica
gel column chromatography (hexane:EtOAgNEt 9:1:1; R = 0.58) to afford an off-white solid
of H[PhB(GHs)(OX**"P"™¢3.] as a mixture of isomers. The product was dissblivebenzene
and stirred over s to remove residual water, affording 0.140 g of hRCsHs)(Ox*XF"Me3,]

(0.321 mmol, 40.5%)'H NMR (acetonitrileds, 400 MHz): 5 7.71-7.00 (m, 5 H, §s), 6.67-
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6.19 (m, 3 H, @Hs), 3.39-3.25 (M, 2 H, CNeHCMe,0), 2.89-2.88 (M, 2 H, 4Els), 1.84 (m, 2
H, CNC(CHMey))HCMe0), 1.47-0.94 (24 H, CNC(CMe,)HCMe0). *C{'H} NMR
(acetonitrileds, 176 MHz): 6 133.46 6rtho-CgHs), 129.10 fhetaCgHs), 128.24 para-CgHs),
141.27 (GHs; 10 sp’ resonances for 3 isomers observed), 140.981{C135.25 (GHs), 134.75
(CsHs), 134.20(GHs), 133.85 (GHs), 133.83 (GHs), 131.28 (GHs), 128.90 (GHs), 128.40
(CsHs), 94.11 (CNGPrHCMe,0), 66.67 (CNCIPrHCMeO), 47.49 (GHs-sp’), 43.18 (GHs-
sp’), 30.25 (CNCCHMe,)HCMe;0), 29.26 (CNOCTHMe,)HCMe,0), 29.91, 29.68, 22.09,
22.06, 21.80, 21.77, 21.38, 21.27 (CNC(G&)HCMe0). 'B NMR (acetonitrileel;, 128
MHz): § —15.6 sh. IR (KBr, crif): 3069 m, 3047 m, 2972 s, 2932 s, 2875 s, 15&N\,(1560 s
(CN), 1470 m, 1433 m, 1394 s, 1375 s, 1353 m, M83%313 w, 1276 m, 1262 m , 1246 m,
1198 m, 1177 m, 1148 m, 1104 m, 1047 m, 1030 B85 10, 990 w, 958 m, 943 m, 863 m, 881
m, 802 s, 765 m, 741 s, 703 s, 680 m. Anal. CadedCf;H39BN,O,: C, 74.65; H, 9.05; N, 6.45.

Found: C, 74.77; H, 8.84; N 6.06]p*° = (+) 63.2 (GHe). Mp: 80-85 °C.

{PhB(CsH4)(Ox*RP"Me2 171 (NMe ),. A round bottom Schlenk flask was charged with
H[PhB(GsHs)(Ox*?'P"Me3.] (0.120 g, 0.275 mmol) and Zr(NM) (0.074 g, 0.275 mmol). The
solids were dissolved in benzene (15 mL), and #sailting solution was stirred for 7 h. After
filtration, the volatile materials were removedvacuo to give a light yellow gel which was
triturated with pentane giving {PhBg8,)(0x**"P"M#3,17r(NMe), as a off white solid (0.154 g,
0.252 mmol, 91.4%)'H NMR (benzenels, 400 MHz): 5 8.09 (d,*Jun = 7.2 Hz, 2 Hortho-
CeHs), 7.49 (m, 2 HmetaCgHs), 7.29 (m, 1 H,para-CgHs), 6.76 (m, 1 H, €H,), 6.58 (m, 1 H,
CsHa), 6.25 (m, 1 H, @Hz), 6.07 (M, 1 H, €H), 3.24 (d, 2 H3Juy = 5.6 Hz, CNCPHCMe;0),

3.20 (d, 2 H3Jun = 5.6 Hz, CNCPHCMe0), 2.80 (s, 6 H, NM®, 2.68 (s, 6 H, NMg, 1.73
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(m, 2 H, CNC(GMeHCMeO), 1.33 (s, 3 H, CNh?rHCI\/IeZO), 1.24 (s, 3 H,
CNCPrHOMe0), 1.18 (s, 3 H, CNErHCMe,0), 1.14 (s, 3 H, CNErHOMe;0), 1.12 (d2Jun

= 6.8 Hz, 3 H, CNC(CMle;)HCMe;0), 1.09 (d2Jy = 6.8 Hz, 3 H, CNC(CMey)HCMe0),
0.97 (d, 3Juy = 6.8 Hz, 3 H, CNC(CMe)HCMe,0), 0.89 (d,3J = 6.8 Hz, 3 H,
CNC(CHVie;)HCMe,0). **C{*H} NMR (benzeneds, 176 MHz): 5 196.92 (br CNCiPrHCH:0),
194.35 (br,CNCiPrHCH0), 151.53 (brjpso-CeHs), 135.13 ¢rtho-CsHs), 127.51 fhetaCgHs),
125.26 para-CeHs), 123.49 (GH4), 122.83 (GH4), 113.93 (GH), 113.64 (GH.), 85.08
(CNGCiPrHCMe,0), 84.81 (CNGPrHCMe;O), 79.11  (CNCiPrHCMeO),  78.87
(CNCiPrHCMe0), 44.51 (NMg), 42.95 (NMe), 30.44 (CNCCHMe,)HCMe0), 30.27
(CNC(CHMez)HCMe,0),  30.24 (CNG@PrHCMe0), 30.02 (CNGPrHOMe0), 21.96
(CNCIPrHOMe,O), 21.83 (CNGPrHOMe0), 20.69 (CNC(CMe)HCMe0), 20.46
(CNC(CHVie))HCMe;0), 20.37 (CNC(CWe)HCMe0), 20.17 (CNC(CiMe)HCMe,0). 1'B
NMR (benzeneds, 128 MHz): § -14.5. N NMR (benzenads, 71 MHz): § -152.3,-155.1
(CNCiPrHCMeO). IR (KBr, cm®): 3071 w, 3045 w, 2966 s, 2931 s, 2869 s, 2768559 s
(CN), 1471 m, 1433 m, 1393 m, 1374 m, 1353 m, 127761261 m, 1244 m, 1177 m, 1147 s,
1105 m, 1047 s, 1030 m, 1021 m, 990 w, 940 s, 88364 w, 804 s, 770 w, 741 s, 703 s, 680 w.
Anal. Calcd for GiH49BN4O.Zr: C, 60.86; H, 8.07; N, 9.16. Found: C, 60.45;7487; N, 8.86.

[a]o?® = 122.6 (GHe). Mp: 66-71 °C.

{PhB(CsH4)(Ox**"®"),}Zr(NMe ,),. H[PhB(GHs)(Ox*™"),] (0.100 g, 0.246 mmol) and
Zr(NMey)4 (0.066 g, 0.246 mmol) were dissolved in benzemal(}, and the solution was stirred
for 20 min. Quick evaporation of the volatile mas yielded a light yellow powder of

{PhB(CsH4)(OX**™®"),}Zr(NMe2), { S-3}Zr(NMe ), (0.115 g, 0.197 mmol, 80.1%). This material
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was stored at30 °C."H NMR (benzena, 400 MHz): 5 8.10 (d,2Jun = 7.2 Hz, 2 Hortho
CeHs), 7.49 (t,Jun = 7.6 Hz, 2 HmetaCgHs), 7.30 (t,%Jun = 7.2 Hz, 1 H,para-CgHs), 6.74 (m,

1 H, GHa), 6.50 (m, 1 H, €H), 6.28 (m, 1 H, €H4), 6.09 (m, 1 H, @H4), 3.83 (m, 2 H, CNE
BUHCH,0), 3.64 (m, 2 H, CNEBUHCH,0), 3.49 (m, 2 H, CNEBUHCH,0), 2.75 (s, 6 H,
NMey), 2.65 (s, 6 H, NMg, 0.85 (s, 9 H, CNEBUHCH,0), 0.84 (s, 9 H, CNEBUHCH,0).
3c{*H} NMR (benzeneds, 100 MHz): § 196.84 (br,CNCt-BUHCH,0), 153.22 ipso-CgHs),
135.22 6rtho-CgHs), 127.54 fnetaCeHs), 125.42 para-CeHs), 122.87 (GH4), 122.75 (GHJ),
114.37 (GH4), 114.17 (GH,), 76.16 (CNCt-BuHCH,0), 74.74 (CNCt-BuHCMeO), 69.25
(CNCt-BUHCH,0), 68.16 (CNG&BUHCH,0), 44.55 (MMe), 43.36 (Mey), 34.15
(CNC(CMez)HCH,0), 28.90 (CNOCMes)HCH,0), 26.59 (CNC(®e3)HCH,0), 26.40
(CNC(CMe3)HCH,0). *'B NMR (benzenads, 128 MHz): 5 —14.4. >N NMR (benzeneds, 41
MHz): 6 -145.4,-148.1. (oxazoline). IR (KBr, ci): 3067 w, 3042 w, 2954 s, 2904 s, 2866 s,
2820 m, 2770 m, 1608 m (CN), 1506 m (CN), 14794€51m, 1430 w, 1391 m, 1362 m, 1243
m, 1191 s, 1135 s, 1053 s, 967 s, 941 s, 848 w, 80927 m, 703 mAnal. Calcd for
CooH4sBN4OLZr: C, 59.67; H, 7.77; N, 9.60. Found: C, 59.19;7H12; N, 9.13. Mp: 128-133 °C.

[a]p?® =-103.93° (GHe).

{PhB(CsH4)(0x™*9,}Zr(NMe 2)(NHNMe,). In a glove box, a vial was charged with
PhB(GH.)(0xM®9),}Zr(NMe,), (0.300 g, 0.569 mmol). The solid was dissolved1th mL
benzene. To the solution, 48 N,N’-dimethylhydrazine (0.569 mmol) was added ngsia
micro-It syringe, and the resulting solution mixwvas stirred for 15 min at room temperature.
The mixture was filtered and extracted with 5 minzene. All the volatiles were removed under

vacuo to afford {PhB(€H4)(Ox"*?),}Zr(NMe)(NHNMe,) as a off-white solid (0.290 g, 0.534
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mmol, 94%).XH NMR (benzenels, 400 MHz): 5 8.20 (d,3Jun = 6.4 Hz, 2 Hortho-CgHs), 7.49
(t, 3Jun = 7.2 Hz, 2 HmetaC6H5), 7.29 (t3Juy = 6.4 Hz, 1 H, para-CeHs), 6.59 (m, 2 H,

CsHg), 6.42 (M, 2 H, €Hy), 6.25 (M, 2 H, €H4), 6.09 (m, 2 H, Hy), 4.22 (\HNMey), 3.68-
3.59 (M, 4 H, CNCMe,CH,O ), 2.82 (s, 6 H, Nie 2.08 (s, 3H, NHNey), 2.02 (s, 3 H,
NHNMe,), 1.16 (s, 3 H, CNCMe,CH,0 ), 1.11 (s, 3 HCNCMe,CH,0 ), 1.10 (s, 3 H,
CNCMe,CH,0), 1.05 (s, 3 H, CNCMe,CH,0 )¥C{'H} NMR (benzeneds, 100 MHz): &
198.42 (CNCMe,CH,0 ), 152.06 (bripso-CeHs), 143.67 ipso-CsHa), 135.22 6rtho-CeHs),
127.52 (netaCgHs), 125.22 para-CeHs), 119.89 (GH,), 118.97 (GH.), 115.67 (GH4), 111.88
(CsHa), 78.99 (CNCMe,CH,0 ), 78.30 CNCMe,CH,O ), 67.59 ENCMe,CH,O ), 67.24 (
CNCMe,CH,0), 54.26 (NHMey), 53.71 (NHNVe), 49.20 (NMe), 29.10 (CNCMe,CH,O ),
29.06 (CNCMe,CH,0 ), 29.04 ENCMe,CH,O ), 27.96¢NCMe,CH,O J'B NMR (benzene-
ds, 128 MHz): 6 —15.7. °™N NMR (benzenals, 71 MHz): § -133.4 (NHNMe,), —134.3 (
CNCMe,CH,0), —139.8 (CNCMe,CH,O ),-179.9 NHNMe,). IR (KBr, cmi'): 3308 m, 3088

w, 3066 w, 3041 w, 2994 m, 2961 s, 2926 s, 289863 s, 2817 m, 2769 m, 1602 m (CN),
1514 s (CN), 1489 w, 1461 s, 1430 w, 1367 w, 1358281 s, 1265 w, 1248 m, 1196 s, 1159 s,
1122 m, 1050 s, 1034 m, 994 s, 966 s, 946 s, 9/ vw, 847 w, 802 s, 732 s, 703 s, 680 m,
661 w.Anal. Calcd for GsH3sBO,Ns Zr: C, 55.33; H, 7.06; N, 12.91. Found: C, 55.30;6t85;

N, 12.12. Mp: 106-111 °C.
K, [PhB(CsH)(Ox**"""™2),]. A round bottom Schlenk flask was charged with

H[PhB(GsH4)(OX*'P"™Me3.1 (0.122 g, 0.280 mmol) and PhGK (0.072 g, 0.553 mmol). The

solids were dissolved in THF (6 mL), and the resgltyellow solution was stirred for 3 h. The
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volatile materials were removed and dryvacuoto give KJ[PhB(GH.)(Ox*"""M¥3,] as a
yellow solid (0.140 g, 0.274 mmol, 97.9%H NMR (tertrahydrofurards, 400 MHz):57.63 (d,
33un = 7.2 Hz, 2 Hprtho-CeHs), 6.95 (t,°Jun = 7.2 Hz, 2 HmetaCgHs), 6.78 (t,°Jun = 7.2 Hz,

1 H, paraCeHs), 5.60 (m, 2 H, GHy4), 5.44 (m, 2 H, €Hs), 3.02 (M, 2 H 34y = 5.6 Hz,
CNCPHCMe0), 1.73 (m, 2 H, CNC(BMez)HCMe0), 1.32 (s, 3 H, CNErHOMe;0), 1.22
(s, 3 H, CNCPrHCMe0), 1.21 (s, 3 H, CNErHCMe0), 1.15 (s, 3 H, CNErHCMe,0), 1.01
(d, 3344 = 6.4 Hz, 6 H, CNC(CMe)HCMeO), 093 (d, %)y = 6.4 Hz, 6 H,
CNC(CHVIe;)HCMe0).  °c{*H} NMR (tertrahydrofurands, 100 MHz): & 189.90
(CNC(CHMe)HCH,0), 161.24 ipso-CsHs), 134.43 ¢rtho-CeHs), 126.85 fnetaCeHs), 122.81
(para-CeHs), 112.10 (GH,), 104.48 (GHs), 82.11 (CNC(CHMey)HCMe0), 81.79
(CNC(CHMe»)HCMe,0), 81.11 (CNC(CHM8HCMe,O), 80.93 (CNC(CHM8HCMe;0),
31.04 (CNCCHMep)HCMeO), 30.61 (CNC(CHM@HCMeO) overlapped, 22.37
(CNC(CHMe&)HCMe0), overlapped 21.96 (CNC(QHE)HCMe0), 21.90
(CNC(CHVIe;)HCMe,0). B NMR (tertrahydrofurards, 128 MHz): § —15.2. ®N NMR
(tertrahydrofurards, 71 MHz): 5 -153.4 (one™N cross peak was observed). IR (KBr, dm
3044 w, 2967 s, 2931 s, 2872 m, 1583 s, 1467 m) W31384 m, 1367 m, 1331 w, 1245 m,
1199 m, 1176 m, 1134 s, 1094 s, 1042 m, 1019 mw9&@¥U1 m, 884 s, 856 m, 790 w, 737 m,
707 s. Anal. Calcd for £H3/BK, N2O,: C, 63.51; H, 7.30; N, 5.49. Found: C, 63.11; 17 N,

5.28. Mp: 138-143 °C, dec.
{PhB(CsH)(Ox**"P"MA17rCI(NMe ;). In a glove box, a vial was charged with

Ko[PhB(GsH.)(OX*S'P"Me31 (0.150 g, 0.294 mmol) and Zr£(0.070 g, 0.300 mmol). The solids

were dissolved in THF (10 mL), and the resultinquson was stirred for 1 h at room
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temperature to afford {PhBgEL,)(Ox*'""M®3,17rCl,. Unfortunately, the complex could not be
isolated. The complex decomposes upon removal leésoTHF.*H NMR  (tertrahydrofuran-
ds, 400 MHz): 5 7.46 (d,*Juy = 6.4 Hz, 2 Hprtho-CgHs), 7.03 (m, 2 HmetaCgHs), 6.95 (m, 1
H, para-CgHs), 6.88 (m, 2 H, @H,), 6.66 (m, 2 H, €H,), 6.57 (m, 2 H, €H,), 6.23 (m, 2 H,
CsHa), 3.63 (m, 2 H, CNPrHCMe;0), 1.63 (m, 2 H, CNC(BMe,)HCMe0), 1.45 (s, 3 H,
CNCPrHOMe0), 1.39 (s, 3 H, CN®rHCMe,0), 1.35 (s, 3 H, CNErHOMe;0), 1.08 (s, 3 H,
CNCPrHOMe,0), 1.06 (d3Jun = 7.2 Hz, 3 H, CNC(CMle)HCMe;0), 0.98 (d 33y = 7.2 Hz,
3 H, CNC(CHVI&))HCMe,0), 0.94 (d3Juy = 7.2 Hz, 3 H, CNC(CMe)HCMe0), 0.85 (d I
=7.2 Hz, 3 H, CNC(CMle,)HCMe,0). B NMR (tertrahydrofurards, 128 MHz):5—-15.7.
{PhB(CsH4)(OX**P"M3 1 7rCI(NMe,) was synthesized using THF solution of
{PhB(CsH4)(OX**P"Me3 1 7rCl, prepared in situ. LiNMg(0.015 g, 0.294 mmol) was added to
the THF solution of {PhB(EH4)(Ox**"""M#3,17rCl, and stir for 1 h at room temperature. All the
volatile materials were removed in vacuo, and #sdue was extracted with benzene. Removal
of solvent in vacuo provided {PhB{H.)(OX*="P"MeA17rCI(NMe,) as a light yellow solid
(0.141 g, 0.233 mmol, 79.3%), which was a mixturéw® diastereomers in 4:1 ratith NMR
(tertrahydrofurards, 400 MHz):57.38 (d,*Juy = 6.8 Hz, 2 Hprtho-CgHs), 7.06 (m, 2 Hmeta
CeHs), 6.96 (t,3Jun = 6.8 Hz, 1 H, para-CeHs), 6.19 (m, 1 H, €H.), 6.15 (m, 1 H, €HJ), 6.07
(m, 1 H, GH.), 5.84 (m, 1 H, €H,), 3.86 (M, 2 H, CNPHCMe,0), 2.93 (s, NMg), 1.72 (m, 2
H, CNC(CHMe)HCMe0), 1.32 (s, 3 H, CNErHOMe0), 1.59-1.19 (24 H,
CNC(CHVIe&)HCMe;0).  *C{*H} NMR (tertrahydrofurands, 100 MHz): & 189.59
(CNC(CHMe)HCH,0), 161.55 ipso-CgHs), 134.12 ¢rtho-CeHs), 130.42 fnetaCeHs), 128.13
(para-CgHs), 126.53 (GH.), 122.49 (GH4), 111.78 (GH.), 104.16 (GH4), 81.79

(CNC(CHMe))HCMe,0), 81.48 (CN(CHMe)HCMe0), 80.79 (CNC(CHMSHCMe,0),
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80.61 (CNC(CHMgHCMe,0), 30.72 (CNOCHMe,)HCMe;0), 30.31
(CNC(CHMe&)HCMeO, overlapped), 30.29 (CNC(CHM)eICMe0), 30.24
(CNC(CHMe&)HCMe0), 22.04 (CNC(CHIe)HCMeO, overlapped), 21.64
(CNC(CHVIe;)HCMe,0), 21.58 (CNC(CMe))HCMe0). B NMR (tertrahydrofurards, 128
MHz): 6 -16.4.®N NMR (tertrahydrofurards, 71 MHz): § —-153.4,-154.9. IR (KBr, cni):
3059 w, 2958 s, 2924 m, 2878 m, 1578 s (CN), 1567Ny, 1484 w, 1459 m, 1428 w, 1380 w,
1361 m, 1342 w, 1290 m, 1250 m, 1190 m, 1120 s M51037 m, 1017 w, 966 s, 936 w,
876m, 824 s, 792 w, 777 m, 747 s, 731 s, 704 mva6Anal. Calcd for GgH43BCIN3OLZr: C,
57.75; H, 7.19; N, 6.97. Found: C, 57.56; H, 6.K9;6.81. Mp: 123-127 °C, decocIDZO = —

111.4°.

H[Ph,B(CsH4)(Ox*>"""Me%)]. A 100 mL Schlenk flask was charged wit!S-4opropyl-5,5-
dimethyl-2-oxazoline (0.500 g, 3.54 mmol) and THIB (mL), and the flask was cooled-t@8
°C. Using a syringe, 2.50 MBuLi (1.20 mL, 2.98 mmol) was added, and the solutwas
stirred for 1 h at-78 °C. A THF (20 mL) solution of BBCI (0.708 g, 3.54 mmol) in another
Schlenk flask was slowly added to the flask contagjrithium oxazolide, and the solution was
stirred for 1 h at-78 °C and then allowed to slowly warm to room terapee. After stirring for
12 h at room temperature, the solvent was removeterureduced pressure to afford crude
PhB(Ox*"""Me3 a5 a light yellow solid.

The PBB(OX**"P"M3 dissolved in 40 mL THF and NafBs] (0.312 g, 3.54 mmol) was
added. The resultant solution was stirred overnahtoom temperature. The solution was
filtered. Solvent was removed under reduced pressoirafford a yellow solid. This crude

product was purified by silica gel column chroma#gy to afford an light yellow solid of
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H[Ph,B(CsHs)(OX**'P"Me3] as a mixture of isomers. The product was disslin benzene and
stirred over BOs to remove residual water, affording 0.120 g of WBRCsHs)(Ox*S'PMe3]
(0.323 mmol, 10.7%)*H NMR (acetonitriledls, 400 MHz): § 7.70-7.12 (m, 10 H, £Hs), 6.48-
6.32 (M, 3 H, GHs), 3.83 (d,°Juy = 6.4 Hz, 1 H, CNPHCMe;0), 2.91 (m, 2 H, ¢Hs), 1.84
(m, 1 H, CNC(GMe,)HCMe,0), 1.47-0.98 (12 H, CNC(CMe))HCMe,0). *C{*H} NMR
(acetonitrileds, 150 MHz): 6 135.53 6rtho-C¢Hs), 129.69 fnhetaCgHs), 128.03 para-CeHs),
142.17 (GHs; 10 spf resonances for 3 isomers observed), 141.96)C136.26 (GHs), 134.92
(CsHs), 134.25 (GHs), 133.85 (GHs), 133.23 (GHs), 131.87(GHs), 128.23 (GHs), 128.57
(CsHs), 95.09 (CNGPrHCMe,0), 67.07 (CNCiPrHCMeO), 48.34 (GHs-sp’), 43.22 (GHs-
sp’), 31.25 (CNCCHMe,)HCMe,0), 29.77, 22.19, 21.61, 21.29 (CNC(®))HCMe,0). M'B
NMR (acetonitrileels, 128 MHz): 6 -10.0,-11.5,-12.4. IR (KBr, cn): 3087 w, 3069 w, 3035
w, 2982 s, 2870 m, 1594 s (CN), 1474 w, 1467 mAl421396 s, 1370 m, 1352 m, 1347 w,
1311 m, 1302 w, 1244w, 1227 w, 1215 m, 1167 w, 1143096 w, 1027 m, 999 w, 956 m, 942
m, 853 w, 829 w. Anal. Calcd for,€H30BNO: C, 80.86; H, 8.14; N, 3.77. Found: C, 80.B85;

7.73; N, 3.51. Mp: 67-72 °Cafp*® = -55.2° (GHe).

{Ph,B(CsH)(OX** "M 7 (NMe ,),. In a glove box, a vial was charged with
H[Ph,B(CsHs)(Ox**'P"M¢3] (0.040 g, 0.108 mmol) and Zr(NMg (0.029 g, 0.108 mmol). The
solids were dissolved in benzene (4 mL), and tkelti@g solution was stirred for 20 min. The
volatile materials were evaporated to afford {B{CsH4)(Ox**"P"Me31zr(NMe,), as an off-white
solid (0.054 g, 0.098 mmol, 91.5%H NMR (benzenels, 400 MHz):5 8.16 (d*Jun = 6.8 Hz,

2 H, ortho-CgHs), 8.06 (d,*Jun = 7.2 Hz, 2 Hortho-CeHs), 7.46 (t,%34y = 7.6 Hz, 2 Hmeta

CeHs), 7.34 (t,°J4n = 7.6 Hz, 2 HmetaCgHs), 7.27 (m, 1 H,para-CeHs), 7.17 (m, 1 H, para-
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CeHs), 6.64 (M, 1 H, €Hy), 6.55 (M, 1 H, €Hy), 6.23 (M, 1 H, €Hy), 6.01 (M, 1 H, €Hy), 3.24
(d, 1 H,%J4u = 5.6 Hz, CNGPHCMe;0), 2.84 (s, 6 H, NM®, 2.76 (s, 6 H, NM8), 1.74 (m, 1
H, CNC(HMe;)HCMe,0), 1.35 (s, 3 H, CNPrHOMe0), 1.24 (s, 3 H, CNIPrHCMe,0),
1.16 (d, *Juy = 6.8 Hz, 3 H, CNC(CMe)HCMe0), 0.99 (d,°Jyy = 6.8 Hz, 3 H,
CNC(CHVie;)HCMe,0). **C{*H} NMR (benzeneds, 150 MHz): 5 194.29 (br CNCiPrHCH:0),
152.26 (br,ipso-CeHs), 151.51 (br,ipso-CeHs), 135.14 ¢rtho-CgHs), 133.11 6rtho-CgHbs),
127.51 (netaCeHs), 126.42 (etaCgHs), 125.93 para-CgHs), 125.01 para-CeHs), 123.51
(CsHa), 123.33 (GHs), 114.41 (GHs), 113.64 (GH4), 84.61 (CNGPrHCMe,O), 78.03
(CNCiPrHCMe0), 44.51 (NMg), 41.99 (NMe), 30.44 (CNCCHMe,)HCMe0), 30.02
(CNCIPrHOMe;0), 21.96 (CNGPrHOMe0), 20.68 (CNC(CMe)HCMe0), 20.21
(CNC(CHVIe)HCMe,0). 1B NMR (benzeneds, 128 MHz): 5 -11.7.°N{*H} NMR (benzene-
ds, 71 MHz): 6 -155.2 (QNCiPrHCMeO). IR (KBr, cni'): 3045 w, 3008 w, 2967 s, 2931 s,
2772 w, 1562 m (CN), 1489 w, 1467 s, 1431 w, 1388260 s, 1194 s, 1093 s, 1054 s, 947 s,
884 w, 855 w, 804 s, 734 s. Anal. Calcd fesHzoBN3OZr: C, 63.48; H, 7.35; N, 7.66. Found:

C, 63.31; H, 7.01; N, 7.19. Mp: 121-124 °C, dedpf® = -82.02° (GH).

2,2-Diethoxypent-4-enenylamine2,2-Diethoxypent-4-enenitrile was synthesized adiogy to
the published procedura.

A oven dried 2-neck Schlenk flask fitted with refloondenser was charged with LiAJH
(0.350 g, 9.22 mmol). The flask was cooled to Gat@ diethyl ether (60 mL) was added. To the
suspension at 0 °C, 2,2-diethoxypent-4-enenitdl&30 g, 3.72 mmol) was added drop wise.
The resultant solution was stirred overnight atmaemperature. Then, the solution was cooled

to 0 °C and 3 mL water was added slowly drop wiEke solution stirred 1 h at room
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temperature. The ether layer was decanted andliite precipitation was extracted with diethyl
ether 3 times. All the organic solutions were cameli dried with Ng5O, and filtered. The
solvent was removedn vacuo to give crude 2,2-diethoxypent-4-enenylamine. \ewu
distillation (80 °C, 5 mm Hg) of the crude prodwafforded the pure 2,2-diethoxypent-4-
enenylamine as a colorless oil, which was storedlave box with activated molecular sieve
(0.520 g, 3.00 mmol, 80.6% vyieldH NMR (benzenak, 400 MHz): § 5.90-5.79 (m, 1H,
CH=CH,), 5.08-5.01 (m, 2H, CH=8,), 3.40-3.31 (m, 4H, OB,CH3), 2.79 (s, 2H, NBCH,),
2.55 (d,%Juy = 6.8 Hz, 2H, =CI€H2), 3.40-3.31 (t3Jun = 6.8 Hz, 6H, OCKCHg), 0.63 (br s,
2H, NH,). ¥C{1H} NMR (benzeneds, 100.6 MHz):5134.74 (CH=CH,), 117.70 (CHEH,),
103.20 C(OCH,CHg),), 55.98 (C(@H,CHs),), 44.81 CH2NHy), 37.97 (=CHCH,), 15.99
(C(OCH:CHs),). N NMR (benzenas, 61 MHz): 6-364.6. IR (KBr, cmi*): 3396 w, 3077 m,
2976 s, 2930 s, 2883 s, 1641 m, 1621 w, 1481 w6 1dp1443 s, 1417 w, 1389 m, 1365 w,
1316 w, 1266 w, 1218 s, 1157 s, 1116 s, 1080 s3 $03001 s, 915 s, 879w, 825 s, 770 w, 677
w. MS (ESI) exact mass Calcd fogkioNNaQ,: m/z 196.1308 ([M+Na']), Found: 196.1303X

2.89 ppm).

2-(4-Pentenyl)-2-phenyl-6-heptenylamine A flame-dried Schlenk flask was charged with
diisopropylamine (2.00 mL, 14.27 mmol) and 50 mLTéiF. The flask was cooled te/8 °C
andnBulLi (5.71 mL, 14.27 mmol, 2.5 M solution in hexahevas added in a drop wise fashion.
The resulting solution was stirred for 60 min att©. 29 mL of this solution of lithium
diisopropylamide (LDA) was transferred to a drogpfnnel, fitted with a dried 3-neck flask
with a water condenser containing phenylacetoait{dl.80 mL, 6.93 mmol) in THF (50 mL).

The flask was cooled te78 °C and the LDA solution was added drop wise d@min. The
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resultant yellow solution was stirred for 90 mintlais temperature and was then treated with 5-
bromo-1-pentene (0.8 mL, 6.75 mmol) drop wise. $bkeition was stirred for another 15 min at
—78 °C and was then allowed to warm to room tempegatAfter stirring for 90 min at rt, the
solution was cooled back ter8 °C, and the second part of LDA was added ovemit0 The
solution was allowed to warm to 0 °C and was dificr 90 min. After cooling back te78 °C,
the solution was treated with 5-bromo-1-penten@ ¢hL, 8.44 mmol). The resultant yellow
reaction mixture was allowed to warm slowly to roeemperature and stirred overnight. The
reaction was quenched by addition of water (5 naby the solvent was removadvacuo The
residue was taken up with X (100 mL), washed with water (215 mL) and brine (k 15
mL), and dried over N&O,. Concentrationn vacuogave a light yellow oil, which was purified
by silica gel column chromatography (hexane:EtOAMNE 9:1:1, R = 0.75) to afford 2-(4-
pentenyl)-2-phenyl-6-heptenenitrile (1.50 g, 5.92oh 85.4%).

An oven-dried 2-neck Schlenk flask fitted with dlug condenser was charged with
LiAIH 4 (1.0 g, 26.35 mmol). The flask was cooled to (afd diethyl ether (150 mL) was added.
2-(4-pentenyl)-2-phenyl-6-heptenenitrile (1.50 g5 mmol) was added in a drop wise manner
to the suspension. The resulting mixture was stioeernight at room temperature. Then, the
solution was cooled to 0 °C and water (5 mL) wadeadin a drop wise fashion. The solution
was allowed to stir for 1 h at room temperaturee Ether layer was decanted and the white
precipitate was extracted with diethyl ether X450 mL). All the organic solutions were
combined, dried with N&O,, and filtered. The solvent was removed under reduyaressure to
give crude 2-(4-pentenyl)-2-phenyl-6-heptenylamifibe crude product was stirred with GaH
under argon for 3 days and then filtered to afféheé pure 2-homoallyl-2-phenyl-hex-5-

enylamine as a colorless oil, which was storedldaveybox with activated 4 A molecular sieves

www.manaraa.com



95

(1.36 g, 5.28 mmol, 89.2%)H NMR (benzeneds, 400 MHz):57.21-7.06 (m, 5 H, s), 5.75-
5.65 (m, 2 H, G1=CH,), 5.01-4.94 (m, 4 H, CH=@,), 2.74 (s, 2 H, €:NH,), 1.93 (m, 2 H,
H,C=CHCH,CH,CH,), 1.60 (m, 2 H, HC=CHCHCH,CH,), 1.15 (m, 2 H,
H,C=CHCH,CH,CH,), 0.37 (br s, 2 H, CHNH,). *C{*H} NMR (100 MHz, benzenek): &
146.79 (GHs), 139.36 (CH=CH,), 128.85 (GHs), 127.39 (CsHs), 126.25 (GHs), 115.01
(CH=CH,), 48.98 (CH:NH,), 45.67 [(CeHs)], 35.30, 35.16 (=CBH,CH,CH;,
(=CHCH,CH,CH>), 23.59 (=CHCHCH,CH,). **N NMR (benzeneds, 61 MHz): 5-369.9. IR
(KBr, cmi'): 3388 w, 3321 w, 3075 s, 3062 s, 3023 m, 29936 s, 2935 s, 2865 s, 1945 W,
1869 w, 1824 w, 1640 s, 1601 m, 1580 w, 1498 s3K48443 s, 1415 m, 1372 w, 1327 w, 1260
m, 1192 w, 1157 w, 1077 m, 1032 s, 994 s, 910 4,880r64 s, 700 s. MS (ESI) exact mass

Calculated for GsHo7N: m/z 258.2221 ([N+H']), Found: 258.2203.

4,4-Diethoxy-2-methylpyrrolidine. *H NMR (chloroforméd, 400 MHz): & 3.41-3.36 (m, 4 H,
OCH,CHs), 3.22-3.17 (m, 1 H, BMeNH), 3.01 (d?Jun= 11.6 Hz, 1 H, E,NH), 2.81 (d,2Jun

= 11.6 Hz, 1 H, E,NH), 2.06-2.01 (m, 1 H, Bo,CHMe), 1.47 (br, 2 H, NJ), 1.43-1.37 (m,
CH,CHMe), 1.12 (t,*Juy = 6.8 Hz, 6 H, OChKCH3), 1.09 (d,%J4y = 6.4 Hz, CHVieNH).
13C{1H} NMR (100.6 MHz, chloroformd): §111.99C(OCH,CHs),, 57.54 (Q@H,CHs), 55.39
(CH,NH), 53.58 CHMeNH), 44.17 CH,CHMe), 21.37 (CKHs), 15.61 (OCHCHS3). IR (KBr,
cml): 2975 s, 2930 s, 2883 s, 1641 w, 1542 w, 1481444 m, 1391 s, 1350 m, 1336 m, 1321
m, 1265 m, 1234 m, 1158 s, 1126 s, 1077 s, 1030%2 m, 949 m, 888 w, 810 mIS (ESI)

exact mass Calcd. forgB1gNO,: m/z 174.1489 ([M+H']), Found: 174.1488X 0.32 ppm).
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General procedure for catalytic hydroamination/cyclzation

a) NMR scale catalysis at rt In a typical small-scale hydroamination experimend. Young
style NMR tube with a re-sealable Teflon valve wdmrged with 50umol of aminoalkene
substrate, 5.Qumol of catalyst, and 0.5 mL of solvent (benzegemethylene chlorideb,
tolueneds or tetrahydrofuramls). The vessel was sealed, and the reaction wastonediby'H
NMR spectroscopy at regular intervals.

b) NMR scale catalysis at 0 °Cin the glove box, the appropriate aminoalkene (B®I) was
dissolved in 0.3 mL of toluenésand transferred to a NMR tube. The NMR tube watedeaith

a rubber septum and cooled t6® for 0.5 h outside of the glove box. The apprdprizatalyst
(5.0 umol) was placed in a small test tube and dissolag@l2 mL of tolueneadg The test tube
was capped with a rubber septum and cooled %G for 0.5 h. Then, the catalyst solution was
quickly transferred to the NMR tube at’G by syringe. The NMR tube containing the reaction
mixture was allowed to stand at°G for 10 to 12 h continuously and was then chedkedH
NMR spectroscopy.

c) NMR scale catalysis at-30 °C:

In the glove box, appropriate aminoalkene (®@ol) and catalyst (5.Q2mol) were charged into
two separate vials. 0.4 mL toluedgwas added to both vials and cooled-89 °C in the glove
box freezer for 30 min. Then, the cold solutioraaiinoalkene was added to the vial containing
catalyst and put back the solution mixture into fiteezer of the glove box for couple of days.
The cold solution was taken out from the glove o quench immediately, and was checked
by NMR spectroscopy.

d) Procedure for isolation of optically active pyrrolidines A flask was charged with the

catalyst [{PhB(GH.)(OX™"M®3,}Zr(NMe>),] (0.060 g, 0.103 mmol), benzene (20-30 mL) and
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the appropriate aminoalkene (2.58 mmol). The smtutvas stirred at room temperature for 3 h.
Then, the products were purified by fractional ilegion in vacuo to afford the cyclic amines as
colorless oils.

2-methyl-4,4-diphenylpyrrolidine8p) was purified by Kugelrohr distillation. Yield: 98 bp:
125 °C, 10 mBar (dynamic vacuum on a high vacuum line).
2-Methyl-4,4-bis(2-propenyl)pyrrolidin€L1b). Yield: 95 %, bp: 86-90 °C, 5 mm Hg.
3-methyl-2-aza-spiro[4,5]decand 2p); yield: 94%, bp: 100-105 °C, 0.1 mm Hg (dynamic
vacuum).

2-methyl-6,6-diphenylazepan&gb);

2-methyl-4,4-diethoxypyrrolidinel@b); Yield: 84%, bp: 80 °C, 5 mm Hg.
4-allyl-2-methyl-4-(4-bromophenyl)pyrrolidin€Qb): Yield: 97%, bp: 120-125 °C, 0.1 mm Hg
(dynamic vacuum).

4-allyl-2,4-dimethyl-pyrroliding21b). Yield: 95%, bp: 47-52 °C, 5 mm Hg.

2-methyl-4-phenylpyrrolidine23b), Yield: 92%, bp: 47-52 °C, 5 mm Hg.

Procedures for NMR kinetic measurements.Reaction progress was monitored by single scan
acquisition of a series & NMR spectra at regular intervals on a Bruker DRB4pectrometer.
The concentrations dE-(1-allyl-cyclohexyl)-methylamine and 3-methyl-2aagpiro[4,5]decane
were determined by integration of resonances cporeding to species of interest and integration
of a tetrakis(trimethylsilyl)silane standard of acately known and constant concentration (4.36
mM in tolueneds). The temperature in the NMR probe was preseeémh experiment, and it
was kept constant and monitored during each exp@tinfror reactions heated above 296 K, the

probe temperature was calibrated using an 80%ezthygjlycol sample in 20% DMS@-using
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the equation: T = [(4.218\)/0.009132] K A equals the chemical shift difference of the two
ethylene glycol resonances). For reactions at paedd at 296 K or below, the probe was
calibrated using COH using the equation T =23.832A% — 29.46A + 403] K (A = chemical

shift difference of two peaks of GBH).

Representative example Catalytic conversion o€-(1-allyl-cyclohexyl)-methylamine into 3-
methyl-2-aza-spiro[4,5]decane using 10 mol % {PhB{HOX*="P"MAr7r(NMe,), (S
2}Zr(NMey),) as a catalyst is described. A 5 mL stock solutiotolueneds containing a known
concentration of the internal standard tetrakisthylsilyl)silane (0.0070 g, 0.0218 mmol, 4.36
mM) was prepared using a 5 mL volumetric flaske Btock solution (0.50 mL) was added by a
1 mL glass syringe to a known amount &Z}Zr(NMe,), (0.0040 g, 6.522mol) in a glass vial.
The resulting solution was transferred to a NMRetutapped with a rubber septum, antHa
NMR spectrum was acquired. The concentration ®2}§Zr(NMe), was determined from this
'H NMR spectrum by comparison of integration of remuces assigned t&R}Zr(NMe,), with
that from the internal standard. Neat subst@é-allyl-cyclohexyl)-methylamine (0.010 g, 65.2
umol) was added to the NMR tube by injecting throtigg rubber septum. Then, the NMR tube
was quickly placed in the NMR probe. Single scagecta were acquired automatically at preset
time intervals at 23C. The concentration of substrate and product gt given time was
determined by integration of substrate and prodestnances relative to the integration of the
internal standard. A linear least squares analg$isubstrate concentrations (Mg time

correlated to the equation lsubg; = Ln[subgo — Kobd.-
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Measurement of initial rates of cyclization (saturéion kinetics). A 5 mL stock solution in
tolueneds containing a known concentration of internal staddtetrakis(trimethylsilyl)silane
(0.0070 g, 0.0218 mmol, 4.36 mM) and catalyst (5(8®) was prepared using a 5 mL
volumetric flask. The stock solution (0.50 mL) wadded by a 1 mL glass syringe to a NMR

tube, capped with rubber septum and was takéhMMR spectra.

The initial rates for the hydroamination @&F(1-allyl-cyclohexyl)-methylamine 12a)
were measured for several substrate concentratioosnstant catalyst concentration (5.39 mM).
Linear regression fits for versus time for thetf#894 s of the reaction provided the initial rate
(d[124)/dt) for a particular initial substrate concentrati¢calculated as average substrate
concentration over 504 s). A non-linear least sgsiaegression analysis dffL2a/dt vs [12d,i

showed good correlation to the equation:

~d[12a] _ ko[{S-2}Zr(NMey),] {[12a] - [{S-2}Zr(NMe;),]

dt K' +{[12a] - {S-2}Zr(NMey),} + Ks{[12a] - {S-2}Zr(NMey),}*

which is a modified version of the general equati...

d[substrate] _ k,[substrate][catalyst]

dt K' + [substrate] + [substrate]?

Ks

Particular modifications:
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(a) One equiv. of substrate is consumed in a pta&yst activation step. Thus, the observed
substrate concentration must be modified to inching factor, which does not otherwise appear
in the rate law or the reaction mechanism. Thukgdsate] = 128 — [catalyst].

(b) Ksi (equilibrium constant for substrate inhibition) isormally defined as:Kg =
[substrate][catalyst-substrate]/[catalyst-subsftat@.e., a dissociation constant). For more
straightforward chemical interpretatidfg, is defined here as the substrate binding constant:

= [catalyst-substraf¥ [substrate][catalyst-substrate].

Measurement of the activation parameters.

1. Eyring plot from second-order rate constants:Rate constant& were measured at the
constant catalyst and initial substrate conceitngti over five temperatures ranging from 266 K
to 314 K using the method described above. Thelp{kiT) vs 1/T provides the values of 11.0
kcal mol* andASF = —24.5 cal-motK ™ using standard Eyring analysis.

2. Eyring plot from initial rates: Using the initial rate method described above, rte
constantsk, were measured at temperatures ranging from 273 32®K, keeping the catalyst
and initial substrate concentration constant irheageriment. The plot Ikf/T) vs 1/T provides
the values of From this ploaH* = 6.7 kcaimol* andAS" = —43.2 calmol*K™ are calculated,

using standard Eyring analysis.

Procedure for determination of enantiomeric excessf pyrrolidine products.
NMR spectroscopy.The *H and **F NMR methods were used to evaluate the % ee of the
pyrrolidines products of enantioselective hydroaation/cyclization. 2,4,4-

Trimethylpyrrolidine, 3-methyl-2-aza-spiro[4,5]de&(b.p. = 100 °C, 0.15 mBar), 3-methyl-2-
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aza-spiro[4,4]nonane (b.p. = 45 °C, 2 mBar) wepassted from the catalyst by vacuum transfer
(10° mBar) to a 10 mL flask. 2-Methyl-4,4-diphenylpylidine (b.p. = 150 °C, 0.08 mBar) was
purified by silica gel flash chromatography (pigettolumn) with 95:5 CpCl,:CH3OH as an
eluent, and then all volatiles were removed byryogwvaporation.

Benzene (2 mL) and triethylamine (5.0 equivalergelobbon the amount of aminoalkene
used during catalysis) were added to the purifigdrgtidine. To this solution, (+)9)-a-
methoxye-(trifluoromethyl)phenylacetyl chloride (1.2 equigat based on the amount of
aminoalkene used during catalysis) was added. dlutian was mixed and immediately a white
suspension appeared ([HNECI]). The mixture was stirred for 1 h, and alletlsolvents were
removed under vacuum. The white residue was ertlasith pentane. Pentane was removed
under vacuum to give the corresponding Mosher-anaislea clear colorless oil. No further
purification was performed, since crystallizatichyomatography, or sublimation could result in
biased results by separation of the diastereonidms.enantioselectivities were determined by
either integration ofH NMR (23 °C, CDCk) or **F NMR (60°C, CDC}) signals; these were
referenced to literature values and compared agautkentic diastereomers of racemic samples

reproduced in our laboratory.

HPLC analysis. The enantiomeric excess of chiral pyrrolidinesevalso determined by HPLC
analysis of the naphthoyl derivatized product (flate = 1.0 mL/minjA = 254 nm) using Regis
(S,9-Whelk O1 column (Spherical Kromasil® Silica, colno dimensions = 25 cm4.6 mm i.d.,
particle size = 5 um, 100 A) following literatureopedures.

Typical procedure of derivatization: In a glove b@naphthyol chloride (1.05 equiv.) or

benzoyl chloride was added to a £Hb solution of pyrrolidine (1.0 equiv.) and triethgiane
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(3.0 equiv.) at room temperature. The resultantuméwas stirred for 2 h, and then the volatile
materials were removed by rotary evaporation givanghite solid. The product was extracted
with pentane and pentane was removed in vacuociilte product was purified by preparative

silica gel TLC with appropriate eluent.

Chiral Stationary Phase HPLC Conditions for Determnation of Enantiomeric Excess

Compounds Eluent of Eluent ratio of Back Retention
preparative TLC to HPLC pressure time in
purify product during HPLC
derivative HPLC

3/1 75:25 66.4 min

0
% ,\é cyclohexane/EtOAc; hexane:EtOH;| 55 bar 22.1 min
‘Ph

hexane/EtOAc; 2/1| hexane:EtOH;| 55 bar 13.9 min

75:25 82.8 min

42.7 min

hexane/EtOAc; 2/1| hexane:EtOH;| 40 bar 57.8 min
96:4 107.7 min

115.2 min

hexane/EtOAc; 3/2| hexane:EtOH;| 56 bar 11.8 min

75:25 74.1 min

38.5 min

hexane/BO; 1/7 hexane:EtOH;| 41 bar 58.6 min
95:5 62.4 min
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67.3 min

hexane/EtOAc; 3/2| hexane:EtOH;| 52 bar 11.4 min

75:25 59.6 min

7.8 min

hexane/EtOAc; 2/1| hexane:EtOH;| 56 bar 10.4 min
70:30 12.8 min

13.5 min

Error analysis for enantioselectivity. % ee values are given based on average % ee determi
from multiple (> 3) catalytic experiments run undeentical conditions; the standard deviation
for the % ee's for a particular set of conditionalculated from'*F NMR integration, was
determined to be 0.5 (e.g., the % ee8brcyclized in benzends at 23 °C is 93+0.5%)H and
Y NMR spectra of Mosher amides, obtained by react the pyrrolidine products with
Mosher chloride are shown below for both the racesmd representative enantioenriched

samples.
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Chapter 3. The desymmetrization of non-conjugatedrainodienes and aminodiynes

through enantioselective and diastereoselective hgghmination

Modified from a paper to be submittedNature Chemistry

Kuntal Manna’ Aaron D. Sadow

Abstract

The optically active cyclopentadienyl-bis(oxazoljmprato zirconium complex
{PhB(CsH4)(OX**P"Me3 1 7r(NMe ), [{ S-2}Zr(NMe )] catalyzes the cyclization of achiral non-
conjugated aminodienes and aminodiynes to genesatestereocenters. One results from N-C
bond formationvia enantioselective hydroamination and other redutism selection of one of
the two diastereotopic unsaturated moieties. Tr®yrdeetrization of olefin moieties during
enantioselective cyclohydroamination of aminodienaords cyclic amines with high
diasteromeric ratios and high enantiomeric excesSiesilarly, the desymmetrization of alkyne
moieties in §2}Zr(NMe,),-catalyzed cyclization of aminodiynes provide cepending cyclic
imines bearing quaternary stereocenters with emiaetic excesses up to 93%. These
stereoselective desymmetrization reactions areifsigntly affected by concentration of the
substrate, temperature, and the presence of a cdaalyle primary amine. In addition, both the
diastereomeric ratio and enantiomeric excess ofpttoelucts are markedly enhanced Ky

deuteration of the substrates.

* Primary researcher and author
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Introduction

Asymmetric hydroamination of aminoolefins is a poiwkapproach for the synthesis of
optically active nitrogen heterocycles, which angportant in chemical and pharmaceutical
industriess Despite marked advances of preparing highly enantiohed 2-alkyl-

azacycleg;>*>®7

challenges remain to improve the versatility ofdipamination for the
synthesis of complex enantiopure heterocycles. ifpaby, current enantioselective
hydroamination catalysts are limited to generatsteaeocenter at 2-position with respect to
nitrogen of the cyclic amine.

Strategies for synthesizing nitrogen hetreocyclesring multiple stereocenterga
hydroamination/cyclization of racemic aminoalkehesd to the mixture of diastereomers. The
cyclization of racemica-alkyl substituted aminopentenes catalyzed by athanthanocenes
affords racemic 2,5-disubstituted pyrrolidines whigh trangcis diastereomeric ratid.The
trans/cisratio of product is sensitive to reaction tempamt substrate concentration, addition of
non-cyclizable primary amine, amdtdeuteration of substrate. Kinetic resolution o tcemic
a-substituted aminopentenes using chiral hydroancinatatalysts provide corresponding 2,5-
disubstituted pyrrolidines with excellemans/cisratios and moderate enantiomeric exce$s¥s.
The o-stereocenter in these racemic aminopentenes is@milfy affects the new stereocenter
formed in enantioselective hydroamination due te ttlose proximity between the two
stereocenters. Therefore, diastereomeric ratibeticlized products is highly dependent on the
position of the existing stereocenter within theeric aminoalkenep-substituted racemic
aminopentene provides corresponding pyrrolidinehwi#tqual amount ofciss and trans
diastereomer§>®°However, enantioselective cyclization of achirahrconjugated aminodienes

generally provide azacycles with poor diastereootio.
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In this context, developing enantioselective catalyhat can desymmetrize olefin
moieties of achiral non-conjugated aminodienesmuadyclohydroamination might improve the
diastereomeric ratio of the products. Recently,old-gatalyzed enantioselective synthesis of
methylene pyrrolidinessia desymmetrization of achiral 1,4-diynamides wasores® The
cyclization of 1,4-diynamides provided methylenerplidines bearing a quaternary stereocenter
with enantioselectivities up to 93%. Herein, wectlise an interesting desymmetrization of
achiral non-conjugated aminodienes during cyclaratly a chiral zirconium catalyst to provide
cyclic amines with high enantio- and diastereomenicesses. The cyclization of achiral non-
conjugated aminodiynes also affords cyclic iminesaring a quaternary-stereocenter at 4-, 5-,

and 6-positions with excellent enantioselectivity.

Results and Discussion
Catalytic hydroamination/cyclization of aminoalkenes and aminoalkynes

Optically active cyclopentadienyl-bisgdsopropyl-5,5-dimethyl-2-oxazolinyl)borate-
supported zirconium complex PhB{&)(Ox*'""M*3,zr(NMe,), [{S2}Zr(NMey) ] is a
precatalystfor cyclization 2-allyl-2-phenyl-pent-4-enylamineld) at room temperature to
provide corresponding 4-allyl-2-methyl-4-phenylmlidine 2b) as a mixture of diastereomers
with cis-2b as the major product (eq 3.1). Both diastereorasrgormed with high enantiomeric
excess favoringr-configuration, but the ratio afis- andtrans-diastereomers is low (3.3:1). The
assignment of the major isomera@asis supported by NOE experiments in benzdga which
irradiation of the 2-methyl signal of the majornser (1.00 ppm) results in decreased intensity of
theortho- andmetaphenyl resonances at 7.27 ppm and 6.69 ppm*FhEMR spectrum of the

(R)-Mosher amide of 2- methyl-pyrrolidinb contains two sharp upfield signals for the major
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diastereomers and two broad downfield resonanaethéominor diasteromers. Because iffe
NMR signals forR,R-Mosher amide of R-2-methyl-pyrrolidine are systematically upfielddan
sharp while theSR-Mosher amide of &2-methyl-pyrrolidines are downfield and broad, the
configuration of the stereocenters resulting froarNCbond formation are equivalente R) in

the diastereomeric products. The poor cis/trane,rabwever high enantiomeric excess of each
diastereomer suggest that the catalyst is notieffien distinguishing the two olefins, but the N-

C bond formation is favored for theface for both olefins.

Ph—B’ \
)\f—l\er{NMe2

o ol )h NMe,
\ K5 R
/\Qih {S-2}Zr(NMey), HD‘ (3.2)
<_NH,
= benzene, 23 C

1a 1b-cis 1b-trans

Interestingly, thecig/trans ratio of the pyrrolidinelb improves upon dilution of the
reaction medium. As shown in Table 3.1, ti®transratio increases on decreasing the substrate
concentration using 10 mol % catalyst loading, whie enantioselectivity remains high. The
cigtrans ratio 3.3:1 (la] = 65.4 mM, [{S-2}Zr(NMey);] = 6.54 mM) increased to 9:1 upon
diluting the reaction mixture by 12 fold. Ths/trans ratio could be further improved to 12:1
upon 30 fold dilution, albeit at the expense okatended reaction time (Table 3.1; entry 5).

Table 3.1.Catalytic cyclization of 2-allyl-2-phenyl-pent-4-@damine (&) with precatalyst &
2}Zr(NMe,), at different concentratiorfs.

Entry [catalyst] [substrate-| Time | Yield (%) d.r” % e€’
mM la) mM (h) (cisitrans) (cis, trang)
1 6.54 65.4 0.5 100 3.3:1 96.3, 95.9
2 3.27 32.7 2 100 5:1 96.1, 95.5
3 1.09 10.9 5 100 7.2:1 96.3, 95.3
4 0.55 5.45 6 100 8.9:1 95.5,954
5 0.22 2.20 12 100 12:1 95.1,94.8
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2 Reaction conditions: 10 mol % catalyst, ?.Diastereomeric ratiosc{s:trans) were determined bjH
and/or'®F NMR spectra of Mosher amide derivativeShe % ee values were determined 'y NMR
spectra of Mosher amide derivatives.

The interesting effect of concentration on desymizaion of 1a during cyclization
catalyzed by §2}Zr(NMey), led us to investigate whether variation of concamin of the
substrate, catalyst, or both changes the diaswesiivity. The cigtrans ratio of 1b is
unchanged on varying the concentration of precstd§2}Zr(NMey), (13.6 mM to 2.72 mM)
keeping the substrate concentration unchanged (BRIB(Figure 3.1). Howevecgis/trans ratio
increasesupon decreasing the substrate concentration (116 M1 mM) at constant
concentration of $2}Zr(NMey), (6.45 mM) (Figure 3.2). The above experiments ssgghat

the desymmetrization of aminodiene is unaffecteddtglyst concentration.

5 5 -
41 m = ] ] 4
3 - 3
- 3 = 7 -
1 1 -
0 : : : 0 . : .
a 10 20 30 0 50 100 150
[cat] (mM) [subs] (mm)
Figure 3.1 Plot of d.r. ¢is/trans) of 1b vs Figure 3.2 Plot of d.r. is/trans) of 1b vs
[{ S2}Zr(NMe>,),] at constantIa]ini 1R (mM) at constant [§2}Zr(NMe»),]

When the cyclization ola is carried out in presence of amyl amine, ¢ig#rans ratio
decreases. Thas/transratio of 1b decreases with increasing concentration of amylar{irable
3.4; entries 2, 3 & 4), which suggests that therdmation of an amine to the metal center favors
trans product. Interestingly, theistransratio is unaffected by the presence of the pro&itb

(cistrans = 3.3:1). The ratio otis-1b to trans-1b is the same (3.3:1) after cyclization Id in
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the presence or absenceRslb (Table 3.4; entry 5). Moreover, the cyclizationlafin presence

of S1b (cistrans = 3.3:1) don’t changeigtransratio of the product (Table 3.4; entry 6).

Table 3.4 Cyclization of 2-allyl-2-phenyl-pent-4-enylamingd) catalyzed by §2}Zr(NMe>),
in presence of amyl amine bb. ?

Ph—pB’ \
>\f_ =N= ZrﬂNMGZ

g ol /h NMe,
\ S /: ,i>\\\ ‘1 /
/\Qf/hNH T HN
= 2 benzene, 23 T

la additive 1b-cis 1b-trans
Entry | [catalyst]| [1q] [additive] (mM) | Time | Yield d.r. % e€’
(mM) | (mM) (h) (%) | (cistrang) | (cis, trang)
1 6.50 65.0 - 0.5 100 3.31 96.3, 95.9
2 6.50 65.0| 14.0 (amyl amine 24 100 2.5:1 96, 96
3 6.50 65.0| 29.0 (amyl amine) 48§ 94 1.96:1 96, 96
4 6.50 65.0| 43.0 (amyl amine) 72 90 1.75:1 96, 96
5 6.50 65.0 32.0R-1b) 24 95 3.2:1 n.a.
6 6.50 65.0 32.0%1b) 24 95 3.31 n.a.

2Reaction conditions: 10 mol % catalyst, ?.tis/trans ratioswere determined b{H and/or'F NMR

spectra of Mosher amide derivativéThe % ee values were determined'# NMR spectra of Mosher
amide derivatives.

A significant effect of temperature on both diasteneric ratio and enantiomeric
excesses ofb was observed. Thas:trans increases on increasing temperature ranging from 0
°C to 40 °C at constant concentrationlafand {S-2}Zr(NMe»),, andcis-1b is always the major
diastereomer at any substrate concentration inténiperature range (Figure 3.3). However, the
enantioselectivity decreases as temperature iresdasm —30 °C to 40 °C, and at 40 °C both
diastereomers are obtained in poorer % ee tharB@&t°€. Thecis/trans ratio increases upon

dilution of the reaction mixture at any temperataseshown in Figure 3.3.
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10

g - [ |

8 -

N

? -
26 40 °C- % ee = 95, 92
g .
. 23°C: % ee = 96, 96
g
(4]

3 -

2 0°C: % ee =98 99

1 -

0 : —30°C; % ee =99, 99

0 05 1 15 2 25 3 35

Figure 3.3 Plots of d.r. {b-cis.1b-trang) vs [1a] at -30 °C, 0 °C, 23 °C, and 40 °C.

Interestingly, cyclizations ofa catalyzed by §2}Zr(NMe), at —30 °C givedrans-1b
as the major product. Impressively, both diasteessmare obtained in 99% ee (Figure 3.3; Table
3.2, entry 4). On increasing concentration of thiessrate from 32.7 M to 327 mM, the&ngcis
ratio increases from 1.1:1 to 4.5:1 respectivelgh(€ 3.2, entries 3 & 4). Hence, the formation
of thetrans product favors on increasing the substrate conagom and lowering the reaction
temperature, whereas tloes product becomes favorable on decreasing substoateentration
and increasing temperature. Therefore, the ratith@ftwo diastereomers can be systematically
tuned by controlling the substrate concentratiemperature of the reaction medium, and also by
the addition of primary amine.

The interesting desymmetrization Id during cyclization motivated further study of the
cyclization of other achiral non-conjugated amirwoais in order to obtain cyclic amines with
high diastereomeric ratio and enantiomeric excegdes precatalyst$2}Zr(NMe ), cyclizes 2-
allyl-2-methyl-pent-4-enylamine2g) to provide optically active 2,4,4-trimethylpyridine 2b)

in 92% vyield with 93% ¢is-2b) and 92% tfans2b) ee. Thecigtrans ratio is achieved up to
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4.2:1 in diluted reaction medium2@] = 5.45 mM) at room temperature (Table 3.2, entyy
Interestingly, the cyclization dta ([2a] = 327 mM) at —30 °C in presence of propylaminéQ1
mM) affords2b with 1:6.5cis/transratio, and the@rans-2b is the major product (Table 3.2, entry
8).

The desymmetrization of olefin moieties is also esbed for halogen- and oxo-
functionalized aminodienes. 2-Allyl-2-(4-bromoph8pgnt-4-enylamine4a) ([4a] = 65.4 mM)
is cyclized within 0.5 h at room temperature t®4 diastereomeric mixture ofs andtrans 4-
allyl-2-methyl-4-(4-bromophenyl)pyrrolidine in 97%nd 95% ee respectively (Table 3.2, entry
11). Upon 12 fold dilution, the d.r. is increased%1 with 95% ee o€is product (Table 3.2,
entry 12). Similarly,cis isomer of 2-methyl-4-allyl-4-methoxypyrrolidin®lf) is obtained as a
single enantiomer by hydroamination/cyclizationbaf(Table 3.2, entry 14). The assignment of
the major isomer asis-5b is supported by NOE experiments in benzdgez which irradiation
of the 2-H signal of the major isomer (3.26 ppmgules in decreased intensity of the olefin

resonances at 5.86 and 5.04 ppm.

Table 3.2.Hydroamination/cyclization of aminoalkenes catatybg {S-2}Zr(NMey),. 2

Substrate Product Entry [substrate[Time | Yield d.r. % e€”
mMm %° | (cistrang | (major,
minor)
\b\/h i’ Ph 1 65.4 0.5h 100 | 3.3:1(96) 96, 96
P N
HN
~ N, MOSL 2 5.45 6h | 100 | 891 96, 95
la
+ e . f
n, \/ 3 5.45 4d 95 1:.1.1 99, 99
HN—/" "Ph 4 327 4d | 95° 1:4.5 99, 99
1b-trans
5 327° 6d 100 1.6 99, 99
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/\\QV O\/ 6 65.4 05h | 100 | 1.1:1(92) [ 93,92
HN
= NH; 2b-cis
2a + 7 5.45 2d 100 4.2:1 93, 92
HN
= 8 3279 6d 100° 1:6.5 96, 95
2b-trans
N\ ph P 9 65.4 4d | 87 2:1 93, 95
NANNH, | %
3a H 3p-cis
.t o 10 10.9 8d 81 81 92, 93
e
3b-trans
\b\CG/H‘lBr //,"OH\CG\H“Br 11 654 05 h 100 41 (94) 97, 95
HN
Z 4 NH. 4b-cis
a ; 12 5.45 3h | 100 8.9:1 95 (Cis)
//u, ‘\\\ ““/
HN CeH4Br
4b-trans
N ome | “r.ome | 13 327 48h | 90 10:1 97 (cis)
_ 3 NH, HIDW\
5a 5b-cis —~< )
N 14 65.4 48 h a0 55:1 97 (cis)
/,,,' " ”“/
HN OMe
5b-trans
i\/<><'°/h 7 15 65.4 3d 90 2.9:112 33,172
= NHy | HN_ A
6a 6b 16 5.45 4d 85 6.6:1 32, 12
j:/\\/><P/h 17 65.4 4d 90 2.8:1 89, 92
_ —-NH, | HN [ =
a 7o Ph 18 16.4 6d 86 7.1:1 89, 91

aReaction conditions: 10 mol % catalyst, t.Yield of isolated product is given in parentheSeis/trans

ratioswere determined b{H and/or*®F NMR spectra of Mosher amide derivativé%o ee (+0.5%) was

determined by°F NMR spectra of Mosher amide derivatives.30 °C." The % ee values were verified
by HPLC. ¢ Cyclization was done in presence of propyl amir@d(hM).
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The effect of concentration on diastereomeric regialso observed in the cyclization of
aminohexenes and aminoheptenes. The rate of ciohizaf aminohexen&a is significantly
slower than for the aminopentenes. Additionallg émantiomeric excesses of bothandtrans
diastereomers of the product 5-(homoallyl)-5-phezwphethyl-piperidine §b) are marked lower
compared to that for the pyrrolidines. The raticcs6b to trans-6b is obtained up to 6.6:1 at
room temperature (Table 3.2, entries 15 & 16). émtrast to 2-methylpiperidine6l), 2-
methylazepan&b is obtained with 7.1:tis/trans ratio and higher enantiomeric excesses (89%
(cis) and 92%ftfans) ee; Table 3.2, entry 18) at room temperatude] (f 16.4 mM).

The desymmetrization of non-conjugated aminodieraalyzed by precatalysS{2}Zr(NMe),
inspired us to prepare enantioenriched cyclic imifitem non-conjugated aminodiynes. The fact
is, the alkynes desymmetrization is suggested bydiservation that C—-N stereocenter and
desymmetrization stereocenter are inequivalenthectgdd by the reaction conditions. The
hydroamination/cyclization of 2-(but-2-ynyl)-2-phghex-4-yn-1-amine &a) ([8a] = 6.54 mM)
generates the corresponding cyclic imBie bearing a quaternary stereogenic center at the 4-
position in 95% vyield with 87% ee (Table 3.3, enfry 8b with 91% ee is achieved upon
performing the catalysis in 12 fold diluted reantimixture (Table 3.3, entry 2). The cyclization
of aminodiyne9a requires longer reaction time th&a. The 6-membered cyclic imin@b is
obtained with 93% vyield and 71% ee at room tempeeaf9a] = 65.4 mM). Enantioselectivity
increases to 77% after performing the reaction wi#6 mMof 9a (Table 3.3, entry 4). The
enantioenriched nitrogen heterocycles bearing qouartg stereocenters are difficult to prepare in
enatioenriched form by other methods and are foumdnany natural products and drug

molecules such gs)-Vincamine, Quadrigemine C, and Capnell&fi&
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Table 3.3 Hydroamination/cyclization of aminoalkynes catalyzg {S-2}Zr(NMe»),. ?

Substrate Product Entry [substrate] Time % % e€’
mM conversior?
. Ph H
Q/NHZ \\ { 1 65.4 40 min 100 (95) 87
8a N 2 5.45 2 h 100 91
Ph
8b
3 65.4 20 h 100 (93) 71
4 5.45 48 h 100 77
5 5.45 72 h 100 84

10b

2 Reaction conditions: 10 mol % catalyst, t.¥ield of isolated product is given in parenthe$@he %
ee values were determined by HPLC using a chiatibstary phase column.

Catalytic reaction mechanism

We then turned our attention to the mechanistidufea to gain insight of the
desymmetrization processes. HNM@&d pyrrolidinelb was observed within 30 s of addition of
la to the toluene solution of precatalys$-2}Zr(NMey),. Although the active catalyst is not
directly observed at room temperature by in S#UNMR spectroscopy of the reaction mixture,
any correlation between desymmetrization pathway elmange of catalyst structure can be
eliminated by our previous observation of indepergeof d.r. on precatalyst concentration as
discussed before.

The cig/transratio of 1b was monitored as a function of % conversion dutivgcourse
of the reaction and is plotted in Figure 3.4. Tha& phows that theig/trans ratio increases on
increasing % conversion of substrdie At low conversion (14-25%.e. at highersubstrate

concentration), theis/trans ratio of 1b is low. This plot suggests that the speciationthaf
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catalyst changes with substrate concentrationrdatmgly, the % ee ofb remain unchanged
from 30-77% conversion, and then the enantioseiéctibegins to drop as shown in Figure 3.5.
These experiments suggest that the stereocentemedorfrom desymmetrization and the

stereocenter adjacent to nitrogen formed by hydnoation are not controlled by the same step.

35
* -”-
25 - n®
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o 2 u
Tis - .
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Figure 3.4 Plot showing the correlation of d.rcigtrans) of pyrrolidine productlb with

catalytic conversion of substrate.
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Figure 3.5 Plot showing the correlation of enantiomeric esscef pyrrolidine productb with
catalytic conversion of substrate.
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The Figure 3.4 provides a hint at coordination a@difional substrates to the metal center might

have a profound role for desymmetrizing olefin nies

The desymmetrization pathway was further charamdriby kinetic studies. L]

varies linearly with time for two half-lives to prole kons The rate law of the catalytic

conversion ofla —d[1a)/dt = k[1a]'[{ S2}Zr(NMey),]* (k = 0.125 M* s is established by

linear plot of kops Vs. [{ S2}Zr(NMey),]. In case of cyclization of aminodiyn8a by {S

2}Zr(NMey),, a similar second order rate lawd[%a)/dt =

K[1a]'{ S2)Zr(NMey)J]' (K =

0.175(8) M* s is established for two half-lives. Conversion2efbut-2-ynyl)-2-phenylhex-4-

yn-1l-amine-ND (8a-dy), catalyzed by &2}Zr(NMey),, is much slower than conversion &

itself. Linear least squares best fits of plotkgfi® versus catalyst concentration provide the

second-order rate constadP’ (0.042(2) M s ). The largek'ops™/ Kops value (4.18 (4)) that is

consistent with a primary isotope effect, suggesisN-H or N-D bond is broken in the

turnover-limiting step (Figure 3.6).

0.0014 -
(8a)
0.0012 -
0.001 - = 1.75E-01x _= 5_’=:_'
o 0.0008 -
0
_a
== 0.0006 -
(Ba-d)
0.0004 -
0.0002 - y=4 18E-02%- 5.12E-05
RI=007E-01
0 : : , . .
0 0.005 0.01 0.015 0.02 0.025
[{S-2}Zr(NMez)z] (M)

Figure 3.6 Plots of pseudo first order rate constakigd vs. catalyst concentration for proteo-

and deuteron-substrate. Reactions were perform28 &€ in tolueneds.
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Notable, the desymmetrization of aminodienes anthaaiiynes is significantly affected
by N-deuteration of substrates. The cyclizatioNedleuterated aminodienes provides deuteron-
azacycles witltigitrans ratio and ee values that are systematically agwifsiantly higher than
those values of the corresponding proteo-analogbl€T3.5). In the most dramatic example, the
cigitransratio of1b increases from 8:1 to 31:1, and the ee of maLb is also improved from
95% to 99% uporN-deuteration of the substral@ under identical reaction conditions (Table
3.5; entry 1 & 2). Interesting, botN-deuteration and dilution of substrate favor ttis-
diastereomer. Thil-deuteration of aminodiynes also drastically inee=athe % ee of 5- and 6-

membered cyclic imines (Table 3.5; entry 5 & 6;remt & 8).

Table 3.5. The d.r. and % ee values for proteo- and deuteyoroiidines obtained by

hydroamination/cyclization of aminoalkenes and aralkynes catalyzed by§f2}Zr(NMe),. 2

Entry d.r” % e&
“\PhNH — HN + HN Ph 1 8:1 95.5, 95.4
~ i (cis, trans)
la 1b-cis = 1b-trans
/\\QV DH,C,, DH,C,,
Ph _
— 2 31:1 99.6 (major-
_ ND, DI\DI DN Ph ( 3
= cis)
la~d, 1b-d, (cis) 1b-d2 (trans)
\ R ///,' \\ . I
s NH HN 3 2.7:1 93, 92
~ i (cis, trans)
2a 2bcis = 2b-trans
\ DH,C,, DH,C,,. .
. ND, — DN/ O\ 4 5.3:1 98, 95
7~ i OL (cis, trans)
2a- 2b-d, (cis) 2b-d, (trans)
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5 n.a. 91

6 n.a. 93¢

7 n.a 77

8 n.a. 81¢
Z 9ad, 9b-d, PN

2 Reaction conditions: 10 mol % catalyst, .tis/trans ratios were determined ByF NMR spectra of
Mosher amide derivative§.The % ee values were determined iy NMR spectra of Mosher amide
derivatives® % ee was verified by HPLC.

The H (or D) atom from the amine is central to step that determine stereochemistry,
which rule out the intramolecular 7j22r] cycloaddition of a Zr-imidoolefin species in the
catalytic cycle, because of the lack of NH (or Nj@up in the imido moiety.

To test the valence require of zirconium center fmtalysis, the complex PhB(&x
IPrMe3,CpZrCI(NMey) ({S-2)ZrCI(NMey)) having one available valency was added to 1Gvequ
of aminodienela or aminodiyneBa. HNMe, was formed immediately after addition of substrate
to a toluene solution of§2}ZrCI(NMe»). However, no cyclization of aminoolefin was olysst

at room temperature, even at higher temperaturetoud50 °C. This result is therefore
inconsistent with the insertive pathways involvihg insertion of olefin into a Zr-amido bond as

the G-N bond forming step.
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Taken together, all the accumulated data includmage law, the KIE, isotopic
perturbation on enantioselectivity, and the inattief { S2}ZrCI(NMe ;) complex in cyclization
of aminodiene and aminodiyne eliminate olefin itiserand [Z+2r] cycloaddition as possible
mechanisms for $2}Zr(NMe,)..catalyzed enantioselective- bond formation. Our kinetic
and spectroscopic data rather suggedtl @nd G-H bond formation and cleavage of theH\
bond of {S-2}Zr(amidoolefin), ({S-2}Zr(NHR),) species occurring in a concerted fashion in the
turnover-limiting step.

However, our experimental data suggest that thgnde®trization of olefin moieties and
enantioselective C-N bond formation are not coldtbby the same step. The speciation of the
catalyst changes on increasing primary amine cdretgn. The formation dirans diastereomer
is more favorable on increasing substrate concgmtrand also in presence of primary amine
additive. Our working rationalization of tloés/trans selectivity is that the reversible associate of
catalyst £2}Zr(NHR), with primary amine generates catalytically activeS {
2}Zr(NHR)2(NH2R) intermediate, which favor trans-diastereomeradpct.

Scheme 1

{S-2)Zr(NHR), + RNH, {S-2}Zr(NHR),(NH,R)

cis product trans product

Conclusions
In conclusion, the desymmetrization of achiral amdienes in
hydroamination/cyclization catalyzed by precatals2}Zr(NMe ), affords cyclic amines with

excellent diastereomeric ratio and enantiomeri@sges. Theigtransratio of cyclic amines can
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be systematically tuned by controlling substrat@cemtration, reaction temperature, aNd
deuteration of substrate. The two stereocenters, reaults from desymmetrization of alkene
moieties and other forms from enantioselective bgdrination, are not controlled by the same
step. We have extended the synthetic utility &2fZr(NMe,),-catalyzed desymmetrization
reaction to aminodiynes, which provide cyclic imsnavith excellent optical purities.
Furthermore, the cyclization of aminodiynes affoefsantioenriched 5-, 6-, and 7-membered
cyclic imines bearing a quaternary stereogenicereftherefore, the mixed cyclopentadienyl-
bis(oxazolinyl)borate ligand with zirconium hightits the potential for this class of ligands in

asymmetric catalysis.

Experiment details.

General Procedures. All reactions were performed under a dry argon csjphmere using
standard Schlenk techniques or under a nitrogemsghere in a glove box unless otherwise
indicated. Dry, oxygen-free solvents were used uphout. Benzene, toluene, pentane and
tetrahydrofuran were degassed by sparging withogetn, filtered through activated alumina
columns, and stored under,.NBenzeneds, tolueneds and tetrahydrofurads were vacuum
transferred from Na/K alloy and stored under M1 a glove box. PhB(&Hs)(Ox*
PrMed Zr(NMey),, ™ 2-allyl-2-phenylpent-4-enylamineld),’ 2-allyl-2-methylpent-4-enylamine
(2a),*18 2-allyl-2-(4-bromophenyl)pent-4-enylamindd),’ and 2-(but-2-ynyl)-2-phenylhex-4-
yn-1-amine 8a)'® were prepared by published procedures. All amkeoads and alkynes were
distilled from CaH, degassed and stored with freshly activated 4 Aeoubar sieves in a glove
box prior to use. All other chemicals used herecarmmercially available. (+)g-a-methoxye-

(trifluoromethyl)phenylacetyl chlorideS{Mosher’s chloride) was obtained from Alfa-Aesar
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(>98%, (+)-137.3).'H, *Cc{*H} NMR spectra were collected either on a Bruker X3&00
spectrometer, Bruker Avance Il 700 spectrometemorAgilent MR 400 spectrometelN
chemical shifts were determined Hy-°N HMBC experiments either on a Bruker Avance llI
700 spectrometer or on a Bruker Avance Ill 600 speteter. N chemical shifts were
originally referenced to liquid Niand recalculated to the GNO, chemical shift scale by
adding —381.9 ppm.}'B NMR spectra were referenced to an external samplBFs-EtO.
Accurate mass ESI mass spectrometry was perforraied) an Agilent QTOF 6530 equipped
with the Jet Stream ESI source. An Agilent ESI test was used for tuning and calibration.
Accurate mass data was obtained in the positivenode using a reference standard with ions at
121.05087 and 922.00979. The mass resolution (FWik maintained at 18,000. Elemental
analysis was performed using a Perkin-Elmer 240S# CHN/S by the lowa State Chemical

Instrumentation Facility.d]p values were measured on a ATAGO AP-300 polarinetés °C.

2-Allyl-2-methoxypent-4-enylamine. A flame dried Schlenk flask was charged with
diisopropylamine (11.7 mL, 83.1 mmol) and dissolwe&0.0 mL THF. The flask was cooled to
—78 °C andhBulLi (33.2 mL, 83.1 mmol, 2.50 M solution in hexahevas added drop wise. The
resulting solution was stirred for 90 min at 0 °€7.4 mL of this solution of lithium

diisopropylamide (LDA) was transferred to a drogpfnnel, fitted with a dried 2-neck flask
containing methoxyacetonitrile (3.0 mL, 40.3 mmial)THF (40.0 mL). The flask was cooled to
—78 °C and the LDA solution was added drop wiser @&min. The resultant yellow slurry was
stirred for 90 min at this temperature and then weated with allyl bromide (3.41 mL, 39.4
mmol) drop wise and the solution became clear yellbhe solution was stirred for another 15

min at =78 °C and was then allowed to warm to raemperature. After stirring for 90 min at rt,
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the solution was cooled back to =78 °C, and thersg@part of LDA was added over 20 min. The
solution was allowed to warm to 0 °C and was difice 70 min. After cooling back to —78 °C
the solution was treated with allyl bromide (4.2Q,™8.5 mmol). The reaction mixture was
allowed to warm slowly to room temperature andratirovernight. The reaction was quenched
by addition of water (10 mL), and the solvent wamovedin vacuo(40 °C, 130 mbar). The
residue was taken up with &t (200 mL), washed with water 230 mL) and brine (50 mL),
dried over NaSQ,. Concentrationn vacuo(40 °C, 200 mbar) gave a red oil, which was desdill
(88-90 °C, 30 mm Hg) to give 2-allyl-2-methoxypehenenitrile as a colorless oil (1.20 g, 8.75
mmol, 21.7%).*H NMR (chloroformd, 400 MHz):8 5.86-5.75 (m, 2 H, B=CH,), 5.27-5.21
(m, 4 H, CH=GH,), 3.48 (s, 3 H, OB3), 2.55 (d 3.y = 7.2 Hz, 4 H, HIC=CHCH,).

An oven dried two-neck Schlenk flask fitted witHlug condenser was charged with LiAJH
(0.500 g, 13.2 mmol). The flask was cooled to Oat@ diethyl ether (100 mL) was added. To
the suspension at 0 °C, 2-Allyl-2-methoxypent-4+etrde (0.600 g, 4.37 mmol) was added drop
wise. The resultant solution was stirred overnightoom temperature. Then, the solution was
cooled to 0 °C and 2 mL water was added slowly dvige. The solution was stirred 1 h at room
temperature. The ether solution was decanted amdwtlite precipitation was extracted with
diethyl ether (3x 50 mL). All the organic solutions were combinedied with Na&SQO, and
filtered. The solvent was removed under vacuo tee gcrude 2-allyl-2-methoxypent-4-
enylamine. Vacuum distillation (65-67 °C, 9 mm Hx)the crude product afforded the pure 2,2-
diethoxypent-4-enenylamine as a colorless oil (0.613.93 mmol, 89.9%), which was stored in
glove box with activated molecular sievel NMR (benzeneds, 400 MHz):55.86-5.76 (m, 2 H,
CH=CH,), 5.04-5.00 (m, 4 H, CH=8,), 2.94 (s, 3 H, O8j), 2.52 (s, 2 H, NKCH,), 2.18 (d,

334n = 7.2 Hz, 4 H, =CHE,), 0.62 (br s, 2 H, NbJ. *C{1H} NMR (benzeneds, 100.6 MHz):
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5134.93 (CH=CH,), 117.67 (CHE€H,), 79.06 C(OCHs)), 48.94 (@CHs), 45.79 CH,NH,),
38.10 (=CHCH,). **N NMR (benzeneds, 61 MHz): 6-366.1. IR (KBr, cmi*): 3389 m, 3319 w,
3075 s, 3007 m, 2977 s, 2937 s, 2827 s, 1832 W8 $63618 m, 1459 s, 1433 s, 1415 m, 1318
w, 1293 w, 1262 w, 1211 m, 1183 m, 1153 w, 107993, s, 914 s, 864 s, 821 W, 768 s, 703 W,
670 w. MS (ESI) exact mass Calcd fayHz;NO: m/z 156.1383 ([M+H']), Found: 156.1381/A

1.23 ppm).

2-Homoallyl-2-phenyl-hex-5-enylamine. A flame-dried Schlenk flask was charged with
diisopropylamine (5.30 mL, 37.8 mmol) and 50.0 nfLTélF. The flask was cooled to -78 °C
andnBulLi (15.2 mL, 38.0 mmol, 2.50 M solution in hexahevas added in a drop wise fashion.
The resulting solution was stirred for 60 min af®. 36.0 mL of this solution of lithium
diisopropylamide (LDA) was transferred to a drogpfnnel, fitted with a dried 3-neck flask
with a water condenser containing phenylacetoaitf?d.10 mL, 18.2 mmol) in THF (50 mL).
The flask was cooled to —78 °C and the LDA solutveas added drop wise over 10 min. The
resultant yellow solution was stirred for 90 mintlais temperature and was then treated with 4-
bromo-1-butene (1.80 mL, 17.7 mmol) drop wise. $bkition was stirred for another 15 min at
—78 °C and was then allowed to warm to room tentpega After stirring for 90 min at rt, the
solution was cooled back to —78 °C, and the segamtiof LDA was added over 10 min. The
solution was allowed to warm to 0 °C and was difice 90 min. After cooling back to =78 °C,
the solution was treated with 4-bromo-1-butene 212, 21.7 mmol). The resultant yellow
reaction mixture was allowed to warm slowly to roeemperature and stirred overnight. The
reaction was quenched by addition of water (5 naby the solvent was removadvacuo The

residue was taken up with X (150 mL), washed with water 225 mL) and brine (k 25
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mL), and dried over N&O, Concentrationin vacuo gave 2-homoallyl-2-phenyl-hex-5-
enenitrile (4.00 g, 17.8 mmol, 97.8%) as a lightoye oil, which was sufficiently pure for the
next step and was used without any purification.

An oven-dried 2-neck Schlenk flask fitted with dlug condenser was charged with LiAJH
(3.00 g, 79.1 mmol). The flask was cooled to 0 1 diethyl ether (150 mL) was added. 2-
homoallyl-2-phenyl-hex-5-enenitrile (4.00 g, 17.&wi) was added in a drop wise manner to the
suspension. The resulting mixture was stirred agétrat room temperature. Then, the solution
was cooled to 0 °C and water (5 mL) was added olragp wise fashion. The solution was
allowed to stir for 1 h at room temperature. Thheetlayer was decanted and the white
precipitate was extracted with diethyl ether X470 mL). All the organic solutions were
combined, dried with N&O,, and filtered. The solvent was removed under reduyaressure to
give crude 2-homoallyl-2-phenyl-pent-4-enylamindneTcrude product was stirred with GaH
under argon for 3 days and then vacuum distilldd{120 °C, 0.5 mm Hg) to afford the pure 2-
homoallyl-2-phenyl-pent-4-enylamine as a colorlegg4.10 g, 15.3 mmol, 86.0%), which was
stored in glove box with activated 4 A moleculavsis.'H NMR (chloroformd, 400 MHz): &
7.35-7.17 (m, 5 H, §s), 5.84-5.74 (m, 2 H, B=CH,), 5.01-4.91 (m, 4 H, CH=8), 2.91 (s, 2

H, CH.NH,), 1.93-1.75 (m, 8 H, $L=CHCH,CH,), 0.76 (br s, 2 H, ChNH,). *C{*H} NMR
(100 MHz, chloroformd): & 145.22 (GHs), 139.05 (CH=CH,), 128.50 (GHs), 126.81 (CgHs),
126.02 (GHs), 114.41 (CH€H,), 48.82 CH,NH,), 45.34 [(CeHs)], 34.15 (=CHCHCH)),
28.05 (=CHCH,CH,). >N NMR (chloroformd, 61 MHz): 5-369.6. IR (KBr, cm): 3388 w,
3322 w, 3076, 3030 s, 2997 s, 2975 s, 2934 s, 886824 w, 1640 s, 1601 m, 1580 s, 1541 w,

1498 s, 1461 s, 1445 s, 1415 m, 1363 w, 1310 ws W1 A157 w, 1076 m, 1034 m, 995 s, 910 s,

www.manaraa.com



131

815 s, 758 s, 700 s. MS (ESI) exact mass Calculed;¢HysN: m/z 230.1903 ([NHH']),

Found: 230.1897X 2.73 ppm).

2-(2-Butenyl)-2-phenyl-hex-4-enylamine.A flame-dried Schlenk flask was charged with
diisopropylamine (2.50 mL, 17.8 mmol) and 50.0 nfLT&lF. The flask was cooled te/8 °C
andnBuLi (7.10 mL, 17.9 mmol, 2.50 M solution in hexah&vas added in a drop wise fashion.
The resulting solution was stirred for 60 min at®. 30.0 mL of this solution of lithium
diisopropylamide (LDA) was transferred to a drogpinnel, fitted with a dried 3-neck flask
with a water condenser containing phenylacetogi{ll.0 mL, 8.66 mmol) in THF (50 mL). The
flask was cooled te-78 °C and the LDA solution was added drop wise al@rmin. The
resultant yellow solution was stirred for 90 mintlis temperature and was then treated with
crotyl bromide (1.10 mL, 8.50 mmol, 85% purity froAddrich) drop wise. The solution was
stirred for another 15 min af78 °C and was then allowed to warm to room tempesatAfter
stirring for 90 min at rt, the solution was cooleack to —78 °C, and the second part of LDA was
added over 10 min. The solution was allowed to warr@ °C and was stirred for 90 min. After
cooling back to —78 °C, the solution was treatethwrotyl bromide (1.30 mL, 10.4 mmol). The
resultant yellow reaction mixture was allowed tormvaslowly to room temperature and stirred
overnight. The reaction was quenched by additiowater (2 mL), and the solvent was removed
in vacuo The residue was taken up with,@t(100 mL), washed with water €15 mL) and
brine (1x 20 mL), and dried over N80O,. Concentration of the solutian vacuogave a light
yellow, which was purified by silica gel column ommatography (hexane : & = 10:1; R =
0.75) to yield 2-(2-butenyl)-2-phenyl-hex-4-eneihgtras colorless oil (1.42 g, 6.30 mmol,

72.8%).
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An oven-dried 2-neck Schlenk flask fitted with dlug condenser was charged with LiAJH
(0.620 g, 16.3 mmol). The flask was cooled to Oat@ diethyl ether (100 mL) was added. 2-
homoallyl-2-phenyl-hex-5-enenitrile (1.22 g, 5.4inol) was added in a drop wise manner to the
suspension. The resulting mixture was stirred agétrat room temperature. Then, the solution
was cooled to 0 °C and water (2.5 mL) was added drop wise fashion. The solution was
allowed to stir for 1 h at room temperature. Thheetlayer was decanted and the white
precipitate was extracted with diethyl ether X470 mL). All the organic solutions were
combined, dried with N&O,, and filtered. The solvent was removed under reduyaressure to
give crude 2-(2-Butenyl)-2-phenyl-hex-4-enylamifide crude product was stirred with GaH
under argon for 2 days and then vacuum distilled{120 °C, 0.01 mm Hg) to afford the pure
2-(2-butenyl)-2-phenyl-hex-4-enylamine as a coksleil, which was stored in glove box with
activated 4 A molecular sieves (0.950 g, 4.15 mni6.6%).'H NMR (chloroformd, 400
MHz): 6 7.36-7.29 (m, 4 H, §s), 7.18 (m, 1 H, €Hs), 5.50-5.42 (m, 2 H, MeHC=dCH,),
5.28-5.18 (M, 2 H, MdC=CHCH,), 2.86 (s, 2 H, E,NH,), 2.36 (d,%Juy = 7.2 Hz, 4 H,
MeHC=CH,), 1.61 (d,%Jus = 6.0 Hz, 6 H,MeHC=CHCH), 0.79 (br s, 2 H, CHNH,).
3c{*H} NMR (100 MHz, chloroforme): § 145.07 (GHs), 128.44 (GHs), 128.06 (CHEH,),
127.16 (CH=CH,), 126.99 (C¢Hs), 125.98 (GHs), 49.25 CH,NH,), 46.17 [(CsHs)], 38.68
MeHC=CHCH,), 18.29 MeHC=CHCH,). ®N NMR (chloroforme, 61 MHz): 5-369.3. IR
(KBr, cmi!): 3391 w, 3323 w, 3089 m, 3058 s, 3023 s, 2917855 s, 2732 s, 1945 w, 1871 w,
1802 w, 1744 w, 1668 w, 1601 s, 1582 m, 1498 s5:44 377 s, 1342 w, 1310 w, 1247 w, 1076

m, 1036 m, 1003 m, 970 s, 915 m, 865 s, 809 ss758

www.manaraa.com



133

4-Allyl-2-methoxy-2-methyl-pyrrolidine. *H NMR (chloroformd, 400 MHz): 5 5.85-5.71 (m,
CH=CH,), 5.09-5.03 (m, CH=8,), 3.29-3.21 (m, EIMeNH), 3.07 (s, OB3), 3.06 (s, OEls),
3.03-2.98 (m, EIMeNH), 2.89 (d2Juy = 12 Hz, G4,NH), 2.75 (d. 23y = 12 Hz, Gi,NH), 2.27
(d, 3y = 7.2 Hz, ®,CH=CH,), 2.18 (d,%Jyy = 7.2 Hz, GI,CH=CH,), 2.01-1.96 (m,
CH,CHMe), 1.72-1.67 (m, B,CHMe), 1.41-1.36 (m, B,CHMe), 1.31 (br, NH), 1.12 (dJy =
6.0 Hz, CHMeNH), 1.05 (d,Jsy = 6.0 Hz, CHMeNH). **C{1H} NMR (benzeneds, 100.6
MHz): 5§134.84 CH=CH,), 134.33 CH=CH,), 118.17 (CH€H,), 117.89 (CH€H,), 87.59
[C(OCH,CHs)7], 87.17 C(OCH,CHs),], 57.08 CH.NH), 56.34 CH.NH), 55.22 CHMeNH),
53.92 CHMeNH), 50.27 (@Hs), 44.84 CH,CH=CH,), 44.59 CH,CH=CH,), 40.22
(CH,CHMe), 39.69 CH,CHMe), 21.97 (CHe), 21.77 (CHVe). IR (KBr, cm): 3075 m, 2962
S, 2030 s, 2826 m, 1640 s, 1542 w, 1457 s, 14338 m, 1350 w, 1321 s, 1263 m, 1225 w,
1161 w, 1079 s, 997 m, 914 m, 810 m, 764M% (ESI) exact mass Calcd forhi/NO: m/z

156.1383 ([M+H"]), Found: 156.13804 1.87 ppm).

5-(Homoallyl)-5-phenyl-2-methyl-piperidine. *H NMR (chloroformd, 400 MHz): 5 7.32-7.05
(m, GeHs), 5.66-5.57 (m, B=CH,), 4.91-4.87 (m, CH=8,), 3.50 (m, GMeNH), 3.08 (m,
CHMeNH), 2.63-2.60 (m, 8,NH), 2.52-2.47 (m, €,NH), 2.17 (m, CHCH,CH=CH,), 1.78-
1.23 (m, ®,CH,CH=CH,, CH,CH,CHMe), 0.95 (d2J,; 1= 6.0 Hz, CHVleNH), 0.81 (d,*Jy 1=
6.0 Hz, CHMeNH). “C{*H} NMR (100 MHz, chloroformd): & 143.98 (GHs), 139.23
(CH=CHy), 128.69 (GHs), 127.64 (GHs), 125.78 (GHs), 114.10 (CHEH,), 53.09 CH,NH),
43.85 (CHCH,CH=CH,), 40.81 CHMeNH), 39.14 C(C¢Hs)), 35.17 CH,CH,CH=CHy), 31.57
(CH,CH,CHMe), 27.94 CH,CH,CHMe), 22.72 (CHe). "N NMR (chloroformd, 61 MHz):

5-333.5,-334.9. IR (KBr, crmi'): 3060 m, 3023 m, 2928 s, 2856 s, 2796 m, 2731945 w,
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1871 w, 1817 w, 1640 s, 1601 m, 1580 w, 1497 s7 44415 w, 1376 s, 1319 w, 1191 w, 1157
w, 1131 m, 1114 m, 1078 w, 995 m, 909 s, 851 m,8P359 s, 737 s, 700 s. MS (ESI) exact

mass calculated forigH»3N: m/z 230.1903 ([N+H]), Found: 230.1861.

Procedure for determination of enantiomeric excessf pyrrolidine products.

NMR spectroscopy.Benzene (3 mL) and triethylamine (5.0 equivalergdoaon the amount of
aminoalkene used during catalysis) were addedagtinified pyrrolidine. To this solution, (+)-
(9-a-methoxye-(trifluoromethyl)phenylacetyl chloride (1.2 equigat based on the amount of
aminoalkene used during catalysis) was added. dluian was mixed and immediately a white
suspension appeared ([HNECI]). The mixture was stirred for 1 h, and alletisolvents were
removed under vacuum. The white residue was ertlasith pentane. Pentane was removed
under vacuum to give the corresponding Mosher-anaislea clear colorless oil. No further
purification was performed, since crystallizatichyomatography, or sublimation could result in
biased results by separation of the diastereoniérs.enantioselectivities were determined by
either integration ofH NMR (23 °C, CDCE) or **F NMR (60°C, CDC}) signals; these were
referenced to literature values and compared agautkentic diastereomers of racemic samples
reproduced in our laboratory.

HPLC analysis. The enantiomeric excess of chiral pyrrolidinepepdines, and cyclic imines
were determined by HPLC analysis (flow rate = 1.0/min, A = 254 nm) using RegisS(S-
Whelk O1 column (Spherical Kromasil® Silica, columdimensions = 25 cnx 4.6 mm i.d.,
particle size = 5 pm, 100 A). The chiral pyrrolidgnand piperidines were converted to their
benzoyl-derivative prior to HPLC analysis. Pure pleof cyclic imines were used to determine

their enantiomeric excesses by HPLC.
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Typical procedure of derivatization of pyrrolidinesmd piperidines: In a glove box, benzoyl

chloride (1.05 equiv.) was added to a L£H solution of pyrrolidine (1.0 equiv.) and

triethylamine (3.0 equiv.) at room temperature. Tésultant mixture was stirred for 2 h, and

then the volatile materials were removed by rotargporation giving a white solid. The product

was extracted with pentane and pentane was remowetuo. The crude product was purified

by preparative silica gel TLC with appropriate eltue

Chiral Stationary Phase HPLC Conditions for Determnation of Enantiomeric Excess

Compounds Eluent of Eluent ratio of Back Retention
preparative TLC HPLC pressure time in
to purify product during HPLC

derivative HPLC

16.9 min

hexane/EtOAc; ) ) 23.3 min

2/ hexane:EtOH) 14 par | 33.1 min

90:10 37.4 min

42.7 min

hexane/EtOAc; | hexane:EtOH,; 40 bar 57.8 min
2/1 96:4 107.7 min
115.2 min

7.8 min

hexane/EtOAc; | hexane:EtOH,; 56 bar 10.4 min

2/1 70:30 12.8 min

13.5 min

N\ N - hexane:EtOH;| 55 bar 19.9 min
Ph 8b 99:1 56.5 min
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- hexane:EtOH:; 55 bar 34.3 min
99:1 108.5 min
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Chapter 4. Concerted C—N and C—H bond formation irhighly enantioselective
yttrium(lll)-catalyzed hydroamination: Comparison o f stereoinduction with zirconium
analogs
Modified from a paper to be submitted@oganometallics

Kuntal Mannd’, Marissa L. Kruse, Arkady Ellern, Aaron D. Sadow

Abstract

Cs and C;-symmetric cyclopentadienyl-bis(oxazolinyl)borato yttrium alkgomplexes
PhB(GH.)(OXY),}YCH ,SiMe;  [{1}YCH,SiMe;, OxX' =  4,4-dimethyl-2-oxazoline; %
2}YCH ,SiMe;, OX? = 4S-isopropyl-5,5-dimethyl-2-oxazoline:S3}YCH ,SiMe;, OxX} = 4S-tert-
butyl-2-oxazoline) are highly active precatalysishiydroamination/cyclization of aminoolefins
to corresponding cyclic amines. These yttrium caxes are synthesized by reaction of
proligand H[PhB(OX)(CsHs)] with one equiv of Y(CHSiMes)s(THF), at room temperature.
The optically active yttrium complex $3}YCH ,SiMe; is highly enantioselective in the
cyclization of aminoalkenes at room temperaturiarding S-configured pyrrolidine, piperidine,
and azepane with enantiomeric excesses up to 9@&Wrestingly, the configuration of
pyrrolidines obtained by using these optically aetyttrium precatalysts are opposite compared
to the ones prepared by the corresponding zirconuecatalysts, even though the identical
chiral ancillary ligand is present. A cationic zmum monoamide complex $
2}Zr(NMe»)|[B(CeFs)4] is also synthesizevia amide abstraction of §2}Zr(NMey), using

[PhsC][B(CeFs)4]. This cationic zirconium complex cyclizes primaayninopentenes to afford

* Primary researcher and author
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pyrrolidines withS-configuration similar to those obtained using iytir catalysts. The kinetic
studies of £3}YCH ,SiMe; catalyzed intramolecular hydroamination reveahsigant isotope
effects on reaction rate, which is first order degegnce on substrate concentration. Additionally,
substrate saturation on initial reaction ratesbiseoved that indicates the existence of reversible
substrate-catalyst association preceding the tuem-bmiting step in the catalytic cycle. The
nonzero X-intercept in the initial rate plot thatirccides with concentration of the precatalyst
indicates that 1.0 equiv. of substrate is requicedctivate the precatalyst. Based on the rate law
for conversion, substrate saturation under initetes conditions, kinetic isotope effects and
isotopic perturbation of enantioselectivity, a nm@rtive mechanism involving a six-membered
transition state by a concertedlC bond formation and NH bond cleavage is proposed f&-{
3}YCH ,;SiMes-catalyzed cyclization. These features are conserdgetween neutral
cyclopentadienyl-bis(oxazolinyl)borate  yttrium  andzirconium-mediated aminoalkene
cyclizations, suggesting related transition stdtgsthese systems. However, inversion of the
products’ absolute configuration between yttriund airconium catalysts highlights dissimilar

mechanisms of stereoinduction.

Introduction

Stereochemistry is an extremely powerful tool faeamanistic investigations applicable
to a wide range of reactions such as nucleophilisstutions reactionsy-olefin hydrogenation,
and polymerizatiod Early transition-metal and rare earth catalyzed néaselective
hydroamination of olefins have been shown to bateel to the latter two reactions, as proposed
mechanisms involving insertion of an olefin intdVe-N bond could play a significant role in

determining the absolute configuration of valuatiéral amine products’ Thus, the products’
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stereochemistry, as well as the factors that imiteeproducts' stereochemistry, can provide
important informations for understanding reactioechanism.

Among catalytic systems, rare earth complexes staridfor their very high turnover
rates, particularly for intramolecular cyclizaticeactions of aminoalken&g?! in addition to their
high activity in insertion-based catalyses such lagirogenation, hydrosilylation, and
polymerization:**° Despite generally well-understood stereochemitfates for olefin insertion
into M—H and M—C bonds, stereochemical studiedladree insertion into MN bonds are poorly
developed. In this context, some features of raréhecatalyzed hydroamination/cyclization are
dissimilar from the characteristics associated witfin insertions into M—C and M—H bonds,
including large kinetic isotope effects on cyclipatrates and significant isotope effects on the
diastereoselectivity of cyclization of racemic anditkenes.On the basis of these observation, a
proton-assisted insertion mechanism has been pedptBcheme 4.1; A)'"'® However, rare
earth-mediated proton-assisted insertion is disiEy@o simple olefin insertion without proton-
assistance as suggested by computational sttifies.

Interestingly, the cationic zirconocene systemAtile,/B(CeFs)s also follows insertive
mechanism in hydroamination/cyclization of amindiole (Scheme 4.1; B). This cation catalyst
systemis only active for cyclization of secondary amirgfais, as primary aminoolefins form
catalytically inactive Zr=N speciés.Several other zirconium cationic catalysts showmilar
features in olefin hydroaminatidfi. In contrast, neutral Zr-catalysts typically cyelionly
primary aminoalkenegia formation of Zr=N imido, followed by [2+2x] cycloaddition (Scheme
4.1; C)*?% However, neutral dipyrrolylmethane group 4 compkexyclize both primary and
secondary aminoolefif$ Thus, investigation of structure-activity relatihip of catalysts and

understanding of the mechanism help designingystafor solving many synthetic problems in
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hydroamination, such as general substrate applital@nantioselectivity, diastereoselectivity,

and enantioselective intermolecular hydroamination.

Scheme 4.1. Proposed pathways for-®l bond formation in d° and "d° metal catalyzed

aminopentene cyclizations.
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Previously, we reported highly enantioselective treu cyclopentadienyl-

bis(oxazolinyl)borato zirconium(lV) hydroaminatiaratalysts, which are proposed to cyclize
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aminoolefinsvia non-insertive concerted-®l/C-H bond formation in the turnover-limiting
step?’ Key evidences of this non-insertive six-center hasism is the significant isotopic
perturbation on enantioselectivity, the requiremeit two valencies of zirconium, the
requirement of substrate/precatalyst >2 for catalytrnover, and the cyclization of secondary
aminoalkenes requires a primary amine additive.

A similar six-center proton-transfer pathway waggested in a related zirconium
catalyst, but ultimately ruled out in favor off2 2r] cycloaddition mechanisri. The two-
substrate pathways have been recently proposemidgnesium and calciufiirare earti? and
other zirconium-baséd hydroamination catalysts. However, these studéee mot included the
stereochemical effects that are an important mastiatool.

Therefore, the excellent enantioselectivity as wslseveral unusual mechanistic features
of our neutral cyclopentadienyl-bis(oxazolinyl)btmra zirconium(lV) hydroamination
catalyst§’*? motivated us to investigate optically active cysatadienyl-bis(oxazolinyl)borate
supported cationic zirconium and its isoelectroyiitium catalyzed aminoalkene cyclization.
Our current studies on these systems have addréissesuibstrates scope in enantioselective
hydroamination, stereochemical and kinetic propsrtiand also the effect of the oxazoline
groups on catalysts’ stability, activity, and stexelectivity. Additionally, the stereochemical and
other mechanistic features of these Y- and catid@nicatalysts are compared to other optically

active oxazolinylborato systems to rationalizerechanism of stereoinduction.
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Results and discussion

Synthesis and characterization of mixed cyclopentadienyl-bis(oxazolinyl)borate supported

yttrium and zirconium cation compounds.

The general scheme for synthesizing cyclopentatigsfoxazolinyl)borato yttrium
complexes involves the reaction of Y(eFMes)3(THF), with protonated proligands
H[PhB(CsHs)(0X"*)2] [H2{ 131, HIPhB(CsHs)(OX'>'"™""**;] [H2{ S2}], H[PhB(CsHs)(OX™>*™),]
[H{S3}] via alkane elimination (eq 4.25.B and'>N NMR chemical shifts, and infrared C=N
stretching frequencies for all the achiral and agily active yttrium complexes are reported in

Table 4.1.

Ph—(., _ -2 SiMe, Ph—B,
‘OXR-=sH  +  Y(CH,SiMey)3(THF), w KOXR7Y—CHZSiMe3 (4.1)
OXR’ a OXR

The treatment of isomeric mixture of achiral prahgl H{1} with one equiv of
Y(CH.SiMes3)s(THF), in THF at room temperature affords {PhBKG)(Ox"*?),}YCH ,SiMe;
({1}YCH ,SiMe;) with the elimination of 2.0 equiv of SiMeThis yttrium alkyl complex
decomposes fast at room temperature by $SiBlenination (i, = 40 min, THF), however
analytically pure, THF-free material is obtaineduapor diffusion of pentane into THF solution
at —30 °C in 87% vyield. ThéH NMR spectrum in tetrahydrofuraty showed one set of
oxazoline resonances as two singles (1.29 anddp&i) for inequivalent methyl groups and two
doublets for inequivalent methylene groups (3.8d@ 8182 ppm). The!H NMR multiplets
associated with the thregldsB isomers are replaced with two resonances (6.886at8 ppm)
assigned to €H,4B. The pattern of thi$H NMR suggests thatl}YCH ,SiMe; is Cs-symmetric.

The''B NMR spectrum in tetrahydrofurafyshowed one resonance-dt5.2 ppm. Only onecy
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band(1549 cnt, KBr) was observed in the IR spectrum &}YCH ,SiMe; at lower energy than
that for non-coordinated 4,4-dimethyl-2-oxazoling\(= 1630 cni). The singlevey infrared
band of &2}YCH ,SiMe; suggests that both oxazolines are coordinatedttiiyt in the solid

state.

- N

Ph—B’ Y(CH,SiMe,)(THF Y N — i
NN THF, 10 min o O. S
O\&\/\ -2 SiMe, \/\,

An enantiopure yttrium complexS${2}YCH ,SiMe; is synthesized following a similar

route using chiral proligand H[PhB{Bs)(OXSP"™MA)  (HAS2). Hx{S2} and

Y (CH,SiMes)s(THF), react rapidly in benzene at room temperature aifiigrfPhB(GsH4)(Ox*>
IPrMe3 LY CH ,SiMe; ({S2}YCH,SiMe;) in 78% vyield (eq 4.3). Two sets of oxazoline
resonances(g, two septets and four doublets assigned to tyapyl groups and four singlets
for the 5-methyl groups) and four downfield mulégd ranging from 6.92 to 6.61 ppm for the
cyclopentadienyl group in théH NMR spectrum suggeste@;-symmetric species for
2}YCH ,SiMes. Two multiplets were observed for the two diastéspic methylene protons of
CH,SiMe;. Additionally, the broad’B NMR resonance at15.7 ppm resulting from overlapping
signals from isomers of Ji5-2] is replaced with a sharper signal-dt5.9 ppm (76 Hz at half-
height). *H-*N HMBC experiment provided th&#N NMR chemical shift and displayed two
signals at-154.4 and-156.8 ppm forC;-symmetric &2}YCH »,SiMe;. These®N chemical
shifts are upfield of free 2H-G%""M*? (~143.0 ppmY.” Additionally, the solid state IR spectrum

revealed onecy stretching frequency of oxazolines (1558 tnin lower energy than that of 2H-
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Ox*s1PrMe2 (1632 c¢m?). The’™N NMR and infrared data of§2}YCH ,SiMe; suggest that both

oxazolines are coordinated to yttrium in solidestand also in benzene.

P N ¢

Ph—B.,,/ Y(CH,SiMe3)3(THF), "//F;N/Y—CHZSiMeg (4.3)
’_/—::N‘::H ; \N/
<N- Y benzene, 10 min o O. /\V

W -2 SiME4 )/lv
4 4 R

{S-2}YCH,SiMes; 78%

Table 4.1. B, ™ NMR chemical shifts andvcy values for cyclopentadienyl-

bis(oxazolinyl)borate zirconium and yttrium comex

Compound UBNMR (6) | N NMR (9) VeN

benzenads benzenads (KBr, cm™)

{PhB(CsH4)(OX"=F"M),1Zr(NMe »), ~14.5 ~152.6,-155.0 1565

{S-2}Zr(NMe>),

[{PhB(CsH4)(OX™""M9),1Zr(NMe,)] | -15.1,-15.9 | -159.1,-164.4 1554

[B(CeFs)4]

[{ S2}Zr(NMe)][B(CeFs)4]

{PhB(CsH4)(0X"*%),}YCH ,SiMe; ~15.2 n.a. 1549

{1}YCH ,SiMe;

{PhB(CsH.)(Ox"="""M¥),1YCH ,SiMe; ~15.9 ~154.4,-156.8 1558

{S2}YCH ,SiMe;

{PhB(CsH4)(Ox>™"),}YCH ;SiMes ~15.7 ~148.5,-150.2 1586

{S-3}YCH,SiMe;

TI[PhB(CsH4)(0OX"¢%),] -17.0 -99.8 1578, 1567

Tl 1}

{PhB(CsH4)(OX"*),}YNH Bu ~15.8 ~146.6 1577

{1}YNH 'Bu

TI,[PhB(CsH4)(Ox™Y),] ~16.0 ~125.2 1559

TI{S3}
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{PhB(CsH4)(OXx™"™")}YClI ~15.9 ~148.5,-150.2. 1552
{S3}YC

Another optically active yttrium complex {PhB{B4)(Ox"*®"),}YCH.SiMe; (S
3}YCH,SiMe3) is prepared by reaction of Y(GHiMes)s;(THF), and chiral proligand
H[PhB(GsHs)(Ox>™®%),] [H2{ S-3}] in benzene at room temperature (eq 4.43FYCH ;SiMe;is
C;-symmetric as shown by two sets of oxazoline resoes and four downfield
cyclopentadienyl resonances (6.82, 6.77, 6.64 &@lfom) in itsH NMR spectrum. Symmetry
cannot establish the coordination geometry, howéwet®N NMR chemical shifts{148.5 and
~150.2 ppm) are upfield of#2H-OX®" (—148.0 ppm)>> A single strongvey band at 1586 cm
(KBr) in the IR spectrum, which is also lower iseegy than free $2H-Ox®" (1635 cm®)
suggests that both oxazolines are coordinatedttioiyt A sharp resonance at5.7 ppm in the
118 spectrum indicates that a single product is fatri&3}YCH ,SiMe; is stable in benzene for

about 2 h at room temperature followed by slow dgoasition by elimination of SiMe

Ph—B’ \

Ph—B. Y(CH,SiMe3);(THF), )”\/[:N//Y—CstiMes (4.4)
=N
o«

XN- benzene, 10 min o )\(
o &g _2 SiMe, \/SL

{S-3}YCH,SiMes; 85%

An achiral yttrium amido compleX}Y NH 'Bu and its optically active analogS{
3})YNH 'Bu are synthesizedia salt metathesis route. The reaction of B with two equiv of
TIOEt in EO for 8 h provides the thallium salt of achiral pentadienyl-

bis(oxazolinyl)borate ligand [H1}] in 91% yield (eq 4.5). ThéH NMR multiplets of three
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CsHsB isomers of H{ 1} are replaced with two resonances (6.18 and 5@%)pOne''B NMR

resonance was observed-a.0 ppm.

Ph—B; ? Ph—B i

., ‘s,
. ;,
‘s,

Ph—B YCly(THF /_N=Y—Cl 'BUNHL| —=N=Y ~NH'Bu
&N":Hﬂ» Th{1} M; MEN U—L ON "
N-3.., Et0,8h THF, 1h 0 O THF O Pt
O\g\‘)\ 2EtOH 91%  -2TICI iy -LiCl & (4.5)
Hyf1) ! el {(L}YNHBU; 77%
X-ray quality single crystals are obtained from cemtrated solution of ED cooled to
-30 °C, and the ORTEP view of the crystal structuse presented in Figure 4.1.
TI,[PhB(OX®%),Cp] is monomeric in the solid state. Two thalliutoras are in opposite face of
CsH4 ring. One of the thallium atoms (TI1) is dicooraied by nitrogen atom (N1) of an
oxazoline and a carbon atom ofHG ring. Second thallium atom (TI2) iS-coordinated to the
CsH,4 ring and to the nitrogen atom (N2) of the secordzoline. The €H,4is unsymmetrically

bonded to TI2 with HC bond lengths ranging from 2.687(16) to 2.881(£8)The two

TI-Noxazolinedistances are within 0.01 A [FHN1, 2.705(15); TI2N2, 2.695(14) A].
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18 e .DEG
Ve

c19

Figure 4.1. ORTEP diagram of FPhB(OX"*%),Cp] [Tl 1}]. Ellipsoids are plotted at 50%
probability, and hydrogen atoms are not illustrated clarity. Selected bond distances (A):
TI1-N1, 2.705(15); TIC21, 2.896(18); TI2N2, 2.695(14); TI2C17, 2.687(16); TI2C18,
2.721(16); TI2C19, 2.881(18); TI2C21, 2.848(17).

TI,{1} reacts with YCi(THF); in THF at room temperature to afford
{PhB(CsH4)(Ox"*3,}YCI ({ 1}YCI). The *H NMR spectrum in tetrahydrofurati-contained one
set of oxazoline resonances.dq, two singlets for methyl groups at 1.18 and 1ppm, two
doublets at 3.84 and 3.77 ppm for methylene groapd)two multiplets for §H4B group (6.26
and 6.05 ppm) suggestingGa-symmetric species. OneB resonance at16.0 ppm suggested
the formation of a single product. Unfortunatel$}¥Cl decomposes upon evaporation of THF,

and is unable to isolate. Thereford}YCI is preparedin situ for the synthesis of the desire
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compound {}YNH '‘Bu. {1}YNH 'Bu is prepared by treatment of one equivBafNHLi to THF
solution of {1}YCI preparedin situ. After removal of LiCl and volatiles,1}YNH 'Bu is obtained
as a white solid in 77% yield (eq 4.5). UnlikBYCH ,SiMes, {1}YNH 'Bu is unchanged in THF
even after 7 days at room temperature. THeNMR of {1}YNH'Bu in tetrahydrofurarg
showed broad resonances of oxazolines and cyclagientyl protons. One singféB peak was
observed at-15.8 ppm. Upon cooling to 220 K, the proton resaeanbecame sharp and
revealed a&C;-symmetric species. Four singlets in a 1:1:1:1féor methyl groups and a pair of
doublets for methylene protons of oxazolines, ang fultiplets of GH4sB were observed for
{1}YNH 'Bu. The variable temperature NMR experiments suges {1}YNH '‘Bu is fluxional
in solution due to dissociation and coordinatioroxézolines to yttrium. At 220 K, this dynamic
process is slower than NMR time scale, and iasymmetric species is observed.

The optically active yttrium amide complex {PhB{L)(OX"®Y)}YNH'Bu [{S
3INH'Bu] is synthesized usingS-3} (eq 4.6). TH{ S-3} is first prepared by reaction of HS-
3} and TIOEt in 93% vyield. The treatment of &3} with YCI3(THF); affords {PhB(GH4)(
OxBM,}YCl ({ S3}YCI) as a white solid in 89% isolated yield. THel NMR resonances
associated with the ancillary ligand indicat&i3}YCI as C;-symmetric as expected. In the next
step, &3}YCl reacts with one equiv 0cBuNHLi in THF at room temperature to provid&-{
3INH'Bu in 83% vyield (eq 4.6). In théH NMR spectrum of §3}NH'Bu, two singlet
resonances at 0.97 and 0.91 ppm were assigneatttbutyl substituents on two inequivalent
oxazoline groups, and four downfield multipletsgengy from 6.55 to 5.96 ppm were assigned to

the cyclopentadienyl group.
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2 TIOEt YCl3(THF 'BUNHL; Y NHt
XZzN*::H —> TI{3} M» —_— —N=Y—NHBuU
N Et,0, 8 h THF, 1h THF
00 JEtOH  93% -2 TICl ~LiCl (4.6)
Th{S-3}
{s-3vci {S-3}YNH'BU; %

Additionally, an optically activationic zirconium complex is synthesized to compare
the catalytic activity in hydroamination and aldwe tconfiguration of amine products with
analogous yttrium and neutral tetravalent zirconeatalysts. The treatment o$}Zr(NMe>)
with one equiv of [P¥C][B(CeFs)s] In benzene at room temperature affordingS [{
2)Zr(NMe»)][B(CeFs)s] as a light yellow solid in 73.4% vyield (eq 4.7Jhe *H NMR in
bromobenzends showed two septets, four doublets and four siegétsigned to oxazoline
isopropyl and methyl groups f@i;-symmetric [{S-2}Zr(NMe»)][B(CsFs)4]. One strongrcn band

at 1554 cm® (KBr) was observed in the IR spectrum.

Ph—B, ; ? wNMe,  [PhsCIB(CeFs)s]  Ph—R. Z* 4.7
’/___N/Zr >
ON

—N=2r—NMe,

\NMez benzene, 10 min' %ﬁ -
0 ~PhsCNMe, 0 [B(CeFs)a]

[{S-2}2r(NMe,)][B(CgFs)4]

Catalytic Hydroamination/Cyclization of Aminoalkenes.

The cyclopentadienyl-bis(oxazolinyl)borate coordéth neutral yttrium alkyl and
cationic zirconium monoamide complexes are testedprecatalysts for the cyclization of
aminoolefins to cyclic amines at room temperatiitee enantioselectivities were determined by
integration of'°F NMR spectra of Mosher-amide derivatives and by ERnalysis using chiral

stationary phase column.
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The achirall}YCH ,SiMe; is a precatalyst for cyclization of primary and@edary
aminoalkenes at room temperature, providing racawatic amines in excellent yields (Table
4.2; entries 1, 6, 11, 16, 21, 26). The opticatitivee yttrium alkyl complexes$2}YCH ,SiMe;
and {S3}YCH ,SiMe; are also precatalysts in cyclohydroamination of remoiefins at room
temperature. However, the ancillary ligands in ¢hesecatalysts affect the enantioselectivity
significantly, following the trend $3}YCH ,SiMe;s>{S2}YCH ,SiMe;. This trend is opposite
for neutral zirconium catalysts, where&s-2}Zr(NMe,), is more enantioselective thars-{
31Zr(NMey),.2"* Interestingly, the absolute configuration of tlreduct depends on the nature
of the metal center as shown in Scheme 422} CH ,SiMe; provides S-pyrrolidine &4Db)
from 2,2-diphenyl-4-penten-1-amindd), whereasR-pyrrolidine R-4b) is obtained from &
2}Zr(NMey), even though both catalysts contain identicd&2]-chiral ancillary ligand. The
change of stereoinduction during cyclization ioadbserved betweers{3}-coordinated neutral
yttrium and zirconium catalystsS{3}YCH ,SiMe; and {S-3}Zr(NMe ), catalyze cyclization of
4a to provide S4b and R-4b respectively (Scheme 4.2 and Table 4.2). Addilignahe
configurational flip of products is observed betwemationic zirconium monoamide complex
[{ S2}Zr(NMe»)]|[B(CesFs)4] and neutral zirconium bisamide compleS-Z}Zr(NMey),. [{S
2}Zr(NMe»)][B(CeFs)4] is less active and enantioselective th&®RfZr(NMe ), in cyclization of

aminopentenes providirngpyrrolidines as the major enantiomer.
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Scheme 4.2Cyclization of 2,2-diphenylaminopentesAa and absolute configuration of products

4b for optically active Y- and Zr-catalyzed hydroaratiion

WwPh
HN Ph
S-4b
quantitative; 94% ee; S
A

5 mol % {S-3}YCH,SiMe;
CsHg, 10 min, r.t.

Ph .
T \.aPh 10 mol % {S-2}Zr(NMe,), /\)\Pi 5 mol % {S-2}YCH,SiMes mph
HN Ph =< = NH; > HN Ph

R-4b CsHe, 1.25 h, 1.t 4a CsHg, 10 min, r.t. S-4b

95% yield; 93% ee; R guantitative; 42% ee; S

10 mol % [{S-2}Zr(NMe,)][B(CsFs)4]
CGH61 2d,r.t.

wPh
HN Ph
S-4b
95% vyield; 66% ee; S

In general, the chiral yttrium precatalysts cyclizeveral aminoalkenes to give
optically active pyrrolidines, piperidines, and paees at room temperature, and these results are
summarized in Table 4.2-4.3. These tables are agdrby substrate type: Table 4.2 shows
conditions and products in cyclization of aminopes4a-9a that have aliphatic or aromatic
2,2-disubsititution; Table 4.3 contains cyclizasarf functionalized substraté®a1lathat give

halogenated and acetal, and also contains 6- anenibered rings from substrate3a14a
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Substrate Entry Precatalyst Time | Yield (%§ | ee (%)
Ph  Ph 1 {1}YCH ,SiMe; 10 min| 100 racemic
/\)\/NHZ _ _
l 4a 2 |{S2)YCH,SiMe; 10 min | 100 42 S
3 | {S3}YCH,SiMe; 10 min | 100 (93) | 94 9
«Ph
HN—/ ~Ph 4  |[{S2Zr(NMe,)][B(CeF)d |2d |95 66 (9
4b
5 |[{S2)Zr(NMey), 1.25h | 95 93 R)
6 {1}YCH ,SiMe; 10 min| 100 racemic
_ NH, 7 | {S2)YCH.SiMe; 10 min | 100 34 (9
l >a 8 | {S3YCH,SiMe; 10 min| 100 (95) |93 (9
W 9 | {SBZ(NMeBCsF |3d |90 790
HN
5b 10 | {S2}Zr(NMey), 1.25h | 95 90 R
/\Q 11 | {1}YCHSiMe; 10 min| 100 racemic
_ NH, _ .
l . 12 | {S2}YCH,SiMe; 10 min| 100 349
13 | {S3}YCH,SiMe; 3h |95 89 (9
m 14 | [S2Zr(NMe,)|[B(CsFs)s |3d |92 81 (9
6b
15 | {S2)Zr(NMe,), 4h |88 92 R
\bv// 16 | {1}YCH:SiMe; 10 min| 100 racemic
NN NH, 17 | {S2}YCH ;SiMe; 10 min | 100 51 (9
7a
l 18 | {S3}YCH,SiMe; 10 min | 100 (97) | 96 9
\\\\/
P 19 | [[S2Zr(NMe,)][B(CeFs)d] |2d | 92 69 9
b 20 | {S2}Zr(NMe,), 0.75h | 98 93 R
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N\ 21 | {1}YCH ,SiMe3 25 min| 100 racemic
b\v dr.=1.2:1
= NH; 22 | {S2}YCH,SiMe; 10 min | 100 43, 40
l 8a dr.=1.2:1
23 | {S3}YCH,SiMe; 15 min| 100 (95) | 95, 95
f/ dr.=1.2:1
\3\ 24 | [{S2Zr(NMe,)][B(CeFs)d |2d |94 72, 67
HN dr.=1.4:1
8b 25 | {S2}Zr(NMey), 30 min| 95 93, 92
dr.=1.1:1
\_/ Ph 26 {1}YCH ,SiMe; 15 min 3Oro 11 racemic
MNHz 27 | {S2}YCH,SiMe; 10 min| 100 46, 42
l 9a dr.=1.2:1
28 | {S3}YCH,SiMe; 15 min| 100 (96) | 95, 96
= dr.=1.2:1
\3\ 29 | {S21Zr(NMey)][B(CeFs)s] |2d 100 84, 83
HN Ph d.r.=1.5:1
9b 30 | {S21Zr(NMey), 30 min| 95 96, 96
d.r.=3.3:1

2Reaction conditions: s, r.t.” Catalyst loading Zr: 10 mol %; Y: 5 mol %Yield of isolated product is
given in parenthese$.% ee (+0.5%) was determined B NMR spectra of Mosher amide derivatives.
Absolute configuration assignments based on liteeateports.

The enantioselectivities of reactions catalyzed $8}YCH ,SiMe; are high for
a range of aminopentene and aminoheptene substasesies of pyrrolidines such as diphenyl-
pyrrolidine @b; 94% ee), spiro-cyclohexyl-pyrrolidin®lg; 93%), cyclopentyl-pyrrolidine6p;
89%), and diallyl-pyrrolidineqb; 96%) are afforded at room temperature with excelbptical
purities (Table 4.2). $3}YCH ,SiMe; also catalyzes cyclization d&*-allyl-2-methyl-pent-4-
enylamine 8a) and 2-allyl-2-phenyl-pent-4-enylamin®d) at room temperature to provide
diastereomeric mixture afis andtrans pyrrolidines (Table 4.2; entries 23 and 28). Alibb the
distereoselectivitydis:trans) is poor, however impressively, the enatiomericesses o8b (cis:
95% eejrans 95% ee; d.r.¢istrans= 1:1.2) and®b (cis. 95% eetrans 96% ee; d.r.cistrans
= 1.2:1) are very high for both diastereomers. Ngnificant effects of temperature and

concentration on enantioselectivity acigtransratio were observed.
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In contrast to §&3}YCH,SiMe;, {S2}YCH,SiMe; is much less enantioselective
regardless of the substrateS-2}YCH ,SiMe; provides Spyrrolidines @b-9b) at room
temperature with 34-51% ee (Table 4.2; entries, 2,27 17, 22, and 27). Changing the reaction
conditions such as temperature, concentration aahlysts loading don’t improve the
enantioselectivity.

The cationic zirconium [§2}Zr(NMe»)][B(CeFs)4] is relatively lower active and
enantioselective in cyclohydroamination compared $8}YCH ,SiMe; and {S-2}Zr(NMe ),
and therefore longer reaction time is required. &@mple, 2,2-diphenyl-4-penten-1-amida)
is cyclized by [52}Zr(NMe,)][B(CeFs)4] at room temperature over 2 days to aff6diphenyl-
pyrrolidine &-4b) in 66% ee (Table 4.2; entry 4), where&2}Zr(NMe ), affordsR-4b at room
temperature in 93% ee within 1.25 h (Table 4.2ryeB). Relatively lower optical purities are
also observed for other azacycles mediated IB2Hr(NMe,)][B(CeFs)s] (S-5b: 79%; S-7b:
69%) in comparison toF2}Zr(NMey), (S-5b: 90%;S-7b: 93%).

The high enantioselectivity of§3}YCH ,SiMe; in aminopentene cyclization motivated
further study of the formation of other five-meméerrings containing oxo- or halogen-
functional groups. 2,2-Diethoxypent-4-enenylamindd is cyclize by £3}YCH SiMe;
affording diethoxy-pyrrolidine {0b) in 4 h at room temperature with 94% ee (Table ér8ry
3). The {&2}YCH,SiIMe; and achiral {1}YCH,SiMe; also catalyze the cyclization at
approximately the same rate aS3}YCH,SiMe;, however, [§52}Zr(NMey)][B(CeFs)4] is
inactive even at elevated temperature with proldnmgaction time.

2-Allyl-2-(4-bromophenyl)pent-4-enylaminel1a) is cyclized quantitatively by achiral
{1}YCH ,SiMe; to a 2.7:1 diastereomeric mixture @$ andtrans pyrrolidines within 10 min at

room temperature (Table 4.3; entry 5). The optycalitive {S-2}YCH ,SiMe; precatalyst is also
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efficient in cyclization ofL1a however it provided1b with low diastereomeric raticis:.trans =
2:1) and low optical puritydfs: 38% eejtrans 33% ee) (Table 4.3; entry 6). Not surprisingly,
{S3}YCH ,SiMe; again displays high enantioselectivity for cyclimat of 11a Although the

distereoselectivity gisitrans = 2:1) is low, 95% ee focis-11b and 92% ee ofrans-11b are

obtained at room temperature (Table 4.3; entry 7).

Table 4.3 Catalytic hydroamination/cyclization of aminoaties ?

Substrate Entry Precatalyst Time | Yield (%f | ee (%
EtQ, OEt 1 {1}YCH ;SiMe3 4h 90 racemic
/\)\/NHZ _

l 108 2 | {S2)YCH,SiMe; 4h 95 23 (9
\3\\\05 3 | {S3}YCH,SiMe; 4h 90 94 (9
HN OEt

b 4 | [{S2Zr(NMey)|[B(CeFe)d | 2d 0 n.a.

AN C.H.Br 5 {1}YCH ,SiMe3 10 min 100 racemic
/\/C ¢ dr.=2.7:1

7 NH; 6 | {S2}YCH,SiMe; 15 min 100 38, 33

l 11a dr.=2:1

~ 7 | {S3}YCH ,SiMe; 15min| 100 (94) | 95,92
w dr.=19:1

N Scer | 8 | [{S2Zr(NMey)][B(CeFs)] | 1.5d 100 73, 65
11b dr.=151

Ph 9 {1}YCH ,SiMe; 3h 100 racemic

MNHz

l 12a 10 | {S2}YCH ;SiMe; 2.5h 100 63, 56
\yph 11 | {S3}YCH ,SiMe; 25h | 100(93) | 21,20
HN

12b 12 | {S2Zr(NMe)][B(CeFs)] | 3d 20 n.a.

www.manaraa.com




158

Ph  Ph 13 | {1}YCH,SiMe; 6 h 100 racemic
X _NH,
i 13a 14 | {S2}YCH ,SiMe; 50 min 100 22 (9
15 | {S3}YCH,SiMe 20 h 87 58 (S)
HN._A:'Ph
™ 16 | [[S2}Zr(NMe)][B(CeFs)d | 2d 85 41
Ph Ph 17 | {1}YCHSiMe3 2d 84 racemic
Hz
l 18 | {S2}YCH,SiMe; 3d 92 14
\Q 19 | {S3}YCH,SiMe; 3d 89 84 (9
20 | [{S2)Zr(NMe2)][B(CeFs)s | 4d 0 n.a.
/\Ph)ih 21 {1}YCH ,SiMe3 12 h 100 racemic
~ l 22 | {S2}YCH,SiMes 20 h 100 9
23 | {S3}YCH,SiMe; 24 h 95 44
\3‘ 24 | [{S2Zr(NMe)]|[B(CeFs)] | 3d 0 n.a.
25 | {S2}Zr(NMey), 3d 0 n.a.
Ph Ph 26 | {1}YCH,SiMe3 4d 40 racemic
/\)\/N\/\
| 16a | 27 |{S2}YCH,SiMe; 3d | 88(16b+ | 21(16b)
«Ph 160
jN ph1eb | 28 |{S3}YCH,SiMes 3d | 85 (16b) 70
0z
- m 29 | {S2)Zr(NMe2)][B(CeFs)s | 3d 0 n.a.
o 30 | {S2Zr(NMey), 3d 0 n.a.

2Reaction conditions: s, r.t.° Catalyst loading Zr: 10 mol %; Y: 5 mol %yYield of isolated product is
given in parenthese$% ee (+0.5%) was determined Bf NMR spectra of Mosher amide derivatives.

The high catalytic activityand enantioselectivity of§3}YCH ,SiMe; in cyclization of
aminopentenes motivated to prepared enantioenriclaeger heterocycles. The rate of
cyclization of 2,2-diphenyl-5-hexen-1-amin&3@) catalyzed by §2}YCH ,SiMe; is marked

decreased compared to 2,2-diphenyl-4-penten-1-aifdige In addition, the % ee of the 2-

www.manaraa.com



159

methyl-5,5-diphenyl piperidin@3b (58% ee; Table 4.3; entry 15) is significantly lovilean the
2-methyl-4,4-diphenyl pyrrolidinesb; 94% ee). Interestingly, piperidinedbtained by{S-2}
and {S3}-based yttrium catalysts hav@&configuration, wherea®-configured piperidines are
obtained by all neutral§2} and {S3}-containing group 4 catalysts.

The cyclization of aminohepterigdais also slower than aminopentenes. Azepatieis
obtained using $2}YCH ,SiMe; and {S-3}YCH ,SiMe; at room temperature with 14% and 84%
ee respectively (Table 4.3; entries 18 and 19). élar, [{S-2}Zr(NMe»)][B(CeFs)4] is inactive
to cyclizel4aat room or elevated temperatures.

Finally, all Y- and Zr-precatalysts are tested dgclization of secondary aminopentenes.
Both {S2}YCH,SiMe; and {S-3}YCH,SiMe; precatalysts are poor enantioselective in
cyclization of N-methyl-2,2-diphenyl-4-penten-1-aminel5@ to correspondingN-methyl-
pyrrolidine (L5b) (Table 4.3, entries 22 and 238)-Allyl-2,2-diphenylpent-4-enylaminel@a) is
cyclized by{S-2}YCH ,SiMe; at room temperature in benzene to give a mixtaie-allyl-2,2-
phenyl-2-methyl-pyrrolidine 6b) via monocyclization and 2,2-diphenyl-6-methyl-pyrralie
(160 (mixture of cis and trang via hydroamination/bicyclization with low enantiomeric
excesses (Table 4.3, entry 27). Interesting83fYCH ,SiMe; provides only the monocyclized
productl6b at room temperature with 70% ee (Table 4.3, er)y Ko pyrrolizine is formed by
{S3}YCH,SiMe; even after 7 days at room temperature. Unfortupate[{S

2}Zr(NMe»)]|[B(CeFs)4] is inactive to cyclize secondary amines (Tab® éntries 24 and 29).

Spectroscopic and mechanistic features of catalytic reaction

The high enantioselectivity in§3}YCH ,SiMe; catalyzed cyclization of aminoolefins

inspired us to investigate the possible catalytiechanism. We have collected kinetic and

www.manaraa.com



160

spectroscopic data ofS{3}YCH ,SiMe; system, and compared to other reported rare earth
catalysts to identify the possible catalytic patiigvaAdditionally, the kinetic, spectroscopic and
stereochemical features of trivalentS3}YCH,SiMe; are compared to tetravalentS{
2}Zr(NMey), system to understand the change of stereoinduchiming cyclization between
these two systems, and obtain a model that ratmesathe stereochemical outcomes.

SiMe, and pyrrolidine are observed within 30 s of additmf C-(1-allyl-cyclohexyl)-
methylamine %a) to {S3}YCH ,SiMe at room temperature. Although the active gatails not
directly observed, it is formed quickly at room feenature after addition dia, based on the
appearance of pyrrolidine proditt in the®H NMR spectrum of the reaction mixture.

For three half-lives, Irfa] varies linearly with time to providk,,s and this is consistent
with first-order dependence on substrate conceotrgFigure 4.1). First-order dependence on
aminoalkene concentration is uncommon for rarehezatalysts, that typically gives rate laws for
aminoolefin cyclization: rate %[catalyst]{substrate].®’ First-order substrate dependence has
been reported for zirconiumZ2 yttrium-° and alkaline-earfi***°metal-catalyzed aminoolefin
cyclizations. A linear relationship betweég,s and [{S3}YCH ,SiMe] provides the empirical

rate law—d[5a]/dt = K[{ S3}YCH ,SiMe][5a]* (k' = 0.105(5) M* s ) (Figure 4.2)
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Plot of In[5a] vs. time for the cyclization of 5a to
pyrrolidine 5b catalyzed by {S-3}YCH,SiMe,
I ! ! !

In[5a]

0 200 1000 1500 2000 2500
time (s)

Figure 4.1. Plots of Inpa] vs. time for the cyclization ofc-(1-allyl-cyclohexyl)-methylamine

catalyzed by §3}YCH ,SiMe; showing first-order dependence on substrate ircyiogzation at
296 K.

To measure the effect oN-deuteration on reactions withS8}YCH,SiMe; as
precatalyst, the conversion of substr&€1-allyl-cyclohexyl)-methylamine-Np (5a-d;) was
investigated. Conversion @-(1-allyl-cyclohexyl)-methylamine-Np(5a-d,), catalyzed by $
2]Zr(NMey),, is much slower than conversida itself. Linear least squares best fits of plots of
kobs” Vs. catalyst concentration provide the second-order canstank® [0.040(5) M? s7Y,
giving a largekond/kopd® value equal to 2.6(4) (Figure 4.3). This primargtipe effect

indicates that N—H or N-D bond is broken in theawer-limiting step.
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Plot of In[5a-d,] vs. time for the cyclization of N-d,-5a

catalyzed by {S-3}YCH,SiMe,
-2 I I ! !

-1000 0 1000 2000 3000 4000 5000
time (s)

Figure 4.2.Plots of Inba-d;] vs.time for the conversion df-d, aminoalkene substrate into the

corresponding pyrrolidine catalyzed b$-8}YCH ,SiMe; at 296 K.
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Kops VS. [cat] for the cyclization of
5a by {S-3}YCH,SiMe; at 296 K
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Figure 4.3.Plot ofkypsVs. catalyst concentration for the cyclizationgafto 5b and5a-d; to 5b-

d> by {S3}YCH ,SiMes; kops values are taken from slopes of linear regresarmalysis obtaining

in Figures 4.1 and 4.2. The rate law for the cwtlan is:—d[5a]/dt = K[{ S-3}YCH ,SiMe;][54]*

k = 0.105(5) M! s* (Kp = 0.040(5) M* s%). The error was estimated from the standard
deviation of values ok' obtained fromkynd[cat]. From the slopes of the two curvés/ky =
2.6(4).

To investigate the nature of the turnover-limitstgp, the temperature dependence of the
cyclization rate oba was measured by determining the second ordecaastank’ at different
temperature ranging from 271 K to 315 K (Figure) 4The standard Eyring plot ki(T) vs 1/T

generated from these data provides the valuestivbion parametersAH* = 7.5(3) kcal-mot

andAS" =-38(1) cal-mol'K ™.
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Eyring plot of conversion of 5a to 5b catalyzed
by {S-3}YCH,SiMe; from 271 to 315 K

-7
\ —— ¥ =4.7656 -i3777.2x R=0.98844

-7.5 ) \
N

In(k'/T)

; \\
N

-9.5
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036  0.0037

T

Figure 4.4.Plot of Ink/T) vs 1/T for cyclization of5a. From this plotAH* = 7.5(3) kcal mot*
andAS" =-38(1) cal mol* K™.

Substrate saturation on initial rate is observed {i&3}YCH ,SiMe; catalyzed
hydroaminationThe initial cyclization rates were measured ov&78118 mM ba] range at
constant §3}YCH ,SiMe; concentration (5.23 mM, 296 K). The initial cydtion rate
increases on increasingd until saturation is observed at around 84 mM.higher ba] (>85
mM), the initial rates decrease slightly due toilatory association of another equivalent of
substrate. The plot also contains a non-zero xdaepg that coincides with precatalyst
concentration [§3}YCH ,SiMe;]. A non-linear least squares regression analysithe data

provides good correlation with eq 4.1, correspogdmthe reaction mechanism shown in eq 4.2
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that describes the initial portion of the reactiérit 296 °C, saturation is observed &g] =
0.045 M ([cat] = 0.00523M). For comparisda] = 0.07 M ([{S-2}Zr(NMe,);] = 0.0054 M) at
saturation for the $2}Zr(NMey),, i.e. saturation of initial rates with§3}YCH ,SiMe; occurs as

at lower substrate concentration than wig2}Zr(NMe ).

—-d[5a] ko[{S-3}YCH,SiMeg]* {[5a] - [{S-3}YR]}* @)
dt {[5a] - [(S-3}YRI} + K' + Kg([5a] - [[S-3}YR])? '
kq K,
cat + ba cat. 5a ——» products 4.2)
Ky
Ksi || 5a
5a.cat.5a

The three parameters obtained from the fitkar€.4+0.3x 102 M's ™), K' (1.64+0.7x
102 M; (k1 + ka)/ky), and Kg; (3.9¥1 M [catalyst-sutf/[subs][catalyssubs]; substrate
inhibition). The curve does not pass through thgimbecause one equiv of substrate is required
to form the active catalyst giving the terms ([dubsat]; i.e., corrected substrate concentration).
This analysis separates the turnover-limiting gtep from the substrate binding constaKt)(
allowing the measurement of the isotope eff&gtki) for ko. A non-linear least squares fR €
0.99) of —d[5a-d,)/dt)ini Vs [5a-d.]in provides a curve with the valudg® = 7.1+0.5x 10°
M~2s? K® = 1.1+0.2x 102 M, andKg® = 5.6+1.3 M™. The kinetic isotope effect (KIE) from
initial rate plotsk,™/k,® (3.5) and from second-order rate constakigs /K op<") = 2.6 indicate

that N-H (or N-D) bond is broken in the turnover-limiting step.

www.manaraa.com



166

Initial rates plots: -d[5a]/dt vs [5a],,e
and -d[5a-d,]/dt vs [5a-d,]; e
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Figure 4.5. Plots of initial rates of cyclizationdf5a)/dt vs [58ave (and -d[5a-d,)/dt vs [Sa
dz]ave for cyclization of5a and5a-d, by {S-3}YCH ,SiMe; (0.00523 M). The curves represent
non-linear least-squares regression analysis ofdtta to the equation:d[substratg/dt =
ko[catalyst]ubstratel/{ K' + [substrate] + Ks[substrate?}.

To gain an insight of the nature of the transitistiate, activation parameters were
measured by the saturation kinetics at differeniperatures. The initial rate plots at constant
catalyst concentration (5.23 mM) for temperatute®783, 285, 296 and 312 K provided the rate
constank; for the corresponding temperature. The linear Eyplot using thék; values gives the

activation parameterdH¥ = 7.4 kcal.mot', AS" = —40.8 calmol'K™. The temperature
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dependence of the overall cyclization based orsélvend order rate constdnts also measured,
that provideAH* = 7.3 kcaimol™ andAS' = -38.6 caimol K ™.
Plots of -d[5a]/dt vs. [5a],,, for conversion

of 5a to 5b catalyzed by {S-3}YCH,SiMe,
at 273, 285, 296 and 312 K
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-
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Figure 4.6. Plots of initial rates of cyclizationdf5a)/dt vs. [5a]ave for cyclization of5a by {S
3}YCH ,;SiMe; (0.00523 M) at 273, 285, 296 and 312 K. The csimepresent non-linear least-
squares regression analysis of the data to the tiequa —d[substratg/dt =

ko[catalyst]substratel/{ K' + [substrate] + Ks[substrate]?}.

Importantly, the % ee's for deutero-pyrrolidines systematically and significantly lower
than the values for the corresponding proteo pgires using §3}YCH ,SiMe;. This effect

contrasts all the bisoxazolinylborato zirconium atgted hydroamination, where
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enantioselectivity increases upbideuteration of substrate (Table 4.4). For exampie,% ee
values for deuteron-heterocycledb{d,, 83%; 5b-d,, 87%) are lower compared to the
corresponding proteo-heterocycldd,(94%;5b, 92%) for {S3}YCH ,SiMes. In contrast, the ee
values for deuteron-heterocyclekb{d,, 96%;5b-d,, 91%) are higher than corresponding proteo-

heterocycles4b, 93%;5b, 86%) for precatalyst$3}Zr(NMe ).

Table 4.4. Effect of Ne, substitution on % ee in §3}YCH,SiMes, {S-3}Zr(NMe ;),, and
[{S-2}Zr(NMe ,)][B(C 6Fs)4]-catalyzed enantioselective hydroamination

Substrate—~ Product Entry {S3} {S3} {S2}
YCH,SiMe; Zr(NMez)z Zr(NMez)][B(C6F5)4]

Ph  Ph «Ph
/ <_NH, — HN—/ > Ph 1 94 © 9B R 66 (S
da 4b
Ph_ Ph DH,C Ph
A KOND, = unSpnh | 2 839 9% R 6169
4a-d, 4b-d,

/& W 3 92 9 86 ®) 799
S
= ND, —> DN

5b-d,

5a—d2

Mechanism of enantioselective C—-N bond formation

{S-3}YCH ,SiMe; catalyze cyclization of aminoolefin at room tempera affordingS
configured cyclic amines with high enantiomeric €xses. The observed substrate saturation on
the initial rates suggests the presence of a rilerstep followed by turnover-limiting step in

the catalytic cycle. The primary kinetic isotopéeef {2.4(4)} obtained from second order rate
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law, and also from initial rate plots {3.8(2)} ircdite the cleavage of an-N or N-D bond in the
turnover-limiting step. The similarity of activatioparameters determined usikg (from
initial rates measurements) ard" (for overall conversion) indicates that the remcti
mechanism remains consistent from the initial portthrough at least two half-lives. Two
plausible mechanistic scenarios are consistent widse observed distinct features inS{
3}YCH ;SiMe; catalyzed cyclization. First, a concertedNCand G-H bond formation through
N-C ring closure concurrent with amino proton defdywat the terminal methylene unit. Another
pathway involves a stepwiseinsertive pathway that involves a reversible niigna olefin
insertion into the Y—N amide-bond followed by turn-over limiting Y-—C bond protalysis.

In this context, concerted-Gl/C-H bond forming mechanism is established in neutral
tetravalent §2}Zr(NMe,), catalyzed cyclization of aminoolefins, which ispported by the
second order rate law, the primary KIE, isotopictymation of enantioselectivity, the KIE for
the two enantiotopic pathway, and inability of cdexp {S2}ZrCI(NMe;,) to cyclize
aminoalkené’ The {S-3}YCH,SiMes-catalyzed cyclizations have also similar kineticda
spectroscopic features. However, the configuratifii@ between Y- and neutral Zr- catalysts
indicate different mechanisms of stereoinduction.

The significant isotope effects on enantioselettii {S-2} and {S-3}-supported yttrium
and zirconium catalyzed hydroamination suggest Matl or N-D bond is involved in the
stereochemistry-determining step for all systenws. {{5-3}YCH ,SiMe;, the isotope effect for
the favored diastereomeric pathwaky{ko") is 2.7(4) and for the unfavored diastereomers
(ka™ko") is 1.6(3) (fromKu/k'p). The zirconium catalyst§2}Zr(NMe»), is characterized by
Ku/kp = 3.5, ky“ko® = 7.7(1) andkyko" = 2.2(5)?" Interestingly,N-deuteration slows th&

diastereomeric pathway by a greater extent thai{pathway for both yttrium- and zirconium-
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catalyzed reactions. This similarity provides a pdwl argument that th8 transition-states for
Zr and Y catalysts are similar, as are Reransition-states, even though the energetically
favored diastereomeric pathways are opposite.

Interestingly, the cationic zirconium${2}Zr(NMe,)][B(CsFs)4] also catalyze cyclization
of primary aminopentenes. The catalytic activity [p&2}Zr(NMe)][B(CsFs)4] contrasts to
other reported cationic group 4 catalysts that izgclonly secondary aminoalkerfésThe
observed isotopic perturbation on stereoselectivuity[{ S2}Zr(NMe,)][B(CsFs)4] catalyzed
hydroamination rule out the involvement oftf2r] cycloaddition in a zirconium imidoalkene
species, as an NH group is absent in the imidoispeddditionally, the formation of
configured products mediated byS£}Zr(NMe,)][B(CeFs)s] and {S-3}YCH ,SiMe; suggests
that the nature of stereochemistry determining duen-limiting steps are similar for both
trivalent catalysts.

Our kinetic and spectroscopic data show that cyltgdienyl-bis(oxazolinyl)borate
containing trivalent yttrium, tetravalent neutrakcenium, and trivalent cationic zirconium
catalysts have similar catalytic pathways. Two salbss are required for cyclization in all these
systems and also the catalytic cycle contains arséde catalyst-substrate association followed
by the turnover-limiting step. In all these systethe turnover-limiting step involves-W bond
cleavage. In addition, NH bond cleavage also significantly affects the murhtion of the new
stereocenteri.g., it is associated with-N bond formation) in the chiral Zr and Y systemdl. A
these observations disfavor the olefin insertiorcimaaism for the $3}YCH ,SiMes-system; a
concerted €EH and GC-N bond formatiorvia a six-center cyclic transition state is proposethe

C—N bond forming step (Figure 4.7).
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Figure 4.7. Proposed catalytic cycle forS{3}YCH ,SiMe; catalyzed hydroamination of

aminoalkenes

Although the general mechanistic features of thé&l ®ond forming step (and even the
two diastereomeric transition-states) appear toelkaed for Zr and Y catalysts, the oppositely
configured stereocenters in the catalytic produeteal that mechanisms for stereoinduction are
not equivalent for Y and Zr. Our working rationaliion of the stereochemistry is that tGe
symmetric ancillary differentiates the two amidaaiks in the transition-state in the zirconium
system (Figure 4.8, i), whereas the configuratibrihe two diastereomeric intermediateS- {
3}YNHR(NH2R) significantly influences the favored diastereameathway in the trivalent

system (Figure 4.8, ii).
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Figure 4.8.Proposed stereomechanism for Zr- and Y-catalyzeddaymination.

Conclusions

Cyclopentadienyl-bis(oxazolinyl)borato yttrium colap {PhB(GsH4)(OX®
BY)YCH,SiMe; is a highly enantioselective precatalyst for hysmination/cyclization of
aminoolefins. The precatalyst provides nitrogeretatycles with high enantiomeric excesses up
to 96%. Enantioselectivities are remained high withstrate substitution patterns and also in the
presence of oxo- and halogen-functional groupso#/insertive mechanism involving concerted

C-N/C-H bond formation was proposed based on thetiis, primary isotope effects, isotopic

perturbation of enantioselectivity, the non-linedfiect of concentration on cyclization rate, and
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the requirement of substrate/precatalyst >2 foalgat turnover. Similar stereochemical and
kinetic features of optically active cyclopentadiehis(oxazolinyl)borate containing yttrium as
well as cationic and neutral zirconium catalyzedrogmination suggest similar transition states

in all these systems.

Experiment details.

General Procedures. All reactions were performed under a dry argon csjphmere using
standard Schlenk techniques or under a nitrogemsghere in a glove box unless otherwise
indicated. Dry, oxygen-free solvents were used uphout. Benzene, toluene, pentane and
tetrahydrofuran were degassed by sparging withogetn, filtered through activated alumina
columns, and stored under,.NBenzeneds, tolueneds and tetrahydrofurads were vacuum
transferred from Na/K alloy and stored underiiNa glove box. Bromobenzemgwas degassed
with three freeze-pump-thaw cycles and dried owtivated molecular sieves in the glove box.
Y(CH,SiMes)s(THF),,®*®  sodium  cyclopentadienid®, H[PhB(GHs)(0x"9),], 3
H[PhB(GsHs)(Ox*S'P"™Me3 ] 27 2 2_diphenyl-4-penten-1-amine4d),®” C-(1-allyl-cyclohexyl)-
methylamine %a),*® 2-allyl-2-methylpent-4-enylamine64),*® 2,2-diphenyl-5-hexen-1-amine
(78),"° N-methyl-2,2-diphenyl-4-penten-1-amine 8a},**  2-allyl-2-phenyl-pent-4-enylamine
(10a),*42® 2,2-bis(2-propenyl)-4-pentenylamin&2@*® and tetrakis(trimethylsilyl)silarfé were
prepared by published procedures. All aminoalkemere distilled from Cak] degassed and
stored with freshly activated 4 A molecular sievasa glove box prior to use. All other
chemicals used here are commercially available. -($Fp-methoxye-
(trifluoromethyl)phenylacetyl chlorideS{Mosher’s chloride) was obtained from Alfa-Aesar

(>98%, (+)-137.3)!H, **c{*H}, B, *F and**Si{*H} NMR spectra were collected either on a
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Bruker DRX-400 spectrometer or an Agilent MR400 cipEmeter.’N chemical shifts were
determined either byH->N CIGARAD experiments on an Agilent MR400 spectroener by
'H-1>N HMBC experiments on a Bruker Avance Il 700 spauteter with a Bruker Z-gradient
inverse TXI*H/**C/*°N 5 mm cryoprobe™N chemical shifts were originally referenced taulid)
NH; and recalculated to the GNO, chemical shift scale by adding —381.9 ppriB NMR
spectra were referenced to an external sample ofBBB. Accurate mass ESI mass
spectrometry was performed using an Agilent QTOB06Bquipped with the Jet Stream ESI
source. An Agilent ESI test mix was used for tunargl calibration. Accurate mass data was
obtained in the positive ion mode using a referestandard with ions at 121.05087 and
922.00979. The mass resolution (FWHM) was mainthiae 18,000. Elemental analysis was
performed using a Perkin-Elmer 2400 Series 1l CHNi$ the lowa State Chemical

Instrumentation Facility.d]p values were measured on a ATAGO AP-300 polarinetés °C.

{PhB(CsH4)(0x"*%),}YCH ,SiMes. H[PhB(GsHs)(0x"9),] (0.200 g, 0.571 mmol) was dissolved
in a mixture of tetrahydrofuran (4 mL), and thisluimn was cooled to-30 °C.
Y(CH,SiMes)3(THF), (0.282 g, 0.571 mmol) was placed in a separask,fland the solid was
cooled to—30 °C. The cooled solution was quickly added to M{SiMes)3(THF),;, and the
resulting solution was gently agitated for 5 mimldCpentane (5 mL) was added, and a yellow
solid precipitated. The mixture was cooled-80 °C and filtered. The solid was dried in vacuo
for 10 min affording {PhB(GH.)(Ox"*?),}YCH,SiMe; as a light yellow solid (0.260 g, 49.6
mmol, 87.0% yield). This material was stored-a80 °C in the dark'H NMR (tetrahydrofuran-
dg, 400 MHz):8 7.55 (d,%Juy = 6.8 Hz, 2 Hortho-CgHs), 6.97 (t,°Jun = 6.8 Hz, 2 Hmeta

CeHs), 6.88 (t,°Jun = 7.2 Hz, 1 H, para-CeHs), 6.38 (m, 2 H, €H.), 6.18 (m, 2 H, €H,), 3.87
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(d, 2 H,%Jun = 8.4 Hz, CNCMgCH,0), 3.82 (d, 2 H%J4y = 8.4 Hz, CNCMgCH,0), 1.29 (s, 6
H, CNOMe;CH,0), 1.21 (s, 6 H, CN®Ie;CH;0), 0.01 (s, 9 H, ChSiMes), —0.35 (d,2Jyy = 7.2
Hz, 2 H, YMH.,SiMes). C{H} NMR (tetrahydrofurands, 100 MHz): & 192.51
(CNCMe,CH,0), 136.54 ¢rtho-CgHs), 126.22 fhetaCgHs), 124.37 para-CgHs), 121.45 (GHy),
112.82 (GH4), 80.42 (CNCMgCH,0), 70.77 (CNCMe,CH,0), 35.61 (d,"Jyc = 35 Hz,

Y CH,SiMes), 30.80 (CN®e,CH,0), 28.87 (CN®Ie;CH,0), 5.16 (CHSiMe;). B NMR
(tetrahydrofurards, 128 MHz):5-15.2. IR (KBr, cnt): 3068 w, 3045 w, 2958 s, 2891 s, 1549
(s, ven), 1490 w, 1462 m, 1431 w, 1387 w, 1368 m, 1352872 m, 1264 m, 1249 s, 1237 s,
1195 s, 1176 s, 1155 s, 1104 w, 1066 w, 1051 m4 1931022 w, 993 w, 971 m, 917 w, 860 s,
813's, 776 s, 732's, 704 s, 668 m. Anal. CalcdCigsBN,0,SiY: C, 57.26; H, 6.92; N, 5.34.

Found: C, 57.13; H, 6.88; N, 4.97. Mp: 90-95 °C;.de

{PhB(CsH4)(Ox**"P"Me2) 1y CH ,SiMes. H[PhB(GHs)(Ox**'P"M¢3,] (0.060 g, 0.138 mmol) and
Y(CH,SiMe3)3(THF), (0.065 g, 0.131 mmol) were dissolved in benzenemlb at room
temperature. The resulting solution was stirredf@min and then was filtered. Evaporation of
the filtrate provided light yellow gel. The gel wasiturated with pentane, giving
{PhB(CsH4)(Ox**"P"Me3 1y CH ,SiMe; as a light yellow solid (0.065 g, 0.107 mmol, ?8.5
yield). This material was stored -a80 °C.*H NMR (benzenals, 400 MHz):5 7.74 (d,23un =
7.2 Hz, 2 H,ortho-CgHs), 7.38 (m, 2 HmetaCeHs), 7.21 (m, 1 H, paraCgHs), 6.92 (m, 1 H,
CsHa), 6.80 (M, 1 H, €Ha), 6.72 (m, 1 H, €Ha), 6.61 (M, 1 H, €Ha), 3.26 (d, 2 H Iy = 6.0
Hz, CNd-PrHCMeO), 3.14 (d, 2 H,3Ju = 6.0 Hz, CNGPHCMe0), 1.88 (m, 2 H,
CNC(CHMe,)HCMe,0), 1.27-0.90 (24 H, CNC(OMe))HCMe0), 0.32 (s, 9 H, CkBiMey),

—0.42 (m, 1 H, ®,SiMe3), -0.60 (m, 1 H, E,SiMes). *C{*H} NMR (benzeneds, 100 MHz): 5
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193.41 (brCNCi-PrHCH0), 141.50 (bripso-CgHs), 135.10 6rtho-CgHs), 127.51 fnetaCgHs),
125.26 para-CeHs), 122.36 (GH4), 120.49 (GH4), 118.30 (GH4), 116.79 (GH4), 87.75 (CNG
PrHCMe;0), 86.99 (CNGPrHCMe;0), 78.22 (CNCi-PrHCMeO0), 76.61 (CNCi-PrHCMeO),
36.74 (d, 'Jy¢ = 35 Hz, YCH,SiMe;), 30.44 (CNCCHMe)HCMe0), 30.27
(CNC(CHMe)HCMe,0), 30.94 (CNGPrHCMe0), 30.09 (CNGPrHOMe;0), 29.26 (CNG
PrHCMe,0), 28.89 (CNGPrHOMe0), 22.28 (CNC(CMe)HCMeO), 21.55
(CNC(CHVe)HCMe0), 21.28 (CNC(CWe;)HCMe,0), 20.82 (CNC(CiWe))HCMe0), 4.93
(CH,SiMes). °N NMR (benzenas, 71 MHz): § —154.4,-156.8.2°Si{*H} NMR (79.5 MHz,
benzeneds): § —2.79.*'B NMR (benzeneds, 128 MHz):5-15.9. IR (KBr, cnt): 3071 w, 3041
w, 2962 s, 2891 s, 2770 m, 1558 s (CN), 1482 m41mE 1425 w, 1397 m, 1365 m, 1344 w,
1272 m, 1262 w, 1248 s, 1234 m, 1192 s, 1169 s5 518114 w, 1060 w, 1052 m, 1032 w,
1019 m, 995 w, 917 w, 860 s, 805 s, 786 s, 743.35,m. Anal. Calcd for ¢H4sBN,O,SiY: C,
61.19; H, 7.95; N, 4.60. Found: C, 60.74; H, 7M324.26. [1]p = —39.23° (GHs). Mp: 155-160

°C, dec.

4S-2H-OXx™®" Error! Bookmark not defined.Error! Bookmark not defined. >N NMR (acetonitrileels,

71 MHz): 5-148.0.

{PhB(CsH4)(Ox**™®"),}YCH ,SiMe;. H[PhB(GHs)(Ox*™™®"),] (0.048 g, 0.119 mmol) was
dissolved in benzene (2 mL) and added to Y{8iMle;)3(THF), (0.056 g, 0.113 mmol) to give a
light yellow solution. This solution was allowed #&bir for 3 min at room temperature. The
solution was quickly filtered, and the filtrate wasncentrated under vacuum to give a yellow

gel. The gel was triturated with pentane to proileB(CsH4)(Ox**®"),}YCH ,SiMe; as a light
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yellow solid (0.055 g, 0.095 mmol, 84.6% yield), ialh was stored at30 °C.'H NMR
(benzeneds, 400 MHz):57.67 (d,3Jun = 7.6 Hz, 2 Hprtho-CgHs), 7.34 (m, 2 HmetaC6H5),
7.18 (m, 1 H, para-CgHs), 6.82 (m, 1 H, €Hy), 6.77 (M, 1 H, €H,), 6.64 (m, 1 H, €Hy), 6.53
(m, 1 H, GH.), 3.68-3.56 (M, 4 H, CNIEBUHCH,0), 3.16-3.03 (m, 2 H, CNEBUHCH,0),
0.67 (s, 9 H, CNEBUHCH,0), 0.64 (s, 9 H, CNEBUHCH,0), 0.01 (s, 9 H, CbSiMey), -0.34
(m, 1 H, H,SiMey), -0.51 (m, 1 H, E,SiMes). *C{*H} NMR (benzeneds, 100 MHz): &
195.31 (br,CNCt-BuHCH,0), 150.38 ipso-CsHs), 134.90 6rtho-CgHs), 127.97 metaCgHs),
125.95 para-CeHs), 123.73 (GH.), 123.64 (GH.), 115.46 (GH.), 115.25 (GH.), 74.24 (CN\Ct-
BUHCH,0), 72.62 (CNCt-BUHCMe0), 68.31 (CNE&BUHCH,0), 67.25 (CN&BUHCH,0),
38.25 (d,2Jyc = 35 Hz, YCH,SiMes), 32.37 (CNCCMes)HCH,0), 27.52 (CNOCMes)HCH,0),
25.41 (CNC(®Ae3)HCH,0), 25.20 (CNC(®Me3)HCH,0), 5.24 (CHSMes). N NMR
(benzeneds, 41 MHz): 5 -148.5,-150.2.'B NMR (benzenak, 128 MHz): 5§ -15.7. 2°Si{*H}
NMR (79.5 MHz, benzendg): 6 —3.28. IR (KBr, cnt): 3068 w, 3044 w, 2955 s, 2902 s, 2870 s,
1586 (s,ven), 1540 w, 1479 s, 1431 w, 1419 w, 1397 w, 1369820 w, 1287 m, 1249 s, 1238
s, 1207 s, 1184 s, 1108 w, 1065 w, 1048 w, 1026001 w, 969 s, 860 s, 814 m, 793 w, 726 s,
703 s, 677 wAnal. Calcd for GgH44BN2O,SiY: C, 60.00; H, 7.64; N, 4.83. Found: C, 59.62; H

7.32; N, 5.06. ]po =—46.74° (GHs). Mp: 120-125 °C, dec.

TI[PhB(CsH4)(0xM%),]. In a glove box, a vial was charged with H[PhEH{g)(OxM®%),] (0.214
g, 0.611 mmol) and dissolved in Bt (7 mL). To the solution, thallium(1) ethoxide (B,
1.22 mmol) was added by a microliter syringe. Theulting solution was stirred at room
temperature for 8 h. During stirring, a yellow sotirushed out from the solution. The solution

was decanted to get the yellow solid precipitaiiothe glove box. The solid was washed with
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Et,O and driedn vacuoto give Th[PhB(GH.)(0x"?),] as a yellow solid (0.420 g, 0.555 mmol,
90.8%), which was stored in glove bdd NMR (tertrahydrofurards, 400 MHz): 5 7.34 (d,
33un = 6.8 Hz, 2 Hprtho-CgHs), 7.05 (t,°Jun = 7.2 Hz, 2 HmetaCgHs), 6.96 (t,°Jun = 7.2 Hz,

1 H, para-CeHs), 6.18 (M, 2 H, €H,), 5.84 (m, 2 H, @H4), 3.74 (4 H, CNCMe,CH,O ), 1.30
(s, 6 H, CNCMe,CH,0 ), 1.28 (s, 6 HCNCMe,CH,O )’C{*H} NMR (tertrahydrofurands,
100 MHz): 5 198.62 (brCNCMe,CH,O ), 155.95 (bipso-CsHs), 137.58 ipso-CsHa), 133.61
(ortho-CgHs), 127.35 etaCgHs), 124.47 para-CgHs), 116.90 (GH,), 111.29 (GH4), 80.08 (
CNCMe,CH,0), 67.82 (CNCMe,CH,O ), 29.67 ENCMe,CH,O ), 29.51ANCMe,CH,O ).
1B NMR (tertrahydrofurards, 128 MHz): 6 —=17.0. N NMR (tertrahydrofurards, 71 MHz):
5-99.8. IR (KBr, cm™®): 3059 w, 2958 s, 2924 m, 2878 m, 1578 s, 156484 w, 1459 m, 1428
w, 1380 w, 1361 m, 1342 w, 1290 m, 1250 m, 119a120 s, 1056 w, 1037 m, 1017 w, 966 s,
936 w, 876m, 824 s, 792 w, 777 m, 747 s, 731 s, #4661 w. Anal. Calcd for
C21H2sBON,Tl,: C, 33.32; H, 3.33; N, 3.70. Found: C, 32.61; 1942 N, 3.72. Mp: 195-200 °C,

dec.

{PhB(CsH4)(OxM*?),)YNH'Bu. In a glove box, a vial was charged with[PhB(GsH.,)
(0x"*3),] (0.276 g, 0.364 mmol) and Y&THF); (0.150 g, 0.364 mmol). THF (5 mL) was
added and immediately a white slurry was formece Tifixture was stirred at room temperature
for 1 h. The solution was filtered to obtain the Fisolution of {PhB(GH.)(Ox™*?),}YCI.
Unfortunately, the complex couldn’t be isolategure form.

'H NMR (tertrahydrofurards, 400 MHz): 6 7.55 (d,3Jun = 6.8 Hz, 2 Hortho-CgHs), 6.99 (t,

33un = 7.2 Hz, 2 HmetaCgHs), 6.90 (t,°Juy = 6.4 Hz, 1 H, paraCeHs), 6.26 (m, 2 H, EH.),
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6.05 (M, 2 H, GHa), 3.84 (d Iy = 7.6 Hz, 2 H, CNCMe,CH,O ), 3.76 (dJun = 7.6 Hz, 2 H,

CNCMeCH,0), 1.37 (s, 6 H, CNCMe,CH,0 ), 1.34 (s, 6 HCNCMe,CH,O0 B NMR
(tertrahydrofurardg, 128 MHz):5-16.0.

{PhB(CsH.)(OX*3),)YNH'Bu was synthesized using the THF solution of
{PhB(CsH4)(0x"*3),}YCI preparedin situ. 'BuNHLi (0.029 g, 0.365 mmol) was added to the
THF solution of {PhB(GH4)(Ox"*3,}YCI and then stirred for 2 h at room temperatufée
solution was filtered to remove LiCl. Removal of hamt in vacuo provided
{PhB(CsH)(OX"*),}YNH'Bu as a white solid (0.143 g, 0.281 mmol, 77.2%). NMR
(tertrahydrofurards, 400 MHz): & 7.39 (d,3J44 = 6.8 Hz, 2 Hortho-CgHs), 7.05 (t,3Juy = 6.8
Hz, 2 H,metaCgHs), 6.96 (t,°Juy = 7.2 Hz, 1 H, para-CgHs), 5.85 (m, 1 H, €H,), 5.57 (m, 1
H, CsHg), 5.47 (m, 1 H, €Hj), 4.95 (m, 1 H, €H,), 4.72 (d,°Jyy = 7.2 Hz, 1 H, M'Bu), 3.70
(d, ®3un = 7.2 Hz, 2 H,CNCMe,CH,0 ), 3.43 (dJun = 7.6 Hz, 2 H, CNCMe,CH,0 ), 1.37 (s,
9 H, 'Bu), 1.27 (s, 3 H,CNCMe,CH,0 ), 1.11 (s, 3 HCNCMe,CH,0 ), 1.06 (s, 3 H
CNCMe,CH,0), 1.00 (s, 3 H, CNCMe,CH,0 ).°C{*H} NMR (tertrahydrofurands, 100
MHz): & 198.62 (brCNCMe,CH,O ), 154.91 (bripso-CsHs), 132.98 ¢rtho-CeHs), 127.42

(metaCgHs), 122.07 para-CeHs), 115.87 (GH,), 110.38 (GHa), 80.67 (CNCMe,CH,0 ), 66.82

( CNCMe,CH,0), 30.59 (CNCMe,CH,O ), 29.73 CNCMe,CH,0O ), 28.98 (NEMes), 26.40
(NHCMes). B NMR (tertrahydrofurards, 128 MHz): 5 —15.8.*°N NMR (tertrahydrofurards,

71 MHz): 5 -146.6 (CNCMe,CH,O ) IR (KBr, cmi®): 2965 s, 2927 m, 2877 m, 1576 s, 1460 s,

1430 m, 1367 s, 1303 w, 1260 m, 1192 s, 1149 w,®9970 s, 897 m, 779 m, 730 s, 703 s, 684
w. Anal. Calcd for GsH3sBNsO,Y: C, 58.96; H, 6.93; N, 8.25. Found: C, 58.61;6#49; N,

6.82. Mp: above 200°C.
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TI,[PhB(CsH4)(Ox**™"),]. In a glove box, a vial was charged with H[PhBH{E)(Ox*>®%),]
(0.300 g, 0.738 mmol) and dissolved in@{7 mL). To the solution, thallium(1) ethoxide 410
uL, 1.476 mmol) was added by a microliter syringheTesulting solution was stirred at room
temperature for 12 h. During stirring, an off whielid crushed out from the solution. The
solution was decanted to obtain the solid predipia The solid was washed with,Ex twice
and driedin vacuoto give Th[PhB(GH.)(Ox**®Y),] as a yellow solid (0.560 g, 0.689 mmol,
93%), which was stored in glove bd¥d NMR (tertrahydrofurarts, 400 MHz): 5 7.86 (d, 234y

= 7.2 Hz, 2 Hprtho-CgHs), 7.47 (3344 = 7.6 Hz, 2 HmetaC6H5), 7.28 (t3Juy = 7.6 Hz, 1
H, para-CgHs), 6.36 (m, 2 H, €H,), 6.21 (m, 2 H, €H,), 3.95-3.90 (m, 3 H, CNIEBUHCH0,
CNCt-BUuHCH,O, overlapped), 3.74 (Ju = 8.8 Hz, 1 H, CNEBUHCH,0), 3.47-3.42 (m, 2
H, CNQ-BuHCH,0), 0.78 (s, 9 H, CNEBUHCH,0), 0.76 (s, 9 H, CNEBUHCH,0). **c{*H}
NMR (benzeneds, 150 MHz): 5 199.81 (br,CNCt-BuHCH,0O), 157.28 ipso-CeHs), 138.67
(ipso-CsHy), 134.12 6rtho-CgHs), 128.68 fetaCgHs), 127.82 para-CeHs), 125.06 (GHa),
117.07 (GHa), 76.42 (CNCt-BUHCH,0), 75.60 (CNCt-BUHCH:0), 69.92 (CN&BUHCH,0),
68.99 (CNG-BUHCH,0), 33.88 (CNCOCMe3)HCH,0), 33.82 (CNOCMes)HCH,0), 27.28
(CNC(OMe3)HCH,0), 26.92 (CNC(®™e3)HCH,0). N NMR (tertrahydrofurards, 71 MHz):
5-125.2. "B NMR (tertrahydrofurards, 128 MHz): 5§ —16.0. IR (KBr, cni): 3061 m, 2955 s,
2889 m, 2866 m, 1559 s, 1479 m, 1426 w, 1390 wl1861349 w, 1327 w, 1279 w, 1206 w,
1182 m, 1170 m, 1144 s, 1061 m, 1036 m, 1025 mvQ®E62 s, 930 w, 901 w, 868 w, 847 m,
779w, 735 s, 711 m, 698 m, 659 s. Anal. CalcddgH33BO,N,Tl,: C, 36.93; H, 4.09; N, 3.45.

Found: C, 36.55; H, 4.01; N 2.98. Mp: 186-190 °C.
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{PhB(CsH.)(Ox""®"),}YCI. In a glove box, YG(THF); (0.101 g, 0.245 mmol) was dissolved in
THF (5 mL) and the solution was transferred to al wiontaining TA[PhB(GsH4)(Ox>"®%)]
(0.200 g, 0.245 mmol). The resultant white slurrgswstirred for 1 h at room temperature, and
then filtered to remove TICI byproduct. Removalvofatiles of the filtratein vacuo provided
{PhB(CsH.,)(OXx"®"),}YCl as a white solid (0.115 g, 0.218 mmol, 89.0%H NMR
(tetrahydrofurards, 400 MHz): 6 7.59 (d,Jun = 7.2 Hz, 2 Hprtho-CgHs), 7.06 (t,°Jun = 6.8
Hz, 2 H,metaCgHs), 6.95 (t,*Jun = 6.8 Hz, 1 H,para-CeHs), 6.44 (m, 1 H, €H4), 6.31 (m, 1
H, GsHa), 6.27 (m, 1 H, GHy), 5.95 (M, 1 H, €Hg), 4.30-3.97 (m, 6 H, CNieBUHCH,O, CNQ-
BuHCH,O; overlapped), 0.93 (s, 9 H, CHBUHCH;0), 0.87 (s, 9 H, CNEBUHCH,0).
3c{*H} NMR (benzeneds, 100 MHz):8 193.01 (br,CNCt-BuHCH,0), 134.81 ¢rtho-CgHs),
128.69 tnetaCsHs), 125.11 para-CsHs), 123.91 (GHy4), 122.62 (GH4), 116.66 (GH.), 115.19
(CsH,), 73.04 (CNCt-BUHCH,0), 72.38 (CNCt-BuHCMe0), 68.56 (CNGBUHCH,0), 67.11
(CNCt-BUHCH,0), 33.21 (CNOCMe3)HCH;0), 28.17 (CNOCMez)HCH,0), 25.82
(CNC(OMe3)HCH,0), 25.01 (CNC(®es)HCH,0). **N NMR (benzeneds, 41 MHz): 5-148.5,
~150.2.1'B NMR (tetrahydrofurards, 128 MHz): § -15.9. IR (KBr, cn1): 3069 w, 3045 w,
2958 s, 2906 m, 2870 m, 1552 s, 1478 s, 1429 w6 1891367 m, 1349 w, 1286 w, 1263 w,
1184 s, 1053 m, 1039 m, 960 s, 850 m, 785 s, 785%m.Anal. Calcd for GsHzsBCIN,O,Y:

C, 56.79; H, 6.29; N, 5.30. Found: C, 56.03; H16, 4.86. Mp: above 200 °C.

[PhB(CsH4)(Ox*R1P M2y 7r(NMe ,)][B(CeFs)sl. In  a glove box, {PhB(gH.)(OX*
IPrMe3 17r(NMe»), (0.150 g, 0.245 mmol) was dissolved in 5 mL beezand the solution was
transferred to a vial containing [§21[B(CsFs)4] (0.226 g, 0.245 mmol). The mixture was stirred

for 5 min, and a light yellow precipitate formedhel solution was decanted, and the precipitate
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was washed with pentane. The solid was dried inuwac to afford [PhB(€H.)(Ox™
IPrMed Zr(NMe,)][B(CsFs)a] as a light yellow solid (0.226 g, 0.181 mmol, 9%), which was
stored at-30 °C in glove box'*H NMR (bromobenzends, 400 MHz):57.97 (d,*Juy = 7.2 Hz,

2 H, ortho-CgHs), 7.46 (m, 2 HmetaCgHs), 7.37 (m, 1 H, paraCgHs), 6.67 (m, 1 H, gHy),
6.50 (m, 1 H, GHs), 6.23 (M, 1 H, GHa), 6.12 (m, 1 H, GH,), 3.31 (d, 2 H3Juy = 6.6 Hz,
CNCiPHCMe,0), 3.24 (d, 2 H3Jyy = 6.6 Hz, CNGPHHCMe,0), 2.76 (s, 6 H, NM#, 1.67
(m, 2 H, CNC(®GMe,)HCMe0), 1.31-0.93 (24 H, CNC(CHe,)HCMe,0). *C{*H} NMR
(bromobenzenés, 150 MHz): 6 153.42 (br,ipso-CgHs), 148.01 (br, €Fs), 145.96 (br, EFs),
138.25 (br, GFs), 135.99 (br, GFs), 134.74 (br, @Fs), 133.71 6rtho-CsHs), 128.90 (neta
CeHs), 124.02 para-CeHs), 123.57 (GHa), 119.62 (GH4), 113.37 (GH4), 112.82 (GH4), 87.21
(CNCiPrHCMe,0), 85.63  (CNECPrHCMe,O), 79.85 (CICiPrHCMeO),  78.49
(CNCIiPrHCMeO),  45.40  (NMg), 31.04  (CNCCHMe)HCMe0),  31.57
(CNC(CHMe»)HCMe,0),  30.84 (CNG@PrHCMeO), 30.44 (CNGPrHOMe0), 21.96
(CNCiPrHOMe;0), 21.81 (CNEPrHOMe0), 20.75 (CNC(CMWe)HCMe0), 20.52
(CNC(CHVIe;)HCMe,0), 20.41 (CNC(CMe))HCMe0), 20.25 (CNC(CMe))HCMe,0). °F
NMR (bromobenzenes, 376 MHz, 25 °C):5-132.1 (s brprtho-F), -161.8 (t,°Js= = 21.1 Hz,
para-F), —165.7 (t,%J = 16.8 Hz,metaF). *'B NMR (bromobenzeneds, 128 MHz): 5 -15.1,
~15.9. °N{*H} NMR (benzeneds, 71 MHz): § -159.1,-164.4 (QNCiPrHCMe0). IR (KBr,
cmY): 2972 m, 2966 w, 1554 s, 1464 s, 1375 w, 1273088 m, 980 s, 887 w, 821 w, 775 m,
756 m, 684 m, 662 m. Anal. Calcd fogsH43B.F20N30.Zr: C, 51.06; H, 3.48; N, 3.37. Found: C,

50.41; H, 3.04; N, 2.97. Mp: 133-137°C, dec.
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N-Allyl-2,2-diphenylpent-4-enylamine (16a).2,2-diphenylpent-4-enal was prepared according
to the literature procedufé.A flame dried flask was charged with Mg$Q@..00 g) and a
solution of 2,2-diphenylpent-4-enal (0.639 g, 2nithol) in 7 mL methylene chloride. The flask
was cooled to 0 °C and then excess allylaminerf8040.0 mmol) was added by a syringe. The
solution mixture was stirred at room temperature@roight. The solution was filtered and
extracted with methylene chloride. All the volagilwere removed under vacuo to give the imine
as a light yellow gel (0.720 g, 2.61 mmol, 96.69).NMR (chloroformd, 400 MHz):5 8.01

(s, 1 H, G=N), 7.32-7.18 (m, 10 H, §Bls), 6.04-5.94 (m, 1 H, $L=CHCH=N), 5.73-5.63 (m, 1

H, H,C=CHCH,C), 5.16-5.08 (m, 2 HH,C=CHCH=N), 4.91-4.85 (m, 2 Hi,C=CHCHC),
4.09 (d,%Jun = 8.0 Hz, 2 H, HC=CHCH=N), 3.19 (d,3J4u = 8.0 Hz, 2 H, HC=CHCH,C).
13c{*H} NMR (100 MHz, chloroforme)): & 168.73 (CH=N), 143.93 ({Es), 136.12 CH=CHy),
135.19 CH=CH,), 129.07 (GHs), 128.36 (GHs), 126.75 (GHs), 117.60 (CHEH,), 115.91
(CH=CH,), 63.34 (HC=CHCH=N), 56.65 [C(CgH5s)2], 41.55 (HC=CHCH.C).

A flame dried flask was charged with solution ofne (0.720 g, 2.61 mmol) in 5 mL dry
methanol. The flask was cooled to 0 °C and then Ha@®.090 g, 2.38 mmol) was added in
small portions under argon flow. The reaction migtuvas stirred at room temperature
overnight. Aqueous NaOH (25%, 2.5 mL) was added & and then stir at room temperature
for 1 h. The organic layer was separated and theacs layer was extracted with diethyl ether
(3 x 20 mL). The combined organic layers were dnigith NaoSO,. After removal of the solvent,

a light yellow gel was obtained that was purifieg short silica gel column chromatography
(hexane:EtOAc = 3:1, R= 0.68) to yieldN-allyl-2,2-diphenylpent-4-enylamine as a colorless
gel (0.544 g, 1.96 mmol, 75.1%). The amine wasalliesl in dry pentane in glove box, stir with

CaH, for 3 days and then filter. Removal of solventyided dry N-allyl-2,2-diphenylpent-4-
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enylamine, and was used in cataly$i$.NMR (chloroforméd, 400 MHz): 5 7.28-7.16 (m, 10 H,
CeHs), 5.82-5.73 (m, 1 H, ¥C=CHCH,N), 5.42-5.32 (m, 1 H, L=CHCH,C), 5.09-4.91 (m, 4

H, H,C=CHCHN), 3.18 (s, 2 H, 6,NH), 3.16 (dJun = 6.0 Hz, 2 H, HC=CHCH,N), 3.00 (d,
334n = 6.8 Hz, 2 H, HC=CHCH,C), 0.56 (1 H, M). **C{*H} NMR (100 MHz, chloroformel): &
147.05 (GHs), 137.60 CH=CH,), 135.10 CH=CH,), 128.27 (GHs), 128.16 (GHs), 126.17
(CeHs), 117.81 (CH€H,), 115.73 (CH€H,), 55.48 CH,NH), 53.02 CH.NH), 50.26
[C(CeHs)2], 41.84 (HC=CHCH,C). IR (KBr, cni®): 3059 s, 3024 s, 2977 s, 2912 s, 2817 S, 1947
w, 1875 w, 1806 w, 1751 w, 1639 s, 1598 m, 1580495 s, 1445 s, 1414 s, 1333 m, 1315 m,
1292 m, 1259 m, 1186 w, 1147 m, 1114 m, 1032 m,9IHBI5 s, 785 m, 757 s, 729 m, 699 s,
657 w. MS (ESI) exact mass Calcd. fofld,3N: m/z 278.1903 ([M+H']), Found: 278.1909X

—2.07 ppm).

N-Allyl-2,2-phenyl-2-methyl-pyrrolidine (16b). *H NMR (chloroformd, 400 MHz): § 7.27-
7.01 (m, 10 H, €Hs), 5.92-5.82 (m, 1 H, BC=CHCH,N), 5.14-4.99 (m, 2 H, $C=CHCH,C),

3.75 (d,%Jus = 10.0 Hz, 1 H, PICCH:N), 3.42 (m, 1 H, HC=CHCH,C), 2.78 (m, 1 H,
PhbCCH3N), 2.72 (d 23y = 10.0 Hz, 1 H, IC=CHCH,C), 2.67 (m, 1 H, CkCHMe), 2.60 (m, 1
H, CH,CHMe), 2.07 (m, 1 H, 8,CHMe), 1.02 (d,*Juy = 6.0 Hz, 3 H, CiWeNH). **c{*H}

NMR (100 MHz, chloroformd): & 150.69 (GHs), 149.10 (GHs), 136.80 CH=CH,), 128.43
(CeHs), 128.23 (GHs), 127.63 (GHs), 127.42 (GHs), 126.06 (GHs), 125.73 (GHs), 116.86
(CH=CHy), 66.80 (PBCCH.N), 59.93 CHMe), 57.18 (HC=CHCH,C), 52.74 (CsHs),], 48.21
(CH,CHMe), 19.59 (CHe). MS (ESI) exact mass Calcd. forp,dH23N: m/z 278.1903

(IM*+H"]), Found: 278.1909X —2.07 ppm).
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2,2-Diphenyl-6-methyl-pyrrolizine (diastereomeric mixture of cis and trans) (16c)
g o b

o el
P A\_-N_/C ~ 3

f d

'H NMR (chloroforméd, 400 MHz): 5 7.43-7.12 (m, 10 H, &1s), 4.08-4.05 (d®Jun = 9.2 Hz, 1
H, ), 3.62-3.54 (m, 1 He), 3.32-3.28 (M, 1 Hd), 2.91-2.89 (d°Juy = 9.6 Hz, 1 Hf), 2.67-2.59
(m, 1 H,Q), 2.50-2.42 (m, 1 Hg), 2.21-2.17 (m, 2 HJ andg overlapped), 2.09-2.01 (m, 1 Hi),
1.20-1.12 (m, 1 Hb), 1.06-1.04 (d*Jun = 6.8 Hz, 3 Ha), 1.02-1.00 (d*Jun = 6.8 Hz, 3 HA).
¥3c{*H} NMR (100 MHz, chloroformd): & 128.66 (GHs), 128.51 (GHs), 127.14 (GHs),
127.05 (GHs), 126.22 (GHs), 126.17 (GHs), 66.93 f), 66.84 f), 65.36 (), 65.20 @), 59.80 @),
59.74 €), 52.20 h), 52.16 h), 48.41 ), 48.55 (), 35.09 b), 35.04 b), 34.29 ¢), 34.21 ¢€),
17.75 @), 17.60 &). MS (ESI) exact mass Calcd. fopgd823N: m/z 278.1903 ([N+H"]), Found:

278.1907 4 —1.35 ppm).

General procedure for catalytic hydroamination/cyclzation.

Procedures for micro-molar scale catalysis, kisetend determination of % ee for optically
active pyrrolidines are described here specificdhthe yttrium chemistry.

Micromolar-scale catalysis.In a typical small-scale hydroamination experiment]. Young
style NMR tube with a re-sealable Teflon valve wharged with 0.120 mmol of an aminoalkene
substrate, 6umol of catalyst {PhB(GH4)(Ox""®*),}YCH,SiMe;, and 0.5 mL of solvent
(benzeneds or tolueneds). The tube was sealed, and the reaction was nreditoy'H NMR
spectroscopy at regular intervals.

Procedure for isolation of optically active pyrrolidines. A flask was charged with the catalyst

{PhB(CsH4)(Ox>™®"),}YCH,SiMe; (0.060 g, 0.103 mmol), benzene (20-30 mL) and the
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appropriate aminoalkene (2.58 mmol). The soluticxs wgtirred at room temperature for 3 h.
Then, the products were purified by fractional ilegion in vacuoto afford the pyrrolidine
products as colorless oils.

2-methyl-4,4-diphenylpyrrolidine4p) was purified by Kugelrohr distillation. Yield: 98 bp:
125 °C, 1 mBar (dynamic vacuum on a high vacuum line).
3-methyl-2-aza-spiro[4,5]decanéh); yield: 95%, bp: 100-105 °C, 0.1 mm Hg (dynamic
vacuum).

2-Methyl-4,4-bis(2-propenyl)pyrrolidin€’b). Yield: 97%, bp: 86-90 °C, 5 mm Hg.
4-allyl-2,4-dimethyl-pyrroliding8b). Yield: 95%, bp: 47-52 °C, 5 mm Hg.
4-allyl-2-methyl-4-phenyl-pyrrolidin€10b). Yield: 96%, bp: 148-153 °C, 2 mm Hg.
4-allyl-2-methyl-4-(4-bromophenyl)pyrrolidinel {b): Yield: 94%, bp: 120-125 °C, 0.1 mm Hg

(dynamic vacuum).

Procedures for NMR kinetic measurements.Reaction progress was monitored by single scan
acquisition of a series & NMR spectra at regular intervals on a Bruker DRB4pectrometer.
The concentrations dZ-(1-allyl-cyclohexyl)-methylamine and 3-methyl-2aagpiro[4,5]decane
were determined by integration of resonances cporeding to species of interest and integration
of a tetrakis(trimethylsilyl)silane standard of acately known and constant concentration (4.36
mM in toluenedg). The temperature in the NMR probe was preseeémh experiment, and it
was kept constant and monitored during each expatinfror reactions heated above 296 K, the
probe temperature was calibrated using an 80%eaxthyylycol sample in 20% DMS@-using

the equation: T = [(4.218\)/0.009132] K A equals the chemical shift difference of the two

ethylene glycol resonances). For reactions at padd at 296 K or below, the probe was
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calibrated using COH using the equation T =23.832A% — 29.46A + 403] K (A = chemical

shift difference of two peaks of GBH).*®

Method for measuring kinetics of conversion of aminalkene to pyrrolidine. Catalytic
conversion ofC-(1-allyl-cyclohexyl)-methylamine into 3-methyl-2za-spiro[4,5]decane using
{PhB(CsH,)(Ox>™®"),}YCH ,SiMe; as a catalyst is described. The stock solutioBi(8iMes), in
tolueneds (0.50 mL) was added by a 1 mL glass syringe to@k amount of {PhB(gH,)(Ox®
BY,}YCH ,SiMe; (0.0040 g, 6.89mol) in a glass vial. The resulting solution waansferred to

a NMR tube, capped with a rubber septum, antHaNMR spectrum was acquired. The
concentration of catalystvas determined from thiSH NMR spectrum by comparison of
integration of resonances assigned to catalyst tvdhfrom the internal standard. Neat substrate
C-(1-allyl-cyclohexyl)-methylamine (0.021 g, 137:8nol) was added to the NMR tube by
injecting through the rubber septum. Then, the NNlbe was quickly placed in the
spectrometer. Single scan spectra were acquireamatitally at preset time intervals at a
constant temperature. The concentrations of substad product at any given time were
determined by integration of substrate and prodesbnances relative to the integration of the

internal standard. A linear least squares regresamalysis of substrate concentrations (M)

time correlated to the equationsnpd; = In[subgo — kopd.

Procedure for measuring initial rates of cyclizatim. A 5 mL stock solution in toluends
containing a known concentration of internal stadd@trakis(trimethylsilyl)silane (0.0070 g,
0.0218 mmol, 4.36 mM) and catalyst (5.89 mM) waspared using a 5 mL volumetric flask.

The stock solution (0.50 mL) was added to a NMRefubhich was capped with rubber septum.
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The substrat€-(1-allyl-cyclohexyl)-methylamine (0.021 g, 137u8hol) was added to the NMR
tube by injecting through the rubber septum. Thae, NMR tube was quickly placed in the
NMR spectrometer. Single scan spectra were acqaingzmatically at preset time intervals at a
constant temperature.

The initial rates for the cyclization @-(1-allyl-cyclohexyl)-methylamine were measured for
concentrations of the substrate ranging from 0.10123 M at constant catalyst concentration
(5.89 mM). Linear regression fits for [substrate§ time for the first 126 s of the reaction
provided the initial rated{subd/dt) for a particular initial substrate concentrat{galculated as
average substrate concentration over 126 s). Alinear least squares regression analysis of

d[subd/dt vs [subqgin showed good correlation to the equation:

~d[subs] . k,[cat]{[subs] - [cat]}

ot K+ {[subs] - [cat]} + Kg{lsubs] - [cat]}’

Equation 1 is contains modifications from the stdenzymatic equation for inhibition by

excess substrate shown in equatidi 2.

2 (9

€ is the total enzyme concentratioa,is the substrate concentratidg, is the rate constant
turnover-limiting stepK'n is a modified Michaelis constanK'f, = (k1 + ky)/k;). Equation 2

describes the general enzymatic mechanism of exquati

www.manaraa.com



189

Equation 2 was modified to give equation 1 by cdesng the activation of the catalyst, which

consumes one equivalent of substrate accordinguat®n 4:

\Y—CH SiM Z \Y—N 7 i
Ph—B>YIV‘.- LSiMe; + HZN/K\/ - Ph—B>YIV“_, HK\/ + S|Me4 4)
SN SN

{S-3)YCH,SiMe,

(@)

Thusa in equation 2 is modeled as\ipbg-[ cat]) in equation 1.

Equation 2 was further modified by altering theinigibn of Ks.. The valueKs, (equilibrium
constant for substrate inhibition) is normally defi as:

Ksi = EA/AEA = [substrate][catalystesubstrate]/[substscatalystesubstrate]

(i.e., adissociationconstant)® Kg; is defined here as the substrate binding constant
[substratescatalystesubstrate]/[substrate][catedukistrate] = {[sub] — cat]}{cat]{[sub] —

[cat]}/{[sub] — [cat]}{[catesub}. Thus, a largeKg, value corresponds to greater inhibition.

Measurement of the activation parameters.

1. Eyring plot from second-order rate constants:Rate constant& were measured at the
constant catalyst and initial substrate conceitnati over five temperatures ranging from 271 K
to 315 K using the method described above. The Ipigt/T) vs. 1/T provides the values of

7.5(3) kcal mofl andAS" =-38(1) cal-motK™ using standard Eyring analyéfs.
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2. Eyring plot from initial rates: Using the initial rate method described above, rte
constantsk, were measured at temperatures ranging from 273 XL®K, keeping the catalyst
and initial substrate concentration constant irheageriment. The plot Ikf/T) vs 1/T provides
the values of From this platH* = 7(1) kcaimol™ andAS' = —40(4) calmol*K™ are calculated,

using standard Eyring analysis.

Procedure for determination of enantiomeric excessf pyrrolidine products.

NMR spectroscopy.The *H and**F NMR spectroscopic methods were used to evalbeté/
ee of the pyrrolidines products of enantioselectiydroamination/cyclization. 3-methyl-2-aza-
spiro[4,5]decanebp), 4-allyl-2,4-dimethyl-pyrrolidine(8b), 3-methyl-2-aza-spiro[4,4]nonane
(6b), 4-allyl-2-methyl-4-phenyl-pyrroliding9b), and 2-Methyl-4,4-bis(2-propenyl)pyrrolidine
(7b) were separated from the catalyst by vacuum trar(@f@’ mBar) to a 10 mL flask. 2-
Methyl-4,4-diphenylpyrrolidine 4b) and 4-allyl-2-methyl-4-(4-bromophenyl)pyrrolidin&1b),
2-methyl-5,5-diphenylpiperidinel8b) were purified by silica gel flash chromatogragpipette
column) with 95:5 CHCI,:CH3;OH as an eluent, and then all volatiles were remdwe rotary
evaporation.

Benzene (2 mL) and triethylamine (5.0 equivalergelobon the amount of aminoalkene
used during catalysis) were added to the purifigdrgtidine. To this solution, (+))-a-
methoxye-(trifluoromethyl)phenylacetyl chloride (1.2 equigat based on the amount of
aminoalkene used during catalysis) was added. dlwtien was mixed and immediately a white
suspension appeared ([HNHEEI]). The mixture was stirred for 1 h, and alletlsolvents were
removed under vacuum. The residue was extractdd pehtane. Pentane was removed under

vacuum to give the corresponding Mosher-amide esl@less oil. No further purification was
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performed, since crystallization, chromatographysublimation could result in biased results by
separation of the diastereomers. The enantioselsesi were determined by either integration of

% NMR (60°C or 83 °C in CDG, or 125 °C in GDsBr).
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Chapter 5. Acceptorless thermal decarbonylation of alcohols ¢alyzed by oxazolinylborato
iridium complexes
Modified from a paper to be submittedXoAm. Chem. Soc.

Kuntal Manna’, Naresh Eedugurala, Hung-An Ho, Arkady Ellern, AsBx Sadow

Abstract

A series of bis- and tris(oxazolinyl)borato iridiu and rhodium complexes are
synthesized with bis(4,4-dimethyl-2-oxazolinyl)plyorane [PhB(OX®?),],, tris(4,4-dimethyl-
2-oxazolinyl)borane [B(O%*?)3],, and tris(4,4-dimethyl-2-oxazolinyl)phenylboratéol']” as
proligands. [PhB(O¥%9),], reacts with [M{-Cl)(7*-CsH12)]2 in methylene chloride at room
temperature providing the corresponding complexeSIB(0xX"¢),M(5*-CgH1z) (M = Ir, Rh)
via halide abstraction. The B-Cl moiety of PhCIB{53,M(5*-CgH1,) can be substituted by
treatment with nucleophiles to afford R(Ph)B{S3.M(5*-CsH12) (R = Ph, PBSiO). Likewise,
the reaction of [B(O¥*%)3], and [Rhf-CI)(CO)], in THF affords CIB(Ox"*%),Rh(CO) via
chloride abstraction. Tris(4,4-dimethyl-2-oxazolyphenylborato iridium and rhodium
complexes TYM(5*-CgH1) (M = Ir, Rh) are also prepared by treatment ofotl (thallium
tris(4,4-dimethyl-2-oxazolinyl)phenylborate) and ([tWCl)(iy4-C3H12)]2 in benzene. All these
newly synthesized rhodium and iridium complexes eveexamined in acceptorless
dehydrogenative decarbonylation of primary alcohdlbe catalysts survey shows that the
compound TYIr(;*-CgH1,) is the most active for the conversion of primatgohols into alkane,

H,, and CO at 180 °C in toluene. Several aliphatid @momatic primary alcohols are

* Primary researcher and author

" Author for correspondence
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decarbonylated in the catalytic conditions. Fumteme, Td'Ir(5%-CeHy) is also able to

decarbonylate polyols such as ethylene glycol daycegol to syngas (FHand CO) at 180 °C.

Introduction

Biofuels are increasingly important, driven by Higil price, depletion of petroleum
resources, and political concerns about fossilstu€he industrial production of biofuels from
biomass feedstocks is primarily based on fermeamatnd gasification processe$he catalytic
defunctionalization such as decarbonylation, deerggjon, or denitrogenation of highly-
functionalized biorenewable materials to hydrocadbds an alternative approach to produce
biofuels. The removal of oxygen- and nitrogen-comte functional groups however requires
hydrogen as the stoichiometric reductaitherefore, the development of catalytic reactifoms
selective defunctionalization without using anyicgt@metric reductant or sacrificial reagents is
very crucial to improve hydrogen and carbon efficigin biofuel productiof.

In this context, the catalytic alcohol deoxygematio via tandem
dehydrogenation/decarbonylation is particularlyerasting because of its potential application
for transforming highly oxygenated biomass-derineaterials such as polyols and cellulose into
hydrocarbon fuel§.Furthermore, the enthalpy content of the prodigtsigher than reactants

(AHx>0), and the byproduct is syngas H, and CO (Scheme 5.1).

. 0 :
dehydrogenation ] decarbonylation | AH = 22-30 keal/mol
R H -CO

RCH,OH
_H2

Scheme 5.1 Catalytic hydrocarbon formation from alcoheia tandem dehydrogenation and

decarbonylation processes.
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Numerous examples of stoichiometric alcohol deaaytziion have been demonstrafed.
Several iridiunf®®M"®95M rhodium® and rutheniur®f®?*"® complexes can decarbonylate
primary alcohols stoichiometrically under thermalpbotochemical conditions to give carbonyl-
incorporated complex as the product. Catalytic pimréess dehydrogenation of alcohadsd the
decarbonylation of aldehydeare also well documented. However, these two stepgarely
coupled in catalytic processes because dehydrageneatalysts are often inhibited by CO
product of decarbonylation. Therefore, the catalgiecarbonylation of alcohol typically requires
a CO trap. In the pioneering studies of acceptsrédsohol decarbonylation, the conversions of
ethanol into CO/CgQ H,, and CH were accomplished by rhodium(l) phosphine catalysider
basic conditions at 150 °CSimilarly, the decarbonylation of alcohol was eaygld as a CO
source in intramolecular Pauson—Khand reactiatalyzed by [{(dppp)RhCI(CO}} [dppp =
bis(diphenylphosphino)propan®]. Recently, sunlight-driven dehydrogenation and
hydrogenolysis of benzyl alcohol have been achiésesemiconductor-metal photocatalySts.

Our group recently reported an acceptorless dengtation of several aliphatic and
aromatic primary alcohols to hydrocarbons, CO, &hdcatalyzed by T8Rh(CO) [To™ =
tris(4,4-dimethyl-2-oxazolinyl)phenylborat¥]. The decarbonylation reactions were performed
under UV irradiation at room temperature in neus@ltion. However, the low quantum yields
and the inability to decabonylate polyols limitgtphotocatalysis for conversion of oxygenates.
These limitations motivated us to search for catalyor acceptorless alcohol decarbonylation
under thermal conditions. Herein, we report acadgde thermal decarbonylation of primary
alcohols catalyzed by an oxazolinylborato iridiummplex. Furthermore, the iridium catalyst

has been applied for conversions of polyols to agng
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Results and discussion
Synthesis and characterization of proligands

A series of iridium and rhodium compounds contagnbis(oxazozolinyl)borate and
tris(oxazolinyl)borate ligands are synthesized. M¢ed both borane and borate precursors for
metallation. The precursors for bis(oxazolinyl)deracompounds were bis(4,4-dimethyl-2-
oxazolinyl)phenylborane [PhB(#%?),], and bis(4,4-dimethyl-2-oxazolinyl)diphenylborate
[Ph,B(OxM%),]". Additionally, tris(4,4-dimethyl-2-oxazolinyl)bone [B(OX"*%)3], and tris(4,4-
dimethyl-2-oxazolinyl)phenylborate [t%~ were used as precursors for synthesizing
tris(oxazolinyl)borate complexes.

The synthesis and characterization of oligomeBhE(OX"®?),], was described in the
chapter 22 [B(OxV®?)4], is synthesized through a similar method as [PhB&)¥, from 4,4-

dimethyl-2-H-oxazoline (2H-0%3) by two steps (eq 5.1).

~

o nBuLi O oa3sBcl, ~-N (N—( 61
R SRR S S O
R THF, -78 C \“/™~N —/8Ctort 0
N
48 h
[B(OXMez)e,]n

51

2H-OxMe?2

Deprotonation of 2H-O%? with nBuLi in THF at =78 °C occurs selectively at the @sjtion to
give the 4,4-dimethyl-2-lithio-2-oxazolide (2Li-¥%). Addition of 0.33 equiv of BGlin hexane

to the THF solution of 2Li-O¥? followed by stirring at room temperature for 3§énerates a
white precipitate, which is isolated as [B(%%3], (5.1) in 72% yield.5.1is insoluble in
hydrocarbon solvents including benzene, toluene;,Tathd acetonitrile, however it is soluble in
methanol. The poor solubility of [B((%?)3], suggests that it is an oligomeric species resulting
from coordination of one oxazoline to the boronteerof another B(O%%; monomer. The

similar oligomeric nature of [PhB(®%%),], was characterized by solid stdt® NMR, which
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was discussed in chaptet2The’H NMR of 5.1 in methanold, showed one set of oxazoline
resonances as one singlet at 1.23 ppm for inegnvahethyl groups and another singlet at 3.78
ppm for inequivalent methylene protons of the thoeazolines. The pattern of tHel NMR
suggests thab.1 is Cs, symmetric in methanal,. The*’B NMR spectrum of [B(OX®34], in
methanold, contains one broad singlet at —8.1 ppm (width at-height, Avi, = 190 Hz).
Comparison of''B NMR chemical shifts and linewidths with [PhB{¥%).], (-4.1 ppm in
methanolds, Avi, = 82 Hz) andhe lithium salt of tris(4,4-dimethyl-2-oxazolinghenylborat&
(Li[To™], =17.0 ppm in acetonitriles, Av1, = 12.5 Hz) suggests that [B(8%)s], contains a
neutral four-coordinated boron center, and it sgrsed to the solvent adduct B(¥%)s(OHMe).

In the solid state IR spectrum 5fl, a single oxazoline-based bangy= 1608 crit, KBr) was
observed at lower energy than that of 4,4-dimefhfl-oxazoline Ycy = 1630 cnt). This IR
data is consistent with boron-oxazoline interadidimrough the imidine nitrogen &1 in the
solid state.

A monoanionic ligand thallium bis(4,4-dimethyl-2azolinyl)diphenylborate 5.3) is
synthesized by two steps from [PhB($%,], (eq 5.2). The treatment of PhLi with
[PhB(OX'®),], in THF followed by silica gel column chromatographyprovide
bis(oxazolinyl)diphenyl boraté(2) as protonated species in 38% yield. The singtesirarp™'B
NMR resonance dé.2at —14.5 ppmd4Avi, = 50.5 Hz) indicateS.2 as a four coordinated borate.
In the next step, the reaction ®2 and TIOEt in E£O at room temperature yields the thallium
salt of bis(4,4-dimethyl-2-oxazolinyl)diphenylboeaTI[Ph.B(Ox"*?),] (5.3) as a white solid in
91% yield. One set of oxazoline resonances in'th& MR spectrum, and one sharp singlet at
-13.1 ppm fvi, = 31.0 Hz) in*'B NMR spectrum were observed in benzelgeA single™N

NMR signal of —107.1 ppm references to nitromethamggests that both oxazolines513 are
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coordinated to thallium metal. For comparison, ¢ NMR chemical shift of thallium salt of

tris(4,4-dimethyl-2-oxazolinyl)phenylborate ligaglTo") is -117.3 ppnt®

< /1

> ’//I A\ [l N
N/~ N1~
(N—( __Phli__ Phe_ .UN TIOEt ~ Ph< --\\‘4/NT -
Ph—B= \\/ /B"‘ N /B o\ ( . )
< Oj\ THE, 120 PR YO B P SN

silica gel O -EtOH
[PhB(OxMe2),], 5.2 5.3

Table 5.1. "B, ™™ NMR chemical shifts, andveny values for oxazolinylboranes,

oxazolinylborates, and their iridium and rhodiunmgsexes®

Compound YBNMR ()2 | **N NMR (o) 2 Ven
(KBr, cm™)

PhB(0OX"*%), (4) in acetonitrilee; -8.1 -147.0 1551
B(0x"*%)3(5.1) in methanold, -8.6 n.a. 1608
H[Ph,B(0x"*%),] (5.2) ~14.5 -170.5 1580
TI[Ph;B(0X"%);] (5.9) ~13.1 ~107.1 1593, 1581
PhCIB(OX"™?),Ir(5*-CgH12) (5.4) -7.6 -182.5 1564
PhCIB(OX"?),Rh(;*-CsH12) (5.5) -6.8 -180.5 1578
PhCIB(OX"*%),Rh(CO) (5.6) -8.3 -199.0 1580, 1551
Ph(PhSiO)B(0X"*%),Rh(;*-CgH12) —4.5 -185.5 1575
(5.7
Ph(PhSiO)B(0X"®%),Li(THF), (5.8) —6.1 -151.1 1601, 1586
PhB(OX"*%),Ir(5*-CgH12) (5.9) -12.8 -152.2 1588, 1555
CIB(Ox"*%)3;Rh(CO) (5.10) -9.3 n.a. 1599
To"Ir(#*CsH1o) (5.1) ~16.4 ~154.9,-192.9 | 1607, 1558
To"Rh(;*-CgH10) (5.12) -16.3 ~161.1,-169.2 | 1611, 1567

allg and™N NMR was taken in benzenk; otherwise noted.
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Synthesis and characterization of bis- and tris(oxazolinyl)borato iridium and rhodium
compounds

Two general routs provide oxazolinylborato iriditand rhodium complexes. The first
route involves reaction of oxazolinylboranes andaiehlorides, followed by substitution of
chlorine with a nucleophilee(g, RLi; eq 5.3). A second approach involves saltathesis of
thallium oxazolinylborate salts and metal chloridége will first describe the synthesis and
structural characterization of bis(oxazolinyl)baratidium and iridium complexes. Then, the
synthesis and properties of tris(oxazolinyl)boraaeplexes will be discussed.

Ph

/
T ~ ROB ML,
S \\(gj\ 0.31 MCLy t\ jiLcll - ;\V (5.3)

[PhB(0X"%%),], contains variable amount of LiCl, and thereforeesec[PhB(OX®?),],is

needed to prepare bis(oxazolinyl)borato metal cesss. [PhB(OX®%),], reacts with 0.31 equiv

of [M(ﬂ-C')(ﬂ4-C3H12)]2 (M = Ir, Rh)in methylene chloride at room temperature over 1® h
provide PhCIB(OX®?).Ir(5*-CgH12) (5.4 and PhCIB(O¥®%),Rh(;*CsH12) (5.5 (Scheme 5.2).
Analytically pure materials5.4 and 5.5 are obtained as orange and deep yellow solids
respectively after recrystallization at —30 °C. $&air-sensitive complexese unchanged in
benzene for 6 h at 60 °C, however they decompdeesysat 80 °C. In thé¢H NMR spectrum,
one set of oxazoline resonancesy( two singlets assigned to diastereotopic methglugs at
1.01 and 0.80 ppm, and two doublets at 3.57 andl 3@8n for methylene groups) sugg€st
symmetric species fob.4 Additionally, the !B NMR spectrum of5.4 exhibited a single
resonance at7.6 ppm in benzends. One'>N NMR signal was observed at -182.5 ppm, which

was 54.6 ppm upfield in comparison to that for 263 (-127.9 ppm). Furthermore, only one
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signal assigned to a CN stretching frequency ozobkiaes was observed in the IR spectrum at
1565 cn, which is again lower in energy compared to tbatrfon-coordinated oxazolinedy =
1630 cnt). These®N NMR and IR data suggest that both oxazolinesdinate to the iridium
center in5.4. Similar spectroscopic patterns in the NMR andairéd spectra were observed for

PhCIB(0%"*%),Rh(;*-CgH12) (5.5).

Ph

N\
A\
W

/ S
e hylene chioride /=l
/ methylene chloride =
ph—Bg%%\‘ ¢ 031 MEC(r*-Catholl (}g’“ i

rt, 12 h
0]

M = Ir (5.4); 91%

M = Rh (5.5); 87%

Scheme 5.2Synthesis of bis(oxazolinyl)borato iridium anadium complexes from [PhB(#%),], via
chloride abstraction.

X-ray quality crystals of PhCIB(Q%?),Ir(5*CsH1) (5.4 and PhCIB(OX®?),Rh(;*-
CgH1o) (5.5 are obtained from concentrated solution mixturéotuene and pentane cooled to
—-30 °C. Single crystal diffraction studies confiminthe structures and the formation of a B—CI
bond in bothb.4 Figure 5.1) and.5 (Figure 5.2). Both structures have a crystallogm@aphirror
plane. The crystal structure 6f4 shows both oxazolines coordinate to iridium, ane tivo
nitrogen-iridium distances are equivalent (Irl —-NA110(2) A). Chelation forms a six-
membered ring, and B1-C10-N1-Ir1-NC10 atoms in the ring adopt a boat conformation.
The phenyl group is pseudoaxial, and the chlosneseudoeuatorial. The phenyl group is closer
to the iridium than chlorine atom. The B-Cl distaric5.4is 1.894(3) A. The rhodium complex
5.5 has similar crystal structure &6f4. The two nitrogen-rhodium distances are also edjent

[Rh1-N1, 2.110(2) A], and the B—ClI distancebifis 1.900(4) A.
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Figure 5.1. ORTEP diagram of PhCIB(&)lr(4*-CsH1) (5.4). Ellipsoids are plotted at 50%
probability, and hydrogen atoms are not illustrated clarity. Bond distances (A): Ir1-N1, 2.110(2);
Ir1-C4, 2.112(2); Ir1-C3, 2.123(2); B1-Cl1, 1.89%4(3
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Figure 5.2. ORTEP diagram of PhCIB(¥%),Rh(;*-CsH1.) (5.5). Ellipsoids are plotted at 50%
probability, and hydrogen atoms are not illustrafi@dclarity. Bond distances (A): Rh1-C12, 1.852(3)
Rh(1)-C(11), 2.127(3); Rh(1)-N(1), 2.123(2); B1-C11900(4)

The abstraction of hydride, alkyl, and amido grduggm metal center by Lewis acids
such as B(EFs)s, PhB(GFs)s, BPh, [PhsC][B(CeFs)s], and others are well documented in
literature’® However, the chloride abstractions from JMEI)(5*CgHi12)]> (M = Ir, Rh) by

phenyl-bis(oxazolinyl)borane [PhB(%),], are rare examples of halide abstraction from a
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metal-halogen bond by a Lewis acid. Presumablestitomg Lewis acidity of the boron center in
[PhB(OX"®9),],** and the coordination of oxazolines facilitate tleavage of metal-chlorine
bond and simultaneous formation of B—Cl bond.

The synthesis of bis(oxazolinyl)borato metal coemps using [PhB(OG%?)], via
chlorine abstraction motivated us to synthesizelogoais bis- and tris(oxazolinyl)borato
rhodium dicarbonyl complexes. [PhB(%),], reacts with 0.31 equiv of [RI{CI)(CO)].
affording PhCIB(OX®?),Rh(CO) (5.6) as a dark brown solid in 86% vyield after recrijiation
(eq 5.4). One set of oxazolinyl resonance$HMNMR spectrum and a singt& chemical shift
(-199.0 ppm) in benzers suggests.6 as aCs-symmetric species, in which both oxazolines

coordinate to rhodium.

‘1,

N
Ph—Bm\ng o 0B81[Rh@-CH(CO)L .
o methylene chloride, rt, 6 h
@)

5.6; 86%

Crystallization in methylene chloride at —30 °Goafls X-ray quality single crystals of
5.6 (an ORTEP diagram is shown in Figure 5.3). Thestallized structure contains a square-
planar rhodium cented{ .rh-.c = 359.93°). The chlorine blocks one face of thaasg-planar
complex. The nitrogens of both oxazolines havestitae distances to rhodium [2.08942) B1-
C5-N1-Rh1-N1-C5 atoms form a six-membered ring adopting a boaforomation, in which
the phenyl group is pseudoeuatorial and the chéasgrpseudoaxial. Interestingly, the position of
phenyl group and chlorine is reversed in the similaat conforming six-membered ring of

PhCIB(OX"*%),Rh(;*-CgH1,) (5.5 as shown in Figure 5.2.
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Figure 5.3. ORTEP diagram of PhCIB(¥%),Rh(CO), (5.6). Ellipsoids are plotted at 50% probability,
and hydrogen atoms are not illustrated for clarglected bond distances (A): Rh1-N1, 2.089(2);
Ir1-C4, 2.112(2); Ir1-C3, 2.123(2); B1-CI1, 1.89%(3

Interestingly, all the above metal complexés2-5.6 can be easily derivatized by
substituting chlorine atom of B-Cl moiety with naophiles. The presence of a B-Cl bond in
these ligand-metal pairs therefore provide an émgelopportunity to modify the ligand

structures in order to tune the electronic propsrtf the metal centers and also the stability of
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the metal complexes. The treatment ofy®K with PhCIB(OX'*%),Rh(;*-CgH12) (5.5 in
benzene at room temperature affords P§BRD)B(OX"*?),Rh(;*-CsH1) (5.7), which is isolated

as a yellow solid in 94% yield (eq 5.5).

_Ph % ph %
cl—g" Ph3SiOK Ph3SiO— Bﬁy 5.5)

K\%N)\ benzene, rt, 2 h d0

—KCI

'/
‘7,
‘7

5.7
Complex5.7 is Cs-symmetric similar tc5.5, according to théH NMR spectrocopy. A downfield
1B resonance 05.7 at —4.5 ppm in benzerg-compared to that fo5.5 at —6.8 ppm suggests
that the chlorine is replaced by more electron evidlving oxygen at the boron cent®r7 is also
synthesized by an alternative route as shown ir5.6q The reaction of [PhB(%?),], and

PhSiOLi in THF at room temperature affords PHBID)B(OX"®?),Li(THF), (5.8) in 83%

O/S|Ph3
S _Ph
N— .
IN 0.31 Ph,SiOLi 0.5 [Rh(u-CN)(77*-CgHy)], PhsSIO—B, VRh 56)
Ph—B'ék"“ < m , '
(@) THF, rt, 10 h = benzene, rt, 20 h O\O)i)\““
O .
‘r

yield.

~LiCl 7

5 g 5.7
5.8 crystallized from a concentrated solution in toleet —30 °C. The X-ray crystal structure of
5.8 in Figure 5.4 shows the “BO-Si’ moiety in the molecule. B1-O1-Sil bond angle is
150.57(19)°. The Si1-0O1 distance is 1.580(2) A &1d-O1 distance is 1.457(4) A. The

nitrogens of two oxazolines are coordinated tothium atom. Two lithium-nitrogen bond

distances are not equivalent [Li1-N1, 1.965(6) &;-AN2, 1.997(6) A].
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R
)

&)

C36

Figure 5.4. ORTEP diagram of Ph(RBiO)B(OX"*d),Li(THF), (5.8). Ellipsoids are plotted at 50%
probability, and hydrogen atoms are not illustrated clarity. Selected bond distances (A): Si1-01,
1.580(2); B1-01, 1.457(4); Li1-N1, 1.965(6); Li1l-NR997(6). Selected bond angles (°): B1-01-Si1,
150.57(19).

In the next step, addition of 0.5 equiv of [RII)(5*CsH12)]- to the benzene solution 68
provided the desire rhodium compl&x at room temperature.
Bis(4,4-dimethyl-2-oxazolinyl)diphenylborato iridiu complex PB(Ox"?),Ir(5"-
CsH1o) (5.9) is prepared by substituting the chlorine of PhCIB"*?),Ir(5*-CgH1,) with a phenyl
group (eq 5.7). PhCIB(O%?)lr(5*-CsH12) (5.4 and PhLi react rapidly in benzene at room
temperature to affor8.10in 90% yield. The chemical shift 6tB NMR at —12.8 ppmAvy; =

63.0 Hz) indicates the replacement of chlorine bgryl group at the boron center.
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PhLi

benzene, rt, 2 h
—LiCl

5.9; 90%

An alternative preparation & 10is also performed by reaction of TIFB(Ox"*?),] (5.3) and
0.5 equiv of [Irf--C)(5*-CgH12)]- in benzene at room temperature (eq 5.8). The aontpbis

unchanged in benzene at 80 °C for 20 h, howewdabmposes slowly at 120 °C.

il _Ph

N/ 1 \\\\\ Ph_Bo,// N |r

Ph\B“\\\?/[\II 0.5 [In(u-Cl)(1*-CgHy2)]2 m '
-\“\ 1y

Ph” O benzene, rt, 20 h o0 -

o —TICI

(5.8)

5.9
In the related synthesis, addition of 0.5 equiv [Bh(u-CI)(CO)]. to a slurry of
tris(oxazolinyl)borane [B(O%*9)],in THF results a clear yellow solution after stigifor 1 h at
room temperature. Removal of the volatiles affaBB(Ox"*%)s;Rh(CO} (5.7) as a yellow solid
in 94% vyield (eqg 5.5). One singlet at 3.75 ppm ifw@quivalent methyl groups and another
singlet at 1.79 ppm for methylene groups of oxamsiin'H NMR spectrum in tetrahydrofuran-

ds suggest thab.7 is Cz,.symmetric.

N [0)
: N =N .CO
0.5 [Rh(x-CI)(CO
— N\>_B%§/)N - [Rh(xCI(COL2 C|—B,>,’ NuRE==CO (5.9)
o 0 methylene chloride, rt, 3 h )if/ =t
o] 3 <N
\"'  5.10; 94%

Tris(oxazolinyl)borato iridium and rhodium compéexTd"M(#*-CgH1) are prepared by

the reaction of TITY with 0.5 equiv of [M{-Cl)(5*CgH12)]- in benzene [eq 5.16;11(M = Ir):
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60 °C, 4 h, 93%5.12 (M = Rh): 23 °C, 1 h, 90%]. In contrast to the reaction viitiio", the
reaction of 2 equiv of Li[ToM] with [Im-CI)(q4-C8H12)]2 in benzene or THF provides a dimeric
LiCl adduct, (LiCIp[(x*-ToMIr(5*-CgH12)]2.*" ToVRh(;*CgH1o) (5.12)is stable in air for 12 h at
room temperature in solid form and also in benzémeontrast, the analogous iridium complex
5.11is air sensitive; however, no decompositarb.11was observed even after heating in dry

toluene at 60 °C for 3 days and at 180 °C for 10 h.

0.5 [M(u-Cl)(17*-CgH12)l _— e

=
Ph—B, M
benzene >’:/(/ >:(
-TICI g ON 11 N
")

TI[ToM] 511 (M=1r)
5.12 (M = Rh)

(5.10)

'H NMR spectra of T8Ir(5*-CgH1) (5.11) and Td"'Rh(;*-CsH1z) (5.12 complexes in
benzenads at room temperature contained three singlets fothyheand three singlets for
methylene groups of three oxazolines. These spatraonsistent witl@s-symmetric structures,
and also suggest bidentate coordination mode 8Elif@and in the metal complexes. However,
two observed®N chemical shifts of oxazoline nitrogens.11 —154.9, —-192.9 ppm; 5.12
—161.1, —-169.2 ppm) are significantly upfield compared to thanoh-coordinated 4,4-dimethyl-
2-H-oxazoline (-127.0 ppm). These NMR data doesorifirm the presence of a pendant non-
coordinated oxazoline; rather suggest a dynamichage process between the pendent
oxazoline and the two coordinated oxazolines imtsmh. Fluxional behaviors d.11 and5.12

are further supported by variable temperature NMR NMR) studies (Figure 5.5).
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320 E

300 K

Figure 5.5 'H NMR spectra of T8Ir(4*-CsH1) (5.11) showing coalesce of oxazoline resonances as

temperature is increased.

The variable temperaturti NMR spectra 0f5.11 acquired from 295 K to 360 K in
benzenads showed resonances of oxazolines and cyclopentadibae broaden as the
temperature was increased. At 340 K, the threedfetgazoline resonances coalesced into one
set. At 360 K, one sharp singlet at 1.12 ppm fothyleand one singlet at 3.63 ppm for
methylene groups of oxazolines suggest hafl is Cz-symmetric. The VT NMR experiments
suggest that the rapid exchange between pendenblm@ and coordinated oxazolines is faster
than*H NMR time scale above coalesce temperature th&entze three oxazolines of fo

ligand indistinguishable.
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In the solid state, the Yoligand in5.11 and5.12 is bidentate, as evident by twey
bands in IR spectra corresponding to coordinadl( 1558 cmi; 5.12 1567 cnt) and
uncoordinated§.11: 1607 cm’; 5.12 1611 cnt) oxazolines. X-ray quality single crystals of
5.12are obtained by vapor diffusion of pentane intolaene solution at —30 °C. The solid state
structure 05.12is established by X-ray crystallography, which aleeealsk*-ToM coordination
(Figure 5.6). Rhodium is coordinated to nitrogeh$wm oxazolines and to 1,5-cyclooctadiene.
The six-membered chelate ring }112 forms the boat configuration. The phenyl group is

pseudoaxial, and the pendant oxazoline is pseudoeaai.

Figure 5.6. ORTEP diagram of TtRh(;*-CsH1,) (5.12). Ellipsoids are plotted at 50% probability, and
hydrogen atoms are not illustrated for clarity.e8etd bond distances (A): Rh1-N1, 2.116(6); -Reil5,
2.099(9); RhtC16, 2.120(10).
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Catalytic alcohol decarbonylations

All the above bis- and tris(oxazolinyl)borato itich and rhodium complexes are tested as
precatalysts for thermal decarbonylation of primatgohols without any CO acceptor. Our
effort to develop a direct acceptorless thermahdaanylation of alcohols began with studies of
the reaction of cyclohexanemethanol (CyOH) as the substrate with 10 mol % of iridium or
rhodium complexes in toluerdy: These screening reactions were conducted ingmath scale
within a sealed J-Young style NMR tube by gradmakement of temperature ranging from 60
°C to 180 °C. The progress of the reaction was toozil by'H NMR spectroscopy and the
analysis by GC-MS. Selected results of these exyaris are shown in Table 5.2.

The previous findings from our group thatRh(H),CO and T8'Rh(CO) catalyze the
photolytic decarbonylation of CyGB®H to cyclohexane led us first to test the idemtieaction
under thermal conditions. The mixture of CyCHOH and 10 mol % of TORh(H),CO or
To"Rh(COYin toluene was heated at 120 for 48 h, however the resulting mixture contained
only the alcohol starting material and a black jpit&te due to the catalyst decomposition (Table
5.2, entries 1-2). We then investigated severatrokimown rhodium and iridium carbonyl and
chloride complexes in this reaction. Unfortunatelgne of these complexes showed any activity
for the conversion of CyCi#DH (Table 5.2, entries-3). Reaction of CyCKDOH with 10 mol %
of either [IrClg*-CsHi,)]2 or [RhCI¢*-CsHy,)]2 at 180 °C contain a small amount of cyclohexane
and some black precipitate (Table 5.2, entries 8)&This finding motivated to screen several
known or newly synthesized iridium and rhodium ogdtadienyl complexes for CyGABH
decarbonylation (Table 5.2, entries 10 & 21). TpfMCH,) [Tp* =  tris(3,5-
dimethylpyrazolyl)borate)] fails to convert alcohiolalkane, even after prolonged heating at 180

°C (Table 5.2, entry 10).
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Table 5.2.Conditions and catalysts tested for the catabjgicarbonylation of CyC}OH.?

OAOH Ir or Rh cat.
toluene-dg

ol

+ CO

Entry Catalyst Temperature Time (days) Yield (%)
1 | To™Rh(H)LCO 120 °C 2 0
2 | ToRh(CO) 180 °C 4 0
3 | Td"I(CO), 180 °C 4 0
4 | [Rh(dppp)Cl] 180 °C 4 0
5 | [Rh(CO)CI(dppp) 180 °C 4 0
6 | [Rh(dppe)Cl] 180 °C 4 0
7 | [Rh(dppe)CICO] 180 °C 4 0
8 | [IrCI(5*-CeH12)]2 180 °C 4 <10
9 | [RhClg*CeH1)]2 180 °C 4 <10
10 | Tp*Ir(y*-CsHyo) 180 °C 4 0
11 | PhCIB(OX'®),lr(5*-CgH1y) (5.4) 130 °C 4 <10
12 | PhCIB(OX"®)),Rh(;"-CsH1,) (5.5) 130 °C 2 <10
14 | PhCIB(OX'®%),Rh(CO)(5.€) 130 °C 4 0
15 | Ph(PBSiO)B(0X"®),Rh(;*-CsH1y) (5.7) 130 °C 2 0
16 | PhB(OX"®),Ir(5*-CsHy) (5.9) 130 °C 2 54
17 | CIB(OXM®)3Rh(CO) (5.10) 130 °C 4 0
18 | ToVIr(4*CeHy) (5.10) 130°C 4 0
19 180 °C 4 86
20 | To"Rh(;*-CeHyo) (5.12) 130°C 4 0
21 180 °C 4 10

@ Reaction conditions: 10 mol % catalyst, toluenéhassolvent” NMR yield.

PhCIB(OX"®?),Ir(5*-CsHy) (5.4) and PhCIB(O¥®%),Rh(;*-CsH.,) (5.5 display small

activity in alcohol decarbonylation at 130 °C, haweerapid decomposition of catalysts hinder
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further conversion. Notably, 10 mol % MB(OX"*?).Ir(4*-CH) (5.10 catalyzes
decarbonylation of CyC¥DH to CyH, CO, and KHwith 54% conversion after heating at 130 °C
for two days (Table 5.2, entries 17). During thaurse of the reaction although no black
precipitate of iridium is formed, however compeX0is slowly convert to catalytically inactive
unidentified complex that precipitates out from te&action mixture. We then examined the
catalytic activity of T8Ir(4*CsH.,) (5.11), which is more thermally stable in toluene than
PhB(OX"?),Ir(*-CgH1,) (5.10. Surprising, THIr(;*-CgH1,) 5.11is inert to react with CyCHOH

at temperatures up to 150 °C. Howeverllis an active precatalyst for decarbonylation of
CyCH,OH at 180 °C in toluene. CyGBH is converted to cyclohexane, CO, andy 10 mol

% of 5.11in 86% conversion after heating at 180 °C for 4sd@lable 5.2, entries 19). GC
analysis of the gas mixture collected from the hgpakce of the J-Young NMR tube confirmed
the formation of CO and Hn the reaction. Interestingly, in contrast toBIOX"*)lr(;*-CsH;»)
(5.10 and Td'Ir(3*-CgH10) (5.11), all bis- and tris(oxazolinyl)borato rhodium colexes don’t
provide detectable quantity of cyclohexane from @yGH.

We then investigated the decarbonylation of aeseof primary alcohols using 5 mol %
of ToVIr(5*-CgH1,) (5.11) and PhB(OX"*?),Ir(5*-CsH.,) (5.10, and the results are summarized in
Table 5.3. Complexe$.11 and 5.10 catalyze the conversion of cyclopentanemethanol to
cyclopentane in 73% and 45% yield respectively ([@d&h2, entries 3 and 4). Several benzyl
alcohols, the central components of lighirare also decarbonylated to provide corresponding
arenes. Notably, Tr(5*-CsH1,) (5.11) tolerates ether, ester, oxo, and chloro functignaups.
Furfurylalcohol is transformed to furan fyllat 180 °C in 45% yield (Table 5.2, entry 13).

Importantly,5.11 also catalyzes decarbonylation of polyols suckthglene glycol and glycerol
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into syngas at 180 °C (Table 5.2, entries 15 and More than 90% conversion of ethylene

glycol was achieved by heating with 10 moB%1in tolueneat 180 °C over 4 days.

Table 5.3 To"Ir(5*-CsHy) (5.11) and PBB(OX"?),Ir(5*-CsHy1,) (5.10) catalyzed alcohol
conversion into RH, K and CO?

Substrate Product Entry Catalyst Time Yield
(days) | (%)*
O/\OH O 1 TOM |r(7’]4-CgH 12) 4 84
2 | PhB(OX*?),lr(5*-CgH1o) 2 52
OH O 3 | ToVIr(5*CgH1y) 4 73 (65)
Eg 4 | PhB(OX"®9),Ir(5*-CgH1) 2 45
©/\OH © 5 TOM Ir(;74-C3H 12) 4 85
6 | PhbB(OX"*?),Ir(5*-CgHa,) 2 41
M a
EtOOC4< >ﬁ EtOOC@ 7| ToTlr(r-Cshag) 4 81
OH PhB(OX,lr(n-CeH) | 4 25
OH ToVIr(5*-CgH1o) 4 72 (66)
. 10 | PhB(OXM®?),lr(5*-CgH1o) 33
o C u@ 11 | ToVIr(5*-CgH1o) 67
oH 12 | PhBOX,ir(y*CeH) | 4 10
@VOH [\ 13 | To"Ir(5"-CgH1o) 4 45
O O Me2 4
14 | PhB(OX"™)lr(5-CgH12) 4 0
HO/_\OH CO+Hh 15 | To"Ir(#"-CgH1o) 4 90
16 | PhbB(OX"*?),Ir(5*-CgH12) 4 0
OH CO+H 17 | ToVIr(5*-CgH1o) 4 n.a.
HO\)\/OH
18 | PhB(OX™*?),Ir(5*-CgH12) 4 0

2Reaction conditions: 5 mol % catalyst, toluenehassplvent, 180 °C.% yield was determined by GC
using cyclooctane as an internal standaiblated yield.
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Preliminary investigations of catalytic pathways

The interesting thermal decarbonylation of alcehwithout any CO acceptor catalyzed
by TA"Ir(5*-CsH1,) (5.17) led us to investigate the possible catalytic pays. CyCHOH is inert
to react with catalytic or stoichiometric amount5oi1 at temperatures up to 160 °C, however,
reaction initiates at 170 °C. During the courseh#f catalytic decarbonylation reaction, a small
quantity of aldehyde was always observed as detdmy¢H NMR spectroscopy and GC-MS
analysis. This observation suggests that the delggtation of alcohol to an aldehyde is likely
involves in the first step of dehydrogenative dboawation of alcohol as mentioned before. We
therefore performed a stoichiometric decarbonytatieaction to identify intermediate of this
dehydrogenative process. CygBH is completely converted into cyclohexane, whanigture
of equivalent amounts of ar(y*CgH.,) (5.11) and CyCHOH in tolueneds was heated at 180
°C for 6 h. In'H NMR spectroscopy, four iridium hydride resonaneese detected at15.87,
~16.62,-18.53 and-20.37 ppm. No free 4,4-dimethyl-2-oxazoline (2H %} was observed.
Structural assignment of any "lo-species was impossible from tHid NMR spectrum due to

the overlapping resonancé®® NMR spectrum showed one broad peak at —17.9 ppm.

\\

: :§> 170 °C
~ [ >O" /"7 + ToMir-hydrides (5.11)
A * toluene-dg

)

\Y
N
R

N
=
Ph—E;,

We then investigated the interaction of aldehydéhvei.1l CyCHO is converted to
cyclohexane in 84% yield after heating at 180 °C2Xalays by 10 mol %.11(Table 5.4; Entry
1). Likewise,5.11also catalyzes the decarbonylation of cyclopentddehyde (Table 5.4; Entry

2) and benzaldehyde (Table 5.4; Entry 3). Althofighconversion of aldehydes is not achieved,
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however, the decarbonylation of an aldehyde is mudhster than the
dehydrogenation/decarbonylation of an alcohol unither identical reaction conditions. The
above observationse. the formation of aldehyde during catalysis andft#ts decarbonylation of
aldehyde suggest a sequential dehydrogenationftmodation pathway of an alcohol in the

catalytic cycle.

Table 5.4To"Ir(5*CsHyy) (5.11) catalyzed decarbonylation of aldehydes.

Entry Substrate Product Time (days)  Yield {%

O 2 84
H
E> 2 81

© 2 72
H

Reaction conditions: 10 mol % catalyst, toluenéhassolvent, 180 °C.NMR vyield

S

Conclusion

We have demonstrated a catalytic acceptorlessndiatehydrogenative decarbolylation
of alcohols. THIr(4*-CsHi) (5.11) is an active precatalyst for decarbonylation efesal
aliphatic and aromatic primary alcohols containieitper, ester, oxo, and chloro functional
groups. Polyols such as ethylene glycol and glycam decarbonylated to syngas by*Téy*-
CgHip). Although the mechanism of catalytic decarbonghatis not entirely studied, our
preliminary mechanistic investigations suggest tayway involving dehydrogenation of alcohol

to aldehyde, followed by decarbonylation of aldedyid the catalytic cycle. Therefore, our
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current efforts are focused on identifying and bgstzing possible intermediates, and study the

mechanisnvia kinetics.

Experiment details.

General Procedures. All reactions were performed under a dry argon csjphmere using
standard Schlenk techniques or under a nitrogemsghere in a glove box unless otherwise
indicated. Dry, oxygen-free solvents were used uphout. Benzene, toluene, pentane and
tetrahydrofuran were degassed by sparging withogetn, filtered through activated alumina
columns, and stored under,.NBenzeneds, tolueneds and tetrahydrofurads were vacuum
transferred from Na/K alloy and stored under iN a glove box. All organic reagents were
purchased from Aldrich. TI[ToM}> PhB(OX"),*® [Ir(u-CI)( #*CeHiz)]2" [Rh{u-CI)( #*
CeH12)]2,%° [Rh(u-ClI)(CO),)., and PhLf? were prepared by published procedutes.**c{H},

1B NMR spectra were collected either on a Bruker D& spectrometer, Bruker Avance I
700 spectrometer or an Agilent MR 400 spectrométdr.chemical shifts were determined by
'H-1>N HMBC experiments either on a Bruker Avance lll076pectrometer or on a Bruker
Avance 1Il 600 spectrometel®N chemical shifts were originally referenced toulidj NH; and
recalculated to the GINO, chemical shift scale by addirg81.9 ppm!'B NMR spectra were
referenced to an external sample of;B®0O. GC-MS was conducted with Agilent 6890 GC
system equipped with Agilent DB-5 column. Mass di&be is processed by Micromass GCT.
Elemental analysis was performed using a PerkineE400 Series Il CHN/S by the lowa State

Chemical Instrumentation Facility.
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B(OxM®?); (5.1). A 250 mL Schlenk flask was charged with 4,4-dimé@vpxazoline (3.00 mL,
28.4 mmol), which was then degassed by three frpamgp-thaw cycles. The degassed
oxazoline was dissolved in 150 mL of THF and tlasll was cooled te78 °C.nBuLi (12.0 mL,
30.0 mmol) was addeda syringe to the reaction flask, and the resultiolyitson was stirred for
45 min at-78 °C. Trichloroborane (1.0 M in heptanes) (9.18 ®18 mmol) was added slowly
via syringe into the flask, which was then allowedjtadually warm to room temperature. After
stirring for 36 h at room temperature, a white jp#ate formed, which was separated from the
solution. The white solid was washed with THF (& mL) and driedn vacuoto afford

tris(oxazolinyl)borane [B(O%?)3] (2.03 g, 6.64 mmol, 72.3%)}H NMR (methanold, 400
MHz): & 1.22 (s, 6 H, CNCMe,CH,O ), 3.78 (s, 18 HCNCMe,CH,O °C{*H} NMR
(methanold, 150 MHz): § 78.08 (CNCMe,CH,O ), 66.41 (CNCMe,CH,O ), 27.83 (

CNCM 11 Cs -1y
e,CH,0). "B NMR (methanold, 128 MHz): 6 -8.6.IR (KBr, cm~): 2962 s, 2935 s,

2876 s, 1608 s, 1464 s, 1385 w, 1364 m, 1342 w8 $28193 m, 1158 m, 1128 s, 1093 s, 1000

S,975s,944 m, 917 w, 883 s, 831 m, 796 m.

H[Ph,B(Ox"?),] (5.2). A Schlenk flask was charged with PhB{¢§%. (2.00 g, 7.04 mmol) and
PhLi (0.455 g, 5.41 mmol) in the glove box. ThelMF(50 mL) was added to the flask to form a
light brown solution. The flask was sealed andrdwulting solution was stirred overnight. The
solvent was removed under reduced pressure toda#fdight yellow solid. This crude product
was purified by silica gel column chromatographgx@ne:CHCI:Et:N = 5:5:1; R = 0.72) to
afford H[PhB(Ox™®?),] (0.750 g, 2.07 mmol, 38.3%). The off white solicas dissolved in

benzene and stirred oves@ to dry without any reduction in yieldH NMR (benzenels, 700
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MHz): 67.86 (d,*Jun = 5.6 Hz, 4 Hprtho-CgHs), 7.42 (m, 4 HmetaCgHs), 7.25 (m, 2 Hpara-
CeHs), 3.36 (s, 4 H,CNCMe,CH,O ), 0.85 (s, 12 ENCMe,CH,O  C{*H} NMR (benzene-
ds, 150 MHz): 5 194.78 (br s,CNCMe,CH,O ), 150.20 (br ipso-CeHs), 135.06 ¢rtho-CgHs),
128.00 (netaCeHs), 126.05 para-CeHs), 80.19 (CNCMe,CH,O ), 63.36 CNCMe,CH,O ),
28.00 (CNCMe,CH,O ).1'B NMR (benzeneas, 128 MHz): 5 -14.5.°N NMR (benzenegs, 71

MHz): 5-170.5 ( CNCMe,CH,0). IR (KBr, cni'): 3044 w, 3015 w, 2996 w, 2967 s, 2928 m,
2871 w, 1580 s, 1490 m, 1460 s, 1431 m, 1415 m3 1881317 m, 1261 s, 1195 m, 1172 w,
1135 w, 1105 w, 1022 w, 964 s, 888 w, 866 w, 84B0OG m, 739 s, 703 s, 642 W, 620 w. Anal.
Calcd for GHpBO;N,: C, 72.94; H, 7.51; N, 7.73. Found: C, 72.767k81; N, 7.23. Mp: 146-

152 °C.

TI[Ph,B(Ox"®?),] (5.3). A Schlenk flask was charged with HFE{Ox"®?,] (0.214 g, 0.611
mmol) and dissolved in & (7 mL). To the solution, thallium(1) ethoxide (B@L, 1.22 mmol)
was added by a microliter syringe. The resultingtsan was stirred at room temperature for 8 h.
During stirring, a yellow solid crushed out frometBolution. The solution was decanted to get
the white solid precipitation in the glove box. Thelid was washed with &) and driedin
vacuoto give TI[PhB(OX®),] as a white solid (0.420 g, 0.555 mmol, 90.8%),chhwas
stored in glove box'H NMR (benzeneds, 400 MHz): 5 7.79 (d,*Juy = 6.4 Hz, 4 Hortho-

CeHs), 7.39 (t,33un = 7.2 Hz, 4 HmetaCgHs), 7.22 (t,3J4n = 7.2 Hz, 2 Hpara-CgHs), 3.45 (s, 4

H, CNCMeCH,0), 0.93 (s, 12 H,CNCMe,CH,O ):°C{*H} NMR (benzeneds, 700 MHz): §
195.57 (br s,CNCMe,CH,O ), 154.12 (br §s0-CesHs), 136.12 @rtho-CeHs), 127.80 (neta

CeHs), 125.81 para-CeHs), 79.69 (CNCMeCH,O ), 66.75 CNCMe,CH,O ), 28.99 (
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11, Lo 15 .
CNCMe,CH,0). "B NMR (benzen-ds, 128 MHz):5-13.1.7°N NMR (benzen-ds, 71 MHz):

5-107.1 (CNCMe,CH,0). IR (KBr, cn™®): 3063 w, 3041 w, 3017 w, 2992 w, 2962 s, 292!
2888 w, 2868 w, 1593 s, 1581 s, 1488 w, 1460 mPMi31384 w, 1366 m, 1345 w, 1251
1186 m, 1129 m, 1095 s, 1066 990 s, 963 s, 877 m, 828 w, 787 w, 742 s, 73D5,s. Anal
Calcd for GHoeBOLN,TI: C, 46.71; H, 4.63; N, 4.95. Found: C, 46.44;491; N, 4.58. Mp

182-187 °C, dec.

PhCIB(Ox"?),lr( #*-CgH12) (5.4)
In a glove box, PhB(G%?), (0.460 g, 1.62 mmol) and [;*-CsH12)Cl], (0.340 g, 0.506 mmo
were placed in a vial. The solids were dissolvethethylene chloride (15 mL), and the solut
was stirred overnight. The resultant orange satuti@s filtered to another vial and thetrate
was concentrated under reduced pressure. Few dfguntane were added to the solution
cooled to—30 °C. Orange crystals precipitated out, which wsdated from the rest of tt
solution and was dried under vacuum to afford PI{OK"®9),Ir(;*-CgH12) as an orange sol
(0.570 g, 0.919 mmol, 91.0%H NMR (benzenes, 400 MHz):57.58 (m, 2 Hortho-CgHs),
7.36 (m, 2 HmetaCgHs), 7.24 (m, 1 H, paraCgHs), 4.04 (br s, 2 H, gH1,), 3.70 (brs, 2 H
2 r ! 2 r !
CgH12), 3.57 (d, 2 H7Jyn = 4.8 Hz,CNCMe,CH,0), 3.39 (d, 2 H;Jyn = 4.8 Hz, CNCMe,CH,O
- 1
), 1.89 (br s, 2 H, §H1y), 1.20 (br m, 4 H, gH12), 1.01 (s, 6 HCNCMe,CH,0), 0.88 (m, 2 H,
d ! 13
CsH12), 0.80 (s, 6 H,CNCMe,CH,0). “*C{1H} NMR (benzeneds, 400 MHz): § 187.95 (br,
CNCMe,CH,0), 148.35 (pso-CsHs), 133.89 ¢rtho-CeHs), 128.68 metaCeHs), 126.39 para-

CeHs), 82.70 (CNCMe,CH,0), 69.72 CNCMe,CH,0), 63.86 (GH12), 60.30 ((gH1o), 31.47

(CgH12), 30.24 (GH12), 28.16 (CNCMe,CH,0), 27.20 (CNCMe,CH,O ).">N NMR (benzen-
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ds, 71 MHz): 5 -182.5 (CNCMe,CH,0). 1B NMR (benzenass, 128 MHz):5-7.6. IR (KBr, cn
): 3061 w, 3000 m, 2964 m, 2942 2927 m, 2881 m, 2831 m, 1564 s, 1464 m, 1431 m)
w, 1371 m, 1288 s, 1201 s, 1157 s, 1048 m, 996559914 w, 893 m, 867 w, 846 m, 820
765 m, 724 s, 706 s. EA: Anal. Calcd foy4H33BCIlIrN,O2(CH2Clo)o 33 C, 45.08; H, 5.23; N

4.32. Found: C, 488; H, 5.12; N, 4.21. Mp: 1¢191 °C.

PhCIB(OxM*?),Rh(5#*-CgH12) (5.5). In the glove box, methylene chloride (15 mL) wadextito
a vial containing PhB(3%?), (0.560 g, 1.95 mmol) and [RhGftCsH12)], (0.300 g, 0.608
mmol). The resultant yellow solution was stirrecemight. The solution was filtered and f
filtrate was concentrated under reduced pressuear @rops of pentane were added to
solution and then cooled te30 °C. Deep yellow cryste precipitated out, which was isolat
and driedin vacuoto afford PhCIB(OM®3),Rh(;*-CgH1,) as a deep yellow solid (0.560 g, 1
mmol, 87.0%). Crystals suitable for-ray diffraction were grown from toluene/pentaneutioh
at-30 °C.'H NMR (benzenels, 400 MHz): 5 7.74 (br s, 2 Hprtho-CgHs), 7.41 (br s, 2 H

metaCgHs), 7.29 (t, 1 H,para-Ce¢Hs), 4.21 (br m, 2H, €H1,), 3.92 (br m, 2H, gH;,), 3.55 (br s,
1 2 1
2 H, CNCMe,CH,0), 3.37 (d, 2 H2Juy = 8.4 Hz, CNCMe,CH,0), 1.97 (br m, 2 H, gH1y),
1

1.33 (br m, 4 H, €H1), 1.03 (s, 6 H.CNCMe,CH,0), 0.87 (m, 2 H, gH1), 0.72 (s, 6 H,
r ! 13 :

CNCMe,CH,0). °C{1H} NMR (methylene chlorid-d,, 100 MHz): 6 187.76 (br,
CNCMe,CH,0), 151.67 {pso-CeHs), 133.71 ¢rtho-CgHs), 128.40 (netaCeHs), 126.58 para-

CeHs), 82.02 (CNCMe,CH,0), 79.935, 79.814 ((Jrn-c = 12.1 Hz, GH1p), 77.045, 76.919 (c
Jrh-c = 12.1 Hz, GHyp), 69.31 CNCMe,CH,0), 30.60 (GH12), 29.23 (GgH12), 28.46 (

15
CNCMe,CH,0), 27.73 (CNCMe,CH,0). *®N NMR (benzenals, 71 MHz): 5 -180.5 (
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CNCMe,CH,0). B NMR (benzen-ds, 128 MHz): 5§—6.8. IR (KBr, cm’): 3063 w, 3043 w
3001 m, 2966 s, 2967 s, 287G 2831 w, 1578 s, 1460 m, 1431 m, 1389 w, 136@384 w,
1280 s, 1196 s, 1156 s, 1020 w, 987 s, 961 s, 9189% w, 865 w. EA: Anal. Calcd fc
Co4H33BCIRhN,Oo(CH.Clo)o 33 C, 52.28; H, 6.07; N, 5.01. Found: C, 52.65; k346 N, 4.97

Mp: 152-156 °C.

PhCIB(0x"¢%),Rh(CO), (5.6). In the glove box, PhB(G%?, (0.483 g, 1.70 mmol) ar
[Rh(CO)CI]2 (0.300 g, 0.772 mmol) were weighing out in two éiéint vials. [Rh(CC.Cl], was
dissolved in methylene chloride (15 mL), and waansferred to the vial conning
PhB(OxX'®?),. The solution mixture was stirred for 6 h. Theutent deep brown solution w:
filtered, and the volume of the filtrate was redliasnder vacuo. Pentane was added to
solution and then the solution was recrystallizéc=30 °C overnipt to obtain deep brow
crystals of PhCIB(O%*?),Rh(CO> (0.320 g, 0.666 mmol, 86.3%JH NMR (methylene
chlorided,, 400 MHz): & 7.33 (d,3Juy = 7.0 Hz, 2 H,ortho-CgHs), 7.25 (t, 2 HmetaCgHs),
7.19 (t, 1 H, para-CeHs), 4.23 (d, 2 H2Juy = 8.4 Hz, C(NCMe,CH,0), 4.18 (d, 2 H% = 8.4
Hz, C(NCMe,CH,0), 1.41 (s, 6 HCNCMe,CH,0), 1.32 (s, 6 HCNCMe,CH,0). *C{1H} NMR
(methylene chlorideb, 150 MHz): 5 190.31 (brCNCMe,CH,O ), 184.9500), 184.57 CO),
149.22 {pso-CeHs), 132.89 ¢rthc-CeHs), 128.05 metaCeHs), 126.97 para-CeHs), 80.95 (

CNCMe,CH,0), 68.90 (CNCMe,CH,O), 28.94 (CNCMe,CH,O ), 28.77 CNCMe,CH,0).

15 : o I L \11
N NMR (methylene chloridek, 71 MHz): 6 -199.0 (s,CNCMe,CH,O ):"B NMR (methylene
chlorided,, 128 MHz): §-8.3. IR (KBr, cm™): 3076 w, 3053 w, 3037 w, 3008 m, 2963 s, 2

m, 2895 m, 2872 m, 2076 s, 1993 s, 1580 s, 1551493 w, 1460 s, 1431 m, 1390 w, 137(
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1290 s, 1257 w, 1204 s, 1163 m, 1085 w, 1025 w,893861 s, 949 s, 926 w, 892 w, 841 w, ¢
m, 782 w, 728 m, 704 m. EA: Anal. Calcd fo1gH23BCIN-O4Rh: C, 44.99; H, 4.82; N, 5.8

Found: C, 44.54; H, 4.44; N, 5.2Mp: 107-111 °C.

Ph(PhsSiO)B(Ox"*?),Rh(5*-CgH12) (5.7). In the glove box, PhCIB(O%?),Rh(;*-CsH12) (0.050
g, 0.087 mmol) and RBBIOK (0.027 g, 0.087 mmol) were placed in a vidie solids wert
dissolved in benzene (15 mL), and the solution stasedfor 36 h. The resultant yellow solutic
was filtered. The filtrate was concentrated andysallized at—-30 °C to afford Ph(FsSiO)B
(0XM*?),Rh(;*-CgH1,) as a yellow solid (0.063 g, 0.082 mmol, 94.2 *H NMR (benzen-ds,
400 MHz): 6 8.067.14 (20 H, Hs; overlapped), 4.27 (br s, 2Hgld;2), 3.98 (br s, 2H, gH12),
2 r ! 2 r !
3.45 (d, 2 H/J = 8.4 Hz,CNCMe,CH,0), 3.22 (d, 2 H;J = 8.4 Hz,CNCMe,CH,0), 2.02 (m,
- 1
2H, GH1), 1.484.40 (m, 4 H, @gH1,), 1.14 (m, 2 H, gH12), 1.05 (s, 6HCNCMe,CH,0), 0.75
d ! 13
(s, 6H, CNCMe,CH,0 ).""C{1H} NMR (benzen+-ds, 100 MHz): 5 193.59 (brCNCMe,CH,0),
141.21 [pso-(CeHs)B], 136.65 [(CHs)sSi], 134.89 [(GHs)B], 129.66 [(GHs)B], 128.91 [d, 2 H
2) = 2.2 Hz,ipso-(CeHs)sSi], 128.86 [(GHs)B], 127.63 [(GHs)sSi], 126.03 [((Hs)sSi], 80.85 (
CNCMe,CH,0), 79.584-79.464 (d.Jrn-c = 12.0 Hz, @GH1,), 75.84075.713 (dJrn-c = 12.7 Hz,
CgH12), 68.18 (CNCMe,CH,0), 30.78 ((gH12), 29.59 (GH12), 28.05 (CNCMe,CH,0), 27.78 (
NI~N A~ ~11 15 f 11
CNCMe,CH,0). N NMR (benzen-ds, 71 MHz): § -185.5 (CNCMe,CH,0). *'B  NMR

(benzeneds, 128 MHz):5—4.5. IR (KBr, cm™): 3065 m, 3044 m, 2997 m, 2963 s, 2918 w, 2
w, 2834 w, 1575 s, 1483 w, 1459 w, 1428 s, 1386365 m, 1333 w, 1303 w, 1279 s, 119

1156 s, 1113 s, 1099 s, 1029 w, 995 m, 979 m, 8%BI/& w, 836 w, 798 w, 742 m, 704 s. E
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Anal. Calcd for Go,H4gBN-O3sRhSi: C, 65.46; H, 6.28; N, 3.64. Found: C, 65H86.0; N, 3.53

Mp: 193-197 °C, dec.

Ph(PhsSiO)B(Ox"*?),Li(THF) » (5.8). A Schlenk flask was charged with PhB("®?), (1.00 g,
3.52 mmol) and R¥$iOLi (0.621 g, 2.20 mmol) in the glove box. Thask was attached to a
Schenk manifold and THF (60 mL) was added to forgellow solution. The flask was seal
and the resulting solution was stirred overnigliite Bolution was filtered to remove a precipi
that appeared overnight, and then the solven removed under reduced pressure to affo
light yellow solid. This solid was dissolved intehe and layered with pentane and kej—30
°C to afford Ph(P}8i0)B(OX"®),Li(THF), as colorless crystals (1.290 g, 1.82 mmol, 83.
'H NMR (acetonitrileds, 400 MHz):5 7.66 {m, 6 H,ortho-(CgHs)sSi}, 7.50 (d,*Jun = 6.4 Hz, 2
H, ortho-C¢Hs), 7.30 {m, 9 H,mete(CeHs)3Si, para-(CgHs)3Si)}, 7.06 (t, 2 Hmete-CgHs), 6.97
(t, 1 H, para-CqHs), 3.64 (m, 8 H, THF), 3.38 (d, 2 PJuy = 8.0 Hz, CNCMe,CH,0), 3.06 (d,
2 H, 23 = 8.0 Hz, CNCMe,CH,0), 1.80 (m, 8 H, THF), 1.05 (s, 6 H;NCMe,CH,0), 1.04

(s, 6 H, CNCMe,CH,0 ). “C{'H} NMR (acetonitrileds, 150 MHz): & 186.34 (br,

CNCMe,CH,0), 156.10 ipso-CeHs), 141.28 {pso-(CeHs)sSi)}, 136.76 fortho-(CeHs)sSi)),
132.53 6rtho-CeHs), 129.75 fnete-(CeHs)sSi)}, 128.39 netaCeHs), 127.67 para-(CsHs)sSi)},
125.56 paraCeHs), 77.32 (CNCMeCH,O), 68.69 (CNCMe,CH,O, THF), 67.35

CNCMe,CH,0), 29.19 (CNCMe,CH,0), 28.77 (CNCMe,CH,0), 26.65 (THF) N NMR

o s ot A 11, o
(acetonitrileds, 71 MHz): 6 -151.1 (s,CNCMe,CH,0). "B NMR (acetonitril-ds, 128 MHz):
5-6.1. IR (KBr, cmi®): 3064 m, 3048 m, 2967 s, 2929 m, 2883 m, 164586 m, 1484 w, 146

m, 1428 s, 1381 w, 1362 m, 1347 w, 1259 s, 118460 s, 1113 s, 1055 s, 1029 w, 991 s,
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m, 881 m, 830 w, 796 w, 740 m, 731 m, 703 s. EAalA@alcd for. (4oHs5:BLINOsSi: C, 70.98;

H, 7.37; N, 3.94. Found: C, 70.67; H, 7.45; N, EMp: 137-141 °C.

PhB(Ox"*?),Ir( #*-CgH12) (5.9). In a glove box, a vial was charged with PhCIBM®?),Ir(i*-
CgHi2) (0.160 g, 0.258 mmol) and PhLi (0.022 g, 0.258 mmbhe solids were dissolved
benzene (7 mL), and the solution was stirred for Zhe resultant yellow solution was filterec
remove the LIiCl precipitate. The filtrate was evagted to drynessin vacuq affording
PhB(OxM®4),lr(17*-CgH12) as an orange solid (0.171 g, 0.231 mmol, 89.'H NMR (benzen-
ds, 400 MHz):6 7.577.25 (m, 10 H, 6Hs overlapped), 4.09 (br s, 2 Hgldi,), 3.76 (br s, 2 H
1
CgH12), 3.41 (m, 4 H,CNCMe,CH,0), 1.94 (br s, 2 H, §H10), 1.33 (br s, 2 H, gH12), 1.23 (br

m, 2 H, GH12), 1.08 (s, 6 HCNCMe,CH,0), 0.93 (m, 2 H, €H12), 0.81 (s, 6 HCNCMe,CH,O
). 3C{1H} NMR (benzeneds, 400 MHz): 5 193.18 (brCNCMe,CH,0), 133.83 ortho-CeHs),
126.53 (netaCeHs), 125.23 para-CeHs), 82.73 (CNCMe,CH,O ), 68.84 CNCMe,CH,0),
64.02 (GH12), 60.52 (GH1), 31.44 (GHy2), 30.23 (GH12), 28.10 (CNCMe,CH,0), 27.14 (

CNCM 15 - s ' W\ 11
e,CH,0). N NMR (benzen-ds, 71 MHz): 6 -152.2 (CNCMe,CH,0). B NMR

(benzeneds, 128 MHz): 6-12.8. IR (KBr, cn): 3037m, 3000 m, 2963 s, 2927 s, 2881 s, -
m, 1588 m, 1555 s, 1463 m, 1431 m, 1w, 1370 m, 1330 w, 1285 s, 1197 s, 1157 s, 107
1022 w, 991 m, 965 s, 892 m, 841 w, 785 w, 70378,€ EA: Anal. Calcd for 3gH3sBIrN,>O,:

C, 54.46; H, 5.79; N, 4.23. Found: C, 54.21; H3508, 3.78. Mp: 9-102 °C.

CIB(0xM*?);Rh(CO), (5.10). In a glove box, THF (10 mL) was added to a vial teéting

B(OxM*9); (200 mg, 0.655 mmol) and [Rh(C.Cl], (120 mg, 0.308 mmol). The result
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mixture was stirred at room temperature for 3 hed;ithe mixture was filtered and the filtr:
was evaporatetb dryness providing a white solid. The solid waashed with pentane (3 x

mL) and dried under vacuum yielding CIB(**?3;Rh(CO}) as awhite powder (0.308 g, 0.61
1 r !
mmol, 94.2%)."H NMR (tetrahydrofura-ds, 400 MHz):6 3.75 (s, 6 H,CNCMe¢,CH,0), 1.29
d ! 13
(s, 18 H, CNCMe,CH,0). “C{1H} NMR (tetrahydrofura-ds, 150 MHz): 6 186.53 (br,
CNCMe,CH,0), 80.01 (CNCMe,CH,0), 67.16 (CNCMe,CH,0 ), 27.96 CNCMe,CH,0).

1B NMR (benzenads, 128 MHz):5-9.3. IR (KBr, cm?): 2917 w, 2847 w, 2237 s, 2082 s, 1¢

m, 1462 w, 1370 w, 1272 w, 1162 s, 1100 s, 10849%,m, 842 s, 7t m.

ToMIr(#*CgH12) (5.11).A Schlenk flask was charged with TM (0.700 g, 1.19 mmol) ar
[IrCI(#*-CgH12)]2 (0.411 g, 0.611 mmol) in the glove box. Then, beez0 mL) was added
the flask. The flask was sealed and the resultgtisn was heated for 4 h at 60 °C. The sol
was filtered and the residue was extracted witlzere. The solvent was remo' under reduced
pressure to afford Tr(5*-CsH12) as a deep yellow solid (0.758 g, 1.11 mmol, 93.%H NMR
(benzeneds, 400 MHz):57.59 (d,*Jun = 6.4 Hz, 2 Hortho-CeHs), 7.37 (t,°Jun = 7.2 Hz, 2 H,
metaCeHs), 7.22 (t,3Jun = 7.2 Hz, 1 H, para-CgHs), 4.05 (br m, 2 H, §H1), 3.72 (br m, 4 H
CNCMe,CH,0, CgHy, overlapped), 3.59 (s, 2 ICNCMe,CH,0), 3.49 (s, 2 HCNCMe,CH,0),
1.91 (br m, 2 H, GH1), 1.31 (s, 6 HCNCMe,CH,0), 1.21 (br m, 4 H, @1,), 1.06 (s, 6 H,

— - 1
CNCMe,CH,0), 0.81 (s, 8 H,CNCMe,CH,0, CgH,, overlapped)*C{1H} NMR (benzen«-ds,

150 MHz): 5 193.92 (brCNCMe,CH,0), 152.44 ipso-CeHs), 134.48 ¢rtho-CeHs), 127.39
(metaCgHs), 125.10 para-CeHs), 82.62 (2CNCMe,CH,O overlapped), 77.05

CNCMe,CH,0), 68.26 (2CNCMe,CH,O, overlapped), 62.77 (€l15), 59.25 (GH1), 31.18 (2
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CgH1o, overlapped), 29.90 @), 29.15 (CNCMe,CH,0 ), 27.80 CNCMe,CH,0), 26.78 (
1 15 L O
CNCMe,CH,0). >N NMR (benzen-ds, 71 MHz): § —154.9, -192.9 (CNCMe,CH,0). B

NMR (benzenads, 128 MHz):5-16.4. IR (KBr, cm?): 3063 w, 3036 w, 3000 m, 2965 s, 292,
2881 s, 2835 m, 1607 m, 1558 s, 1462 m, 1433 w8 1881370 m, 1329 w, 1284 s, 12w,
1198 s, 1158 s, 1131 m, 1002 s, 967 s, 892 w, §/@3@%w, 817 w, 785w, 739 m, 704 m. E
Anal. Calcd for GgH41BIrN3Os: C, 51.02; H, 6.05; N, 6.16. Found: C, 51.00; F3% N, 6.03

Mp: 175-180 °C.

ToMRh(y*-CgH12) (5.12).A Schlenk flask was chard with TITo" (0.440 g, 0.749 mmol) an
[RhCI(;7*-CgH12)]2 (0.189 g, 0.384 mmol) in the glove box. Then, beez€0 mL) was added
the flask. The flask was sealed and the resulthgtion was stirred for 4 h at room temperati
The solvent was filtedeand the residue was extracted with benzene. dlerd was remove
under reduced pressure to afforc"Rh(;*-CsH12) as a deep yellow solid (0.205 g, 0.345 mr
90.3%)."H NMR (benzenes, 400 MHz): 5 7.75 (d,*Jun = 6.4 Hz, 2 Hortho-CgHs), 7.43 (t,
33un = 7.6 Hz, 2 HmetaCgHs), 7.28 (t,34n = 7.6 Hz, 1 H,para-CgHs), 4.24 (br m, 2H, gH1),
1 1
3.96 (br m, 2 H, gH12), 3.73 (s, 2 HCNCMg¢,CH,0), 3.57 (s, 2 HCNCMe,CH,0), 3.46 (s, 2
1 1
H, CNCMe,CH,0), 1.99 (br s, 2 H, gH12), 1.37 (br s, 4H, gH1,), 1.32 (s, 6 HCNCMe,CH,0),

- 1 —
1.08 (s, 8 H,CNCMe,CH,0 | gH;, overlapped), 0.72 (s, 6 FCNCMe,CH,0). *C{1H} NMR

(benzeneds, 150 MHz): & 192.77 (bt CNCMe,CH,0O), 135.41 Qrtho-CeHs), 127.84 (neta
CeHs), 125.57 para-C¢Hs), 81.78 CNCMe,CH,0), 79.33 (GH12), 77.39 (CNCMe,CH,0),

75.65 (GH12), 68.46 (CNCMe,CH,0), 67.61 (CNCMe,CH,0 ), 30.81 (1), 29.50 (GHi2,
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CNCMe,CH,O overlapped), 28.13 CNCMe,CH,0), 27.55 (CNCMe,CH,0). **N NMR

(benzeneds, 71 MHz): 5-161.1, ~169.2 (CNCMe,CH,0 ).'B NMR (benzen-ds, 128 MHz):
§-16.3. IR (KBr, cnf): 3063 w, 3042 w, 2999 m, 2963 s, 2927 s, 2878384 m, 1611 m, 156
s, 1485 w, 1461 m, 1438, 1387 w, 1365 m, 1335 w, 1303 w, 1276 s, 1252194 s, 1155 it
1130 w, 995 s, 968 s, 894 w, 874 w, 838 w, 816 Th W, 729 m, 704 m. EA: Anal. Calcd 1
CooHaBN2OsRh: C, 58.70; H, 6.96; N, 7.08. Found: C, 581876.77; N, 7.01. Mp: 16-185

°C, dec.

Representative example of catalytic alcohol decarlglation. A mixture of
cyclohexanemethanol (0.09 mmol), Mir(4*CsH1) (5.11) (0.005 mmol), cyclooctane (O.(
mmol) as an internal standaathd toluen-dg (0.6 mL) was loaded into a¥Ylsung style NMR
tube. The tube was sealed and heated at 180 °@ flmys. The progress of the reaction
monitored by'H NMR spectroscopy. After the reaction, the solutivas diluted with C,LCl,

and the yield of cyclohexane was determined b*-MS from a calibration curv

Procedure for Preparative Scale CatalysisA Schlenk tube was charged with tTo"Ir(y*
CgH1o) (5.17) (0.11 mmol), substrate (2.1 mmol), and toluer@ rfiL). Thetube washeated at
180 °C for 4 daysAfter the catalysisthe products were purified either by fractionatltitdation
in vacuq or by silica gel column chromatograpl

Cyclopentane from cyclopentanemethano(Table 5.3; entry 3)The product (0.138 g, 1.
mmol) was isolated by fractional distillation (-50 °C) in 65.7% yield.

tert-Butylbenzene from 4-ert-butyl)benzylalcohol (Table 5.3; entry 9)The product (0.187 ¢
1.39 mmol) was purified bgilica gel column chromatography (hexane:EtOAc E & = 0.93)
in 66.2% yield.
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Chapter 6 — Conclusion

The design and synthesis of chiral ligands remaaimmportant area of developing metal-
catalyzed asymmetric transformations. In particuizgveloping ligands for enantioselective
olefin hydroamination has seen tremendous growtihénpast two decades. Despite significant
advances, enantioselective hydroamination catalgsts typically limited by poor substrate
scopes, low enantioselectivity and diastereoseigctiWe have synthesized a new class of chiral
ligands cyclpentadienyl-bis(oxazolinyl)borates ahdir yttrium and zirconium complexes for
enantioselective hydroamination of aminoolefins.

Our cyclopentadienyl-bis(oxazolinyl)borato zircom and hafnium complexes are
unusually active for catalytic cyclization of amalefins at room temperature or even-30 °C,
in contrast to other group 4 hydroamination catalybat requires elevated temperature. Both
zirconium and hafnium precatalysts provide severahethyl-pyrrolidines with very high
enantiomeric excesses up to 99%. The zirconiumapalsts is also oxo- and halogen-functional
group tolerant. Additionally, the zirconium predgsd cyclizes aminoheptenes at room
temperature affording optically active seven-merableazepanes with greater than 90% ee. Our
mechanistic investigations suggest a non-insentnezhanism involving concerted C-N/C-H
bond formation in the turn-over limiting step oétbatalytic cycle.

{PhB(CsH,)(OX*S'P"Me3 1 7r(NMe ), also desymmetrizes olefin moieties of achiral non-
conjugated aminodienes and aminodiynes during zatitin. The dsymmetrization of
aminodienes affords diastereomeric mixture @§ and trans cylic amines with high
diasteromeric ratios and excellent enantiomericesges. Similarly, the desymmetrization of

alkyne moieties in $2}Zr(NMe,),-catalyzed cyclization of aminodiynes provides
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corresponding cyclic imines bearing quaternaryesteenters with enantiomeric excesses up to
93%. Thecidtransratio can be systematically tunes in favor of @ittis or trans diastereomer
by controlling the concentration of the substr&ejperatureN-deuteration of the substrate, and
the primary amine additive.

Cyclopentadienyl-bis(oxazolinyl)borato yttrium cplex {PhB(GH4)(Ox*
BY,}YCH ,SiMe; displays highly enantioselective in the cyclizatiohaminoalkenes at room
temperature affording cyclic amines with enantiomegxcesses up to 96%. The yttrium
precatalyst provides cyclic amines witkconfiguration, whereafk-configured amines are
obtained by the corresponding zirconium precatalgsen though the identical chiral ancillary
ligand is present. A noninsertive mechanism invaiva six-membered transition state by a
concerted €N bond formation and NH bond cleavage is proposed for PhBg)(Ox*
B, })YCH ,SiMes-catalyzed hydroamination based on the kinetic, ctspscopic, and
stereochemical features.

Cyclopentadienyl-bis(oxazolinyl)borates have b@eoven as superior chiral ancillary
ligands in asymmetric olefin hydroamination. Thewy 3 and group 4 complexes containing
cyclopentadienyl-bis(oxazolinyl)borates could besfuk catalyst to prepare various azacycles
that are important building blocks for synthesizingtural products and drug molecules.
Additionally, several other cyclopentadienyl-bisgawlinyl)borate containing main group and
transition metal complexes could be synthesized¢chvimight find application as catalysts in
various industrially important processes such a&sestelective olefin copolymerization and
olefin hydrosilation.

In this thesis, we have also reported several dnst tris(oxazolinyl)borato iridium and

rhodium complexes for acceptorless dehydrogenateaarbonylation of primary alcohols. Our
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catalysts survey shows that the compounlIfig*-CgH:>) is the most active for the conversion
of primary alcohols into alkane,,Hand CO at 180 °C in toluene. Several aliphatit @omatic
primary alcohols are decarbonylated in the camlgtinditions. Furthermore, tr(5*-CgHy) is
also able to decarbonylate polyols such as ethygéyo®l and glycerol to syngas {ldnd CO) at
180 °C.

In industry, the production of syngas from biomas$ies on gasification at high
temperature (above 400 °C). In this respect, tlwardb®nylation of polyols to syngas catalyzed
by To"Ir(5*CgH1o) at 180 °C is remarkable. Therefore,"Migy*-CsH12) will be tested as
catalysts for conversion of cellulose and sugarsytwyas at low temperature. Additionally, the
future directions will be continued on grafting tlexazolinylborato iridium catalysts on
mesoporous silica nanoparticles for developing rogeneous catalysts for acceptorless

decarbonylation of alcohols .
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