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ABSTRACT

Phosphination of the ortho C-H bond of the pyrrole was developed to form 2-
(diisopropylphosphino)pyrrole. The protolysis of AlMe3 with 2-
(diisopropylphosphino)pyrrole leads to a new tripodal alane/tris(phosphine) ligand (AlP3).
The synthesis of AlPs-supported Ni complex was reported. The central
tris(pyrrolyl)aluminum moiety acts as a stronger Lewis acid towards Ni than other related
group 13 element-centered tripodal ligands, as demonstrated by the binding of H> to Ni
and ease of reduction.

The Z-type tripodal alane ligand (AlP3) also reacts with AgOTf by coordination of
three phosphines to the Ag center and transfer of triflate to the tris(pyrrolyl) Al site.
Reaction with Ag[HCB1:Cl11] results in the coordination of two phosphines to Ag and one
to Al, indicating, with little to no Ag-Al interaction in either structure.

The synthesis of PAIP and PBP pincer complexes of Rh possessing a central bis(N-
pyrrolylaluminyl or -boryl unit was developed. Complex (PAIPP)Rh(CO)2 possesses an
aluminyl site stabilized by coordination of pyridine, resulting in a four-coordinate Al.
Attempts to the three-coordinate aluminyl by abstraction of pyridine with BF3-Et2O
unexpectedly led to the B/Al metathesis with the preservation of the pincer structure in the
product (PBP)Rh(CO).. Abstraction of pyridine was carried out using B(CeFs)3, but the
desired (PAIP)Rh(CO). underwent dimerization via isocarbonyl bridging, reflecting the

elevated Lewis acidity of the N-pyrrolyl-substituted aluminyl.



The direct cyclometalation of PCP ligand with Fe2(CO)e under UV irradiation
leads to a C-H activation product (PCP)FeH(CO)>. 1 e- oxidation of (PCP)FeH(CO): in
CeHsF affords C-H reductive elimination product with [(PCHP)Fe (CO)2] cation with
agostic Caryi-H-Fe interaction. While 1 e™ oxidation of (PCP)FeH(CO). in CH3CN gives
rise to Hz and [(PCP)Fe(CO)2NCCHj] cation.

Catalytic dehydrogenative diboration (DHDB) of alkyne with HBpin was achieved
using [Ir(COD)CI]. and other related Ir precursors under CO atmosphere. The selectivity
for DHDB over hydroboration is higher in less polar solvent and under increasing CO
pressure. It was further improved when catalytic amount of '‘BuNC was added to the
reaction. It was possible to achieve DHDB of both terminal and internal alkynes with
selectivity for DHDB of up to 9:1 under the best conditions. Some DHDB products were

isolated on the preparative scale.
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NOMENCLATURE

Ar Aryl

BArF2o Tetrakis(pentafluorophenyl)borate

B2pin; Bis(pinacolato)diboron

Bocat, Bis(catcolato)diboron

TMP 2,2,6,6-tetramethylpiperidide

Boc tert-Butoxycarbonyl

TBE tert-butylethylene

COD Cyclooctadiene

COE Cyclooctene

Cp Cyclopentadienyl

Ph phenyl

CAAC cyclic alkylaminocarbenes

DFT Density Functional Theory

DHBTA Dehydrogenative Borylation of Terminal Alkynes
Dipp 2,6-diisopropylphenyl

Et Ethyl

FLP Frustrated Lewis Pair

HBpin Pinacolborane, 4,4,5,5-tetramethyl-1,3,2-dioxaborolane
HBdan 1,8-naphthalenediaminatoborane

'Pr iso-propyl
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NBS
"Bu
DHDB
nbd
NMR
OA
OAc
oTf
Py
RE
TBE
‘Bu
THF
PhF

XRD

N-bromosuccinimide

n-butyl

Dehydrogenative diboration
norbornadiene

Nuclear Magnetic Resonance
Oxidative Addition

Acetate

Triflate

pyridine

Reductive Elimination
tert-butyl ethylene, 2,2-dimethyl-3-butene
tert-butyl

Tetrahydrofuran
fluorobenzene

X-Ray Diffraction
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CHAPTER |

INTRODUCTION

1.1 Pincer ligands

Pincer ligands are tridentate chelating ligands coordinate to a metal with
meridional configuration, which provide high thermal stability to the resulted complexes.
While tridentate ligands bind to a metal in fac manner was referred as scorpionate ligands,
which will be discussed in the later sections. The seminal project on pincer complex was
first reported by Shaw and co-workers back to 1976.* The last few decades have witnessed
the continuous booming in the development of pincer chemistry with a wide variety of
applications.?

The terminology of pincer ligand is very closely related to their donor atoms and
the link between the central donor and the other two side donors. Due to the presence of
diverse donor atoms as well as various linkers, Pincer ligands are synthetically variable
for chemist to achieve more control on both electronic and steric properties of the metal
center, more importantly either electronic or steric properties of the metal can be tuned
independently without significant influence on each other.

D——>M D—M De—: M
L-type X-type Z-type
Scheme I-1. A generic L, X, and Z-type ligand interactions with a generic metal center
There are 3 basic types of ligand-metal coordination differentiated by the

electronic binding nature between ligand and the metal (Scheme 1-1): L-type interaction



is referred to binding via lone pair, or two-electron donation from ligands to the metal
center; X-type interaction is categorized by binding via sharing one electron from the
ligand and the other from the metal; Z-type interaction is characterized with two-electron
donation for metal to ligand. In general, L-, X- and Z-type lignads donate 2, 1, O electron
to a metal center when using the neutral ligand method of electron counting.?
Theoretically three donors of pincer ligands could be any type of ligands with any
combination, and are used for abbreviation of pincer ligands in most cases. The classic
representative examples of pincer ligands are generally separated into four main categories
as shown in Figure I-1. The first category, one of the most common pincer ligands, are
neutral (LLL-type) ligands with terminal tert-phosphine groups and central heteroatom-
(101A)* or carbene-based (101B, 101C)° donor groups. The second pincer platform are
anionic (LXL-type) ligands. The most common combination is anionic X-type central
donor with 2 L-type neutral side arms ligands including widely used PCP (101D) ligands?,
POCOP ligands (101E),%" diarylamino PNP ligands (101F) developed by Liang® and
Ozerov®, Fryzuk’s PNP ligands (101G),%° Peters’ NNN ligand (101H),*! and PSiP ligands
(1011)*2. The dianionic (LXX-type) and trianionic (XXX-type) ligands are relatively rare

but did find their ways into the literatures. >
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X—PR,
PNP 101A PNcNp 101B PCarbeneP 101C

Metal complexes supported by a neutral pincer

X PRZ PRz /_PRZ PR2
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X—PR, PR, PR, PR,
PCP 101D
POCOP 101E PNP 101G PSiP 1011
R
PNP 101F NNN 101H

Metal complexes supported by a monoanionic pincer
Figure I-1. Representative LLL-type and LXL-type pincer ligands
1.2 Pincer ligands with a group 111 atoms as central donor

Among those pincer ligands, pincer ligands bear a group Ill atoms (B, Al) have
drawn increased attention over the past 20 years due to the unique feature of empty orbital
on the central donors which lead to unusual modes of metal-ligand-cooperativity.?!32 The
central donors of the pincer ligand can bind to a metal center in various manners. There
are three common fashions for a tri-substituted boron ligation with a metal (Scheme I-
3)®: a Z-type interaction would be expected when a neutral borane moiety accepts 2 e

from a metal, while a ligand stabilized borylene moiety binds to a metal in L-type fashion



similar to cyclic alkylaminocarbenes (CAACS) or carbon monoxide;*3® the third category

is the X-type bonding between a boryl [RzB]" and a metal 27-3237:38

R L AN R/
\ RN R&Z,
/ B:—>M R\“‘""B_M IT<— :M
7/
L R R
L-type X-type Z-type
borylene boryl borane

Figure 1-2. Classification of ligand-metal interaction between a tri-coordinate boron and
ametd The coordination pattern of the boron centers to a metal (Figure 1-2) can be more
flexible depends on the nature of the metal and substituents on the boron, which is well
demonstrated by Ozerov’s study on triaryl-PBP-ligated rhodium complexes.®’
1.2.1 Boryl-centered pincer

The boron-containing pincer complexes were an exciting class of pincers present
a strong donor and trans influence ligand. The boron centered pincers were mainly
subdivided into three categories according to their back bones (Figure 1-3): diaminoboryl

pincer complexes (101J) diarylboryl pincer complexes and carborane-derived pincer

complexes (101K).
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Figure 1-3. Boryl-centered pincer ligands
1.2.1.1 Diamino-based PBP pincers

Incorporating boron into a pincers is not synthetically challenging, meanwhile
transition metal complexes with a X-type boryl group have been reported a lot especially
in the field of C-H borylation catalysis, however, The draught for the boryl-centered pincer
continued until Nozaki and Yamashita disclosed the first boryl-centered PBP-type pincer
complex (104) in 2009.%° The borylation of ligand back bone was inspired by the synthesis
of well-know borylation reagents chelated with diols (HBpin and HBcat): 1,2-
bis(phosphinomethylamino)benzene (102) was obtained via condensation of ortho-
phenylenediamine with phosphinomethanol generated by the reaction of formaldehyde
with secondary phosphine in situ. Then 3 equiv BH3*SMe; was treated to 102 to form
amino-chelated hydroborane back bone. The excess borane bind to phosphine was

removed with alkylamine to afford the desired PBP ligands 103.



OH BH.-Me,S O OH BHs;-Me,S
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©: > BH > ‘BH
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Scheme 1-2. Synthesis of HBcat and HBpin

NH»
@[ /R
N

1) BHyMe,S \
PR,H + CH,0 I BH
2) Pr,NH N’

102 =1Pr (103a), R = Cy (103b)
R = Ph (103c), R = 'Bu (103d)

Scheme I-3. Synthesis of diaminoboryl pincer ligands

NH» @) Br
@[ NH "Buli /_\_
NH2 R — ©i ¢ —_— 105

(@) BU2PH-BH3 PR

NH \_/_ |

CI)J\/\Br BH
@) Br

104 BH3 Mezsl

N\ PR2 H \
BH - ©: BH
N PR, N PR,
/ /]
R ='Bu (107) 106
Scheme I-4. Synthesis of diamino-boryl pincer ligand with extended side arms

The synthesis of boryl-centered pincer with longer phosphine side arms was

developed by Yamashita and co-workers in 2016.>° The condensation of 3-



bromopropionyl chloride with ortho-phenylenediamine gave rise to 104. The di-tert-
butylphosphinoborane and "BuLi was added to form 105 with phosphinoborane side arms.
The BH3*SMe> was introduced to formed broyl-centered pincer 106 with phosphine side
donors protected with BH3, which was removed with N-acetylethylenediamine to generate
desired ligand 107. The similar pincer 108 with tetramethylethyl back bone can be

obtained using the same procedure with 2,3-dimethylbutane-2,3-diamine.*°

NH, N/_\—PR

2
pr— ‘BH
—>’ /
NH2 N\—/—PR2
R ='Bu (108)

Scheme 1-5. Synthesis of boryl pincer ligand with aliphatic back bone

B-H oxidative addition to the group VI transition metal such as Ir or Rh took place
at room temperature to generate corresponding (PBP)IrHCI(110-112)%0%4! and
(PBP)RhHCI complexes (109)3°3! with a 3-coordinate boryl center, which is a strongly c-
donating group. These amino-based (PBP) metal complexes were found to facilitates a
number of bond activation reaction and catalytic applications, such as the transfer
dehydrogenation of alkanes,3>% the dehydrogenation of dimethylamine-borane*®#? or the

hydrogenation and hydrosilylation of olefins324243
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Scheme 1-6. Cyclometalation of amino-based boryl pincers

The amino-based PBP ligands can also react with other transition metal precursors

via B-H oxidative addition to give boryl-based pincer-type complexes.324

1.2.1.2 Diaryl-based PBP pincers

The synthesis of boron-centered pincers (113) with s

imilar back bone to Ozerov

PNP was developed earlier by Bourissou and co-workers than amino-based PBP ligands:

The reaction of ortho-lithiated phosphinobenzene generated

ratio give rise to aryl-based PBP with a B-Ph moiety.*+*°

in situ with PhBCI2 in 2:1



PR,

PR,
1) nBuLi
—_— B
2) PhBCI,

Br
PR,
R =iPr, 113A
R =Ph, 113B

Scheme I-7. Synthesis of aryl-based PBP

Unlike those amino-based PBP with B-H bond, the stronger B-C bond make it
challenging to form X-type boryl pincer ligation via oxidative addition of B-C bond to a
metal. The central boron of aryl-based PBP bind to a metal with Z-type interaction
dominantly until 2016. Direct oxidative addition B-C to Ir center was achieved and

generates X-type boryl (PBP)IrPhCI by Ozerov and co-workers.?’

/CI
100 °C

P Pr2 P Pr2

P Pr2 P PI'Z
[Ir(COE) 2c:|]2

113A
Scheme 1-8. Synthesis of X-type boryl-centered (PBP)IrPhCI
In the same year, Tauchert and co-workers developed a method to enforce the X-
type boryl bonding from Z-type bonding: oxidative addition of aryliodide to 115 would
generate 116, which release the C-C reductive coupling biaryl to formed 117.26 The
mechanism for the conversion from 116 to 117 was proposed: ligand exchange between

9



B and Pd gives rise to 118 with two aryl groups cis to each other, then C-C reductive
elimination forms a palladium(0) 119, which can oxidatively activate the B-I bond to

afford 117.

PPh,

B—Pd—I

PPh,

116 17

Pd,(dba)g l
PPh, (\'

B—Ph

T

PPh, PhyP
113B 18

Scheme 1-9. Synthesis of X-type boryl-centered (PBP)PdI and proposed mechanism.
The diarylboron center in this PBP ligand is likely to be more Lewis acidic than
those of diamino-based PBP which possess m-donating amino substituents on the boron.
Extensive studies of the aryl-based PBP supported iridium complexes revealed the aryl-
based PBP platforms facilitates bond activations in a unique way. Directed CH activation
generally relies on the formation of five- and sometimes six-membered cyclometallo-
rings, therefore C-H activation of quinoline usually occurred to the C-H bond of phenyl.

While Thermolysis of compound 120 with quinoline at 100 <C resulted in 97% 121, an

10




ortho-CH activated product with a four-member rings containing boron and iridium, and
3% of C-H activation product of phenyl position to form classic 5-member rings. In
addition, 123 with mono CO attached to iridium center, obtained via comproportionation
of 120 with 122 at room temperature, was demonstrated to be more effective for ortho-

CH activation of pyridine derivatives.®®

a
SN
_ Mb ML,
® PN
~
TiPrz N N
|
e - B ,
B /Ir (610) S N __pipr,
oc” | 100 °C O\ _r
PiPr, PrsP™ | "CO
H
120 121
X
»
N 100 °C
<::2%——PPQ <::2*——T¢gé
120 Ph—B. I
r. t. H |
]
PPQ PPra
123

Scheme 1-10. Ortho C-H bond activation of quinoline
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In the proposed mechanism, pyridine binding occurs before or after CO
dissociation from 120. The Lewis acid-base adduct can be isolated prior C-H activation
when stronger pyridine derivative such as DMAP was used. It is very unlikely that
pyridine will bind to the 4-coordinate borane in 122, instead pyridine most likely bind to
126, a Ph-H reductive elimination product. The iridium insertion of 125 into a directed
ortho-C—H bond of pyridine should give isomer 127 with a cis-disposition of the H and
Chpyrigyi ligands around Ir. Then rearrangement of 127 gives rise to observed product 128

with a CO trans to boryl moiety.*

\ \
PiPrz | / __ | /
TPy ’T‘ S/ -CO TQ
B—Ir—CO — —
s ] B | B |
ocC le py <\_/% \lr/P,Prz +CO N\ \|r/P'P|'2
2 PP | >co PP~ >co
120 Cco 125
-CO 124 C-H activati
+CO + py -H activation
PiPrz PiPrz \\
_CO  _Ph-H N/
Ph—B_ /I|r —_— B—ir—co |
H B—
PPr, <j>7|:ﬂpr2 C;Z:/T\/Plprz
L B r2 H
122 126 CO 127
N
\
'Tl /
B_ .
N\ —PPr,
PP~ | co
H 128

Scheme I-11. Proposed mechanism for Py ortho-C-H activation
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Heterolytic cleavage of O-H, N-H, and F-H bonds by 120 was demonstrated in
2019 by Ozerov and co-workers.*® This diaryl-based PBP supported complexes are proved

to catalyze the transfer dehydrogenation of olefin in 2017. 4’

<j%fpfpr2 Qj%fpfpr2
| H-X | H

B—Ir—CO ——» X—B—Ir=CoO

/ /
o] |
PPr, PPr,
120 129

Scheme 1-12. H-X cleavage across Ir-B

The complexation of 113 with other group metals such as Fe,*4° Ni*°, Ru,%2
Cu,>® Ag® and Au* was achieved, however none of the above complexes bear X-type
boryl-metal interaction.
1.2.1.3 Carborane-based PBP pincer ligands

Icosahedral meta-dicarbaboranes present a good platform for the design of pincer
ligands, due to a wide range of accessible methods for C-H functionalization of the m-
carborane. In addition, carborane unit exhibits extraordinary stability which work well
with the main purpose of a supporting pincer ligand. The first carborane-based pincer
ligand family was developed by Mirkin in 2009.28 The SBS (131) was synthesized in 1
step: the deprotonation C-H of 130 with MeLi followed by a SN2 reaction of the carba
anions generated in situ with PhRSCH2CI give rise to 131. The synthesis of SeBSe (134)
required 3 steps: Firstly paraform was reacted with deprotonated 130 to install
hydroxylmethyl side arms. Secondly bromination was achieved using Br» in the presence

of PPhs. Thirdly SePh group was attached via reaction of PhSeSePh with Lithiated 133.
13



MelLi

e
PhSCH,CI
130 O =BH
131
"BuLi
paraform

SePh SePh

PhSeSePh I\
—

NaBH,

C

132 133 134

Scheme 1-13. Synthesis of carborane-based SBS and SeBSe

The cyclometalation conditions of 131 and 134 with Pd are the same, which is
reacting ligand with Pd(CH3CN)4[BF4]2 in acetonitrile followed by addition of 2 equiv of
(nBu)sNCI. According to the calculation, there is a net negative charge localized on the
Pd atom and a relative positive charge on the boryl center connected to Pd, compared to
other borons in the cage, suggesting an X-type boryl center in 135 and 136. The Pd-B
bonds in complexes 135 and 136 exhibit strong c-electron donation with little w-back

bonding.
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Cl
EPh |
PhE ——Pd——EPh

J Pd(CH3;CN)4(BF4)
(CH3CN)4(BF4), I\/f\\J

"Bu,NCl

O BH E=S,6135
E = Se, 136

Scheme I-14. Synthesis of carborane-base® (EBE)PdCI

More m-carborane-based LBL pincer ligands were developed. The synthesis of a
series chiral NBN pincer ligands were reported by Nakamura and co-workers in 2011.5
The m-carborane-based pincer complexes of rhodium(lll), nickel(Il), and palladium(ll)
were synthesized by the oxidative addition of the ligands to RhClz3H20, Ni(COD)., and
Pd(CH3sCN)4[BF4]2 respectively. The air stable rhodium complexes can catalyzed

asymmetric conjugate reduction of a,-unsaturated esters with good enantioselectivity.

R4 RZ L, R k/ln
. /M\N 'llR,I Rzp/ \PRZ

)\ //0\\ /k é\CZ/IB\\C/(IJ

NBN 137 O BH POCOP 138

Figure I-4. m-carborane-based pincer ligands
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R =Me (94% ee),

. OH Et (97% ee),
H &PrAcO M2 H ,Pr iPr(98% ee).

y

O BH 139

Scheme 1-15. Catalytic asymmetric conjugate reduction of o,p-unsaturated esters with
P In 2016, Peryshkov and co-workers succeeded to install a phosphinite side arms
in to the m-carborane unit.?° The complexation of carborane-based POCOP (138) ligands
with Rh(PPhz)sCl proceed at room temperature to afford 140 with octahedral geometry.
In the presence of EtsN, 140 would reductive eliminate HCI quickly even at room
temperature to form 4-coordinate rhodium complex 141. The complexation of 138 with
[Ru(CO)sCl]2 required EtsN to achieve clean metalation product 142, a double B-H

activation product with rhodium boryne moiety.>” The rhodium-BB moiety showed novel

reactivity towards some chemical bonds such as CC triple bonds, Csp-H bond and I-1 bond.
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Scheme 1-16. Cyclometalation of carborane-based POCOP
1.2.2 Aluminum-centered pincer ligands

In comparison the aluminum-centered pincer ligands ligated metal complexes have
been scarcely explored, among which electro-static or Z-type boding between Al and a
metal are most commonly seen. The X-type aluminyl is arguably equal if not more
strongly o-donating as X-type boryl, while 3-coordinate aluminyl center should be much
more Lewis acidic than boryl center due to the higher electro-positivity of Al. In addition,
the structure of Al could be more diversified due to the higher coordination number of Al.
All of the above factors make Al-centered pincer ligands very appealing ambiphilic
ligands. However, the relatively high sensitivity of Al-C or Al-N bond (due to protolysis

or redistribution of AI-C bonds) represents a synthetic limitation.?:%®

17



1.2.2.1 Diaryl-based PAIP

The first Al-centered pincer ligands was synthesized by Bourissou and co-workers
in 2008.2* The same building block for diaryl-based PBP synthesis was used to construct
PAIP (143) via similar steps. Treatment of the 143 with [AuCI(SMe>)] resulted in chloride
transfer from Au to Al and readily afforded the 144 without significant Al-CI-Au bridging
interaction. When the 143 was treated with CuCl, zwitterionic polymer 145 was formed

through Cu-CI-Al bridges.*® In both complexes, the direct M-Al interaction was missing.

P'Pr,
P'Pr,
1) nBulLi
— > Al—Cl
2) AlCl;
Br
P'Pr,

143

Scheme 1-17. Synthesis of PAIP pincer

Cl i i

‘E P'Pry P'Pr,

\Al/C'* il Q Q\
CuCl AuClISMe, Clii, +

PPrzPP - A—Cl ———3 SAI- Au
ry /
n
143 144

145

Scheme 1-18. Activation of M—Cl Bonds with PAIP

18



1.2.2.2 NNN-based PAIP and heavier PEP pincer ligands

In 2017, Iwasawa and Takaya utilized a NNN pincer frame work to enforce a X-
type Al-Pd interaction.?? The cyclometalation of 146 with excess AICI3 occurred at room
temperature to give 147a with two type of Al center: 5-coordinate Al cation and 4-
coordinate Al anion. The Pd>dbas was then used to further cyclometalate 147a to form
148a, the first pincer complexes bear a X-type Al moiety. Pd—CI bond (2.5475(9) A) is
the longest among reported pincer palladium complexes, consistent with expected strongly
trans influence of an X-type aluminyl donor. The Pd-Al (2.461(1) A) bond is slightly
longer than a Z-type Pd—Al interaction. Both the incorporation of heavier group IlI
elements to 146 and the subsequent cyclometalation with palladium were successful.
148a, 148b and 148c were proved to be effective catalyst for CO2 hydrosilylation, and the

aluminyl-centered 148a showed significant higher reactivity.

PPh,
0.5 equiv
WCl Pdy(dba);
) >
ECl,~
PPh,
146 E = Al, 147a E = Al, 148a
E = Ga, 147b E = Ga, 148b
E =1In, 147c E =1In, 148c

Scheme 1-19. Cyclometalation of PEP with Pd
The same method worked well for the incorporation of Ga into 2,6-dimethyl

substituted 149 ligand.®® Then cyclometalation of 149 with [Ir(COD)CI]. led to a
19



gallylene-centered pincer iridium complex 151. Replacing the neutral py moiety with
pyrroly would require deprotonation in order to introduce group 11l element. The pincer
ligand with pyrrolyl back bone was neutral. Complexation of 153b and 153c with

[Ir(coe).Cl]. give rise to 154b and 154c respectively.®

\ \\\‘CI 0.5 equiv

—GaS;, TrCoD)CI,

GaCly
PPr,

PPr,
0.5 equiv
[Ir(coe),Cll,
N
/N P'Pr, P'Pr,
E = Al, 153a E = Ga, 154b
152 E = Ga, 153b E = In, 154c
E =1In, 153¢c

Scheme 1-20. NNN-supported group 13 elements centered pincer ligands

In 2018, Nakao and co-workers developed the synthesis of similar NNN-chelated-
Al pincer, but instead of 2 or 3 L-type N donors, there is only one L-type N donor in the
back bond. 2 The reaction of lithiated 155 with AICI3 in 1:1 ratio give rise to PAIP pincer
156 with 4-coordinate Al center. Thermolysis of 156 with [RhCl(nbd)]2 led to rhodium
dimer 157 with Z-type Al-Rh interaction. X-type aluminyl pincer complex 158 was
obtained via reduction of 157 in the presence of nbd. The X-type Al-Rh bond [2.5487(8)

A] is longer than a reported Z-type Al-Rh (2.425 A). 158 activates ortho C-H of pyridine
20



when nbd was removed via hydrosilylation, and was found to effect pyridine alkylation
with olefin. The catalytic system did suffer from poor reactivity even though high ortho

selectivity was observed.

PPr2 Me
Q .
1) "BuLi @ \AI—CI
2AC, N PP,
PPFQ
N\——piPr, 156
[RhCI(nbd)],
IK\I\I\JIMG / bd, KC e l Tl
n 8 2
\ __RH
//\N A—RN (\J\\—/-,/AI \
i N N AT
\/PIPrZ PPrz
158 157

Scheme 1-21. Synthesis of aluminyl-PAIP rhodium complex

159 generated in situ also activates Cary-F bond across Rh-Al moiety. The oxidative
product 161 can be reduced by Mg to regenerate 159. The catalytic Caryi-F bond reduction
products generated this way are well-known Greenard reagents, which readily react with

all kinds of electrophile to form new C-X bond.?
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Scheme 1-22. Mechanism for aryl C-F magnesiation
1.2.2.3 diamino-based PAIP

Yamashita reported the first aluminyl-center pincer iridium complexes with a 3-
coordinate Al center in 2019.2* The similarity of Al and B in reactivity provides benefit
for the PAIP synthesis from PBP synthesis. The synthesis of 163 is very similar to the
boryl version via protolysis of E-H with N-H bond. Then cyclometalation of 163 was
achieved with [Ir(COD)Cl].. X-type Al-Ir bond [2.3819(14) A] of 164 is significantly

shorter than the sum of the covalent radii of the Al and Ir atoms.
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Scheme 1-23. Synthesis of diamino-based PAIP
1.3 Tripodal ligands

Tripodal ligands are C3 symmetric tri- and tetradentate ligands with 3 side arms
containing donor atoms that are connected to the central atom. In contrast to pincer
ligands, the tridentate tripod ligands typically bind to the transition metal with facial
configuration, which is also common configuration for tetradentate tripod ligands when

the fourth coordination site is not available.

23



g
/

—

)
/__/

\J

R
tridentate ligand
L M
L/
L L AN
M I L
\\
L L
tetradentate ligand
M

L _
L RN

=

Z
tetradentate ligand

Scheme 1-24. Complexation of tripodal ligands

Since their first discovery in 1966 by Trofimenko,®? hydrotris(pyrazolyl)borates
(Tp) have played a great role of designing novel compounds in the field of coordination
chemistry.®354 In 1986, Trofimenko developed a second generation of Tp* ligands with
substituents on pyrazole-3 position to prevent the formation of the homoleptic M(Tp):
complexes, which are proven to be more valuable ligands in the preparation of catalysts

and models for enzyme active sites.
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Scheme 1-25. First and second generation of Tp ligands

The steric environment of Tp* can be tuned via substitutions on the pyrazolyl ring,
however it is more difficult to tune the donor/acceptor properties of Tp*.
Hydrotris(methimazolyl)borate with three sulfur donors, a soft analogue of Tp, was

developed by Reglinski and co-workers in 1996.5°
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Scheme 1-26. Synthesis of Tm* ligands

Varieties of other donor atoms can be incorporated into the tripod ligands, such as
Oxygen and Phosphorus. The tripodal ligand with other central atoms including group I11,
IV, or V elements have been vastly designed and studied.®¢-® The tripodal ligands can be
further diversified by the design of linkage between central atoms and 3 donor sites to
achieve different goals in organometallic chemistry. One tripodal ligand of commercial
significance is nitrilotriacetate, N(CH2CO2")s, where worldwide capacity is estimated at
100 thousand tons per year, due to the cheap synthesis and wide applications based on its
ability to form water soluble chelates with multivalent metal ions. "
1.4 Various Z-type tripodal ligands

In 1999, Hill and co-workers demonstrated the greater flexibility of Tm* ligand
(165) derived from an additional atom between boron and donor atoms: where B-H
activation results in the formation of a metal-to-boron dative bond in the first

metallaboratrane complex.” Compared to the well-known tripodal ligands with 3 or 4
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donor sites (L4 or L3X), the ligand design (ZLsz)with an c-acceptor (Z-type ligand) was far
less developed, however due to the unique properties arose from the combination of donor
and acceptor coordination sites, significant advance on the chemistry based on the

ambiphilic tripod ligands has been achieved over the last decades.®® %77

\ 73
165, ELO \
H_BTN%N/R ,</ \/ >/
:%/ N\ N\N%_B/N 7
=
Q\/N\R PhsPu,,, KC' 'L 166

Ru.
oc”  YPPh,

165
165, CH,Cl, CH,Cl,
PPh3

A
5

Scheme 1-27. Synthesis of ruthenium borotrane
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Figure I-5. Representative examples of other Z-type tripod ligand-ligated complexes

Inspired by the pioneering work on boron based Z-type tripodal ligands to enforce
the strong M—B interaction,’® stronger Lewis acidic Al center was incorporated into
tripodal ligand to study the unusual M—Al bonding.>®"® However, due to the high chloro
affinity of Al center, the corresponding M-Cl bond was activated, which resulted in a very
weak M—Al interaction (Figure 1-5). Lu and co-workers were not only able to extend the
Z-type tripodal ligands further down the group 111 elements with their own ligand design,
but also blocking the potential halide abstraction with extra Lewis N donor on the back
bone.” "7 Well defined Co and Ni catalytic systems for hydrogenation of CO or olefin
were developed by tuning the electronic properties of the transition metals with various
central Z-type acceptors. &

The aryl, imidazole, pyrazole and alkyl are very common linkage for the tripod
ligands to connect the side arm donors and the central atoms. While the tripod ligands
incorporate the commercial available and cheap pyrrole into the backbone was far rare

studied,®-82 especially for Z-type tripodal ligands.®3 Considering the ease of N-H
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functionalization, Z-type tripod ligands linked via pyrrole back bone would be feasible. In
addition, with N directly attach to central acceptor, the Lewis acidity of which can be
increased while maintain the similar donating ability of the three donors compared to the
aryl-based Z-type tripod ligands.
1.5 Alkyne diboration.
1.5.1 Introduction to bisborylalkene

Borylated organic compounds have become staple reagents for synthetic chemistry
as they are generally considered relatively stable for storage and nontoxic to plants,
mammals, and other complex life forms and are therefore environmentally benign,®* In
addition, the boron functionality are found to be an ideal temporary functional group due
to the development of diverse facile transformations,®8 among which both
hydroboration-oxidation and C-C cross coupling reactions were awarded with Nobel
prizes in chemistry in 19798 and 2010 respectively. Additionally, boryl groups is widely
dispersed in natural products and synthetic drugs, such as antibiotics aplasmomycin,
boromycin, tartolon B, Tavaborole, Bortezomib, et al.89-°®
1.5.2 Synthesis of bisborylalkene

Due to the diverse utilities of organoboron compounds, massive efforts have been
made to develop the effective methods for the installation of boron functionalities over the
past few decades, among which 1,2-diborylalkenes typically conceived as addition of B-
B diboron moieties across the CC triple bonds have been widely used in organic synthesis,

especially for the synthesis of asymmetric alkene derivatives.%¢-%°
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1.5.2.1 alkyne diboration with CI2BBCI:
The first 1,2-bisborylalkene synthesis was reported in 1954, where CI:BBCI, was
directly added across CC triple bonds of acetylene to form CI, BCHCHBCI. in the absence

of catalyst, 100101

Cl,B BCl,

—_— + CLB—BCl, ——>

Scheme 1-28. Reaction of tetrachlorodiborane with acetylene

The alkyne substrate was not limited to acetylene. Substituent as bulky as tBu can
afford 83% yield, in addition further functionalization of B-Cl was achieved due to the
reactive B-Cl bond, which however is not ideal for storage as a useful synthetic material.
Neither the BCI> group was a good for cross coupling reactions, which is one of main
reasons why organoborons are widely used in organic synthesis.

Much more stable and easy to handle tetrakisalkoxyldiboron reagents were then
developed by Brotherton and co-workers, where hydrolysis of B2(NMe2)s with
corresponding alcohols,*%? especially the 1,2-diols supported diborons really shined in

catalytic borylation of hydrocarbons.
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Scheme 1-29. Synthesis of tetrakisalkoxyldiboron and representative examples

Unlike the CI:BBCly, the tetrakisalkoxyldiborons bear a high energy B-B bond do
not readily add to the alkyne in the absence of catalysts.
1.5.2.2 Transition metal catalyzed alkyne diboration with diboron reagents

In the seminal catalytic alkyne diboration reported by Suzuki, Miyaura, and co-
workers in 1993, the addition of B2pin2 to alkyne was catalyzed by a platinum phosphine

complexes.1®

Bpin Bpin

3 mol% Pt{PPh],

R—=—""R"+* Bopil —%5<c7un

Scheme 1-30. Platinum catalyzed alkyne diboration
A mechanism involving oxidative addition of B-B to Pt(0) was proposed. Then the
insertion of CC triple bond into Pt-B followed by C-B reductive elimination regenerates

Pt(0) species to turn over the catalytic cycle.
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In 2001, further investigation of the Pt-based alkyne diboration was made by
Marder and co-workers.1% They disclosed the optimal 1:1 ratio of Pt to phosphine for the
alkyne diboration, in addition, more electron rich PCys enhance the reactivity

dramatically, where reaction was completed within hours even at ambient temperature.

2 mol% Bpin Bpin
. Pt(PCy3)(CH2CH>),
R — R' + Bopin, —oh > —
R R'

Scheme 1-31. Monophosphine-platinum catalyzed alkyne diboration

Apart from platinum, copper was proved to be effective for alkyne diboration in
the presence of phosphine as well in 2012.1% The Cu-PCys system was found to borylated
C-O bond of the propargyl ether while in the platinum-based system C-O of the propargyl

ether remains untouched.

OMe 2 mol% Cu(OAc), Bpin Bpin
7 mol PCyj,
— + Bopin —
/ —_— 2p 2 80 oC
MeO Bpin Bpin

Scheme 1-32. Copper catalyzed alkyne diboration

More interestingly, the selective asymmetric diboration of alkyne was achieved
with Bpin-Bdan reagent catalyzed by lwadate, Suginome and co-workers in 2010.%° The
regioselectivity was controlled by the steric effect, where bulkier Bdan group located cis

to smaller R group.
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R R'
N 7
Bpin-Bdan: B—B\
@) HN
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Scheme 1-33. Catalytic asymmetric alkyne diboration with Bpin-Bdan

The addition product has two different boryl group attached to CC double bond,
where Bpin group is more reactive towards Suzuki coupling even though it is more steric
hindered, which show different regioselectivity from the addition product with B2Pina.

The palladium complex for alkyne diboration was also disclosed to undergo very
similar catalytic cycle as platinum-based system but with much slower reactivity.%

More recently simple FeBr, was found to catalyze the alkyne diboration under
certain conditions.'%” Atomic efficiency was quiet poor for this system as 4.5 equiv of
Bpin in total was used for one CC triple bond. However, the asymmetric diboration can

be achieved since the boryl group in the addition products coming from different boron

reagents.

10 mol% FeBr,
10 mol% LiOMe Bpin Bpin

Boo 1.5 equiv MeOBpin

— '+ in > —
R R 2PNz 80 °C. 20 h
1.5 equiv
R R'

Scheme 1-34. Iron-catalyzed alkyne diboration
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In 2017, the first alkyne diboration catalyzed by Au nanoparticles was reported by
Stratakis’ group. The Au nanoparticle system was also effective for disilylation of alkyne,
in addition, regioselective silylborylation of alkyne can be obtained when dibroron and
disilane was used in 1:1 ratio.
1.5.2.3 Catalytic alkyne diboration with diboron reagents in the absence of transition
metal

The transition metal catalyzed diboration of alkyne with diboron reagents only
afford syn-1,2-bisborylalkene, because the reaction is generally triggered by the insertion
of alkyne to M-B followed by reductive elimination of C-B bond regardless the nature of
transition metals. In order to break the dominant cis-addition in alkyne diboration, Hirano,
Uchiyama and co-workers proposed accomplished a trans-addition by adding a boryl
anion equivalent to acetylene, however, based on the model calculation this intermolecular
path way need to overcome an insurmountable activation barrier as high as 51.9 kcal/mol

despite the process was thermodynamic favored by 11.1 kcal/mol.1%8

(@)
+51.9 \
kcal/mol O—
, el

Scheme 1-35. DFT calculation for intermolecular B-B addition to CC triple bonds
So they moved on to calculate the pseudo-intramolecular reaction strategy, where
a heteroatom(s) was installed on the acetylene skeleton to coordinate/activate diboron to

stabilize the transition state. Extensive studies on the substrates revealed propargyl
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alkoxide would direct the B-B addition to CC triple bond without any catalyst. The more
reactive pinBBMes, was used in the base catalyzed system by Yamashita and co-workers
in 2016 to expand the alkyne substrate scope, however trans addition of B-B across CC

triple bond was dominant but no longer 100%.%°

R Bpin
OH
= (1) 1equiv "BuLi —
’\ (2) 1.1 equiv Bopin, g
work up HO/ \O
R _ R’ 3 mol% "BulLi R Bpin R' Bpin
N 3 mol% DME
> + ==
pinBBMes, toluene, 100 °C
Mes,B R' Mes,B R

Scheme 1-36. Alkali base catalyzed alkyne diboration

In 2015, The complete metal-free alkyne diboration system was also developed
with PBus catalyst by Sawamura and co-workers.!? It was proposed that the ester group
plays similar role as propargyl ether to stabilize the intramolecular transition state.

The same year organosulfur was discovered to effect alkyne diboration under light
by Ogawa and co-workers respectively.!'! This photo catalyst worked for wider alkyne
substrate scope, however the mixture of syn and anti-diborylalkenes were obtained due to

the radical mechanism.
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Scheme 1-37. Metal-free catalytic alkyne diboration
1.5.2.4 Dehydrogenative diboration (DHDB) of alkyne

The synthesis of 1,2-diborylalkene via dehydrogenative diboration (DHDB) of
alkyne with hydroborane remains elusive due to the ease of hydroboration of unsaturated
CC bonds to generate borylalkenes or bisborylalkanes. The B-H bonds of dialkylboranes,
such as 9-borabicyclo [3.3.1] nonane (9-BBN) can even easily add across unsaturated C-
C bonds without the aid of catalysts.!*? In addition, the unsaturated CC bond in both
products and alkynes could be hydrogenated in the presence of Hz, which is the byproduct

of DHDB reaction.
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Scheme 1-38. Reactions of HBpin with alkyne

The DHDB reaction could be further complicated due to the fact that the products

of one side reactions could be the substrates of the others. Taking all the possibilities into

consideration, clean DHDB of alkynes is almost impossible and has not been reported

until Ozerov’s work in 2013, where under 1 atm CO the DHBTA products,
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alkynylboronates, would undergo DHDB to afford trisborylalkene with moderate to high

selectivities.!!?

Ph H
R R — +
1 mol% Ha

[SINN]Ir(COE) 1 atm CO Bpin Bpin

H + HBpin ——m H S
55 °C, 15h Ph H Ph H
H Bpin
Bpin H H Bpin
SiPr,

[SiNN]Ir(COE):

Scheme 1-39. [SINN]Ir(COE) 174 catalyzed DHBTA and DHDB of DHBTA product
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CHAPTER II
NI COMPLEXES OF AN ALANE/TRIS(PHOSPHINE) LIGAND BUILT AROUND A
STRONGLY LEWIS ACIDIC TRIS(N-PYRROLYL)ALUMINUM*

2.1 Introduction

Z-type ligand is a term that arose to describe the binding of typical o-Lewis acids
to transition metal centers functioning as Lewis bases.** Such M->Z complexes have
attracted considerable attention because of the potential for the modulation of the
properties of the transition metal center via changes in the nature of the Z-Lewis acid,
including for applications in catalysis.%¢"47>115-117 7_lijgands are often incorporated into
polydentate chelates.”>!* The ZLs type, combining a central Z site with three outer
neutral donors has been commonly explored (167, 168, 170, Figure 11-1).7376.77.79.118-121
The known ZL3 ligands typically position the Z and the L sites in a 1,2-relationship to
each other. 1,2-Disposition on an aromatic ring such as in 168 provides significant rigidity
and preorganization to the structure that is geometrically well set up for binding a
transition metal.

We surmised that using a 1,2-pyrrolediyl connection presents an attractive
alternative to 1,2-benzenediyl in 168. Both are flat aromatic connectors, but N-pyrrolyl is
a very electron-withdrawing substituent compared to a C-aryl,*?? introducing intrinsic

electronic asymmetry. We note that the pyrrole backbone has not been widely used in

* [Lai, Q; Cosio, M.; Ozerov, O.V. Ni Complexes of an Alane/Tris(phosphine) Ligand Built Around a
Strongly Lewis Acidic Tris(N-pyrrolyl)aluminium. Chem. Comm. 2020, 56, 14845-14848.] Reproduced by
permission of The Royal Society of Chemistry.
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ligand construction,>8283123124 jn contrast to the benzene ring connectors which are
ubiquitous in many ligand types far beyond ZLs. A reliable synthesis of a 2-
phosphinopyrrole precursor should permit a more active exploration of these options. The
only known derivative is 2-diphenylphosphinopyrole,212512" which was most recently
used by Tonks et al.1?812% |ts synthesis is not high-yielding and we have not had success
in adapting it for other phosphino variations.***!3! In this work, we wish to report two
synthetic pathways leading to 2-(diisopropylphosphino)pyrrole (204, Scheme 11-2), as
well as the straightforward use of 204 in the construction of a new AlP3 ligand (Figure I1-
1) and AlPs complexes. The AlPs ligand combines a central Z-type alane site with three
outer phosphine donors. We were attracted to exploring AlP3 because the pyrrolyl
substituents on Al should render it more electron-poor than the C-aryl substituents on
boron in 168 or the dialkylamido substituents on Al in 170. Coupled with the absence of
the extra amine donor such as in 170, we expected that the alane site in AlP3 should be
considerably more Lewis acidic than other common ZL3 systems with a central group 13

Lewis acid.
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Figure 11-1. Key examples of transition metal complexes of ZLz ligands from the
literature.
2.2 Results and discussion
2.2.1 Synthesis of 1H-2-diisopropylphosphinopyrrole

N-Boc protected 2-bromopyrrole (201) was prepared according to a published
procedure.’®? Lithium/bromine exchange presumably generated the unobserved 202 in
situ, which was allowed to react with CIP'Prs, resulting in the formation of crude 203
(Method A, Figure 11-2). Deprotection of the Boc group produced 204 in good yield, but
in sub-optimal purity, which can be traced to the 87% purity of 201. Purification of 204
can be accomplished via the synthesis of the lithio derivative 205, which was isolated in a
60% yield. Air-free hydrolysis of 205 then gave 204 of >98% purity (47% yield based on
'Pr,PCI). An alternative synthesis (Method B) generates the presumed intermediate 202
via deprotonation of 206 with LiTMP,'%® followed by phosphination and Boc-

deprotection.  Distillation of the crude product, followed by recrystallization from

isooctane yielded 204 in high purity and 75% yield.
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Figure 11-2. Synthesis of 204

2.2.2 Synthesis of tris-(2-diisopropylphosphinopyrrolyl) alane (ALP3) ligand and its

complex with Ni

The tripodal ligand AlIP3 (207) was synthesized via protolysis of AlMes with 3
equiv of pyrrolylphosphine (204) at 100 <C for 1 h in toluene. After all the volatiles were
removed under vacuum, AlP3 was obtained as an orange oil of >95% purity (NMR
evidence). Attempts to purify AlPs (207) further were hampered by its high lipophilicity
and sensitivity towards water and other protic sources, but the crude material could be
used effectively in the next step. Thermolysis of 207 with Ni(COD) at 100 <T for 4 h in
toluene led to the formation of (AIP3)Ni (208, Scheme I1-2), which was isolated in the

form of analytically pure dark-green crystals in 75% vyield after filtration and
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recrystallization. Both 207 and 208 displayed apparent Czy symmetry in their NMR

spectra at ambient temperature, although the signals of 208 appeared broadened.

H>
@\ , PiPrz—;lei‘PiPrz
N PIPrZ PiPrz‘
Ho 204 ZNA A S
1/3 AlMes 7NN
e \ =~ oo, =

Vacuum| 1 atm H,

y A PPr2 Ni(COD), P'Pr;TF?Ni‘P'PrZ
—~ > Iy
\ o
N N \ Toluene, 100 °C = A SN
J— / 9 7 \N
. — .' N e~
P'Pr2
207 (98%) 208 (75%)

Scheme 11-1. Synthesis of 207 and its complexation with Ni
2.2.3 XRD and electrochemical studies of Ni(AIP3)

Single crystals suitable for an X-ray study were obtained via vapor diffusion of
pentane into a toluene solution of (AIP3)Ni. An XRD study revealed an approximately
Cs-symmetric structure for 208 in the solid state (Figure 11-3). The Ni centre is only
slightly displaced from the plane defined by the three phosphorus atoms (XP-Ni-P =
357.49, while the geometry of the Al center is decidedly tetrahedral with an average Ni-
Al-N angle of 112.6< The Ni-Al distance in 208 (2.2695(16) A) can be contrasted with
the much longer Ni-Al distance in Lu’s 170A (ca. 2.45 A)”® and the sum of the
corresponding covalent radii per Alvarez et al (also 2.45 A).*** Furthermore, the Ni-Al

distance in 208 is only ca. 0.1 A longer than the N-B distance in 168,78 in spite of a 0.37

43



A larger covalent radius for Al vs B.*® These data suggest a strong Ni-Al interaction. It
is best viewed as c-donation from a zerovalent Ni to the Al Lewis acid. The presence of
this interaction renders the Ni center divalent because two electrons of the original d*°
configuration at Ni are being used for Ni-> Al bonding.®*®> The semantics and the nuanced
theoretical underpinnings of the nomenclature pertaining to the oxidation state and d"
configuration assignments in M—>Z complexes have been debated and analyzed

elsewhere,56:73.76.136-138

Figure 11-3. ORTEP drawing (50% thermal ellipsoids) of 208 showing selected atom
labeling. Hydrogen atoms and isopropyl groups were omitted for clarity. Selected bond
distances (A) and angles (9: Ni1-P1, 2.2217(13); Ni1-P2 2.2227(13); Ni1-P3 2.2197(17);
Ni1-All, 2.2695(16); Al-N1, 1.8591(19); Al1-N2, 1.8545(16); Al-N3 1.8483(19); P1-
Nil-P2, 117.61(5); P1-Nil-All, 86.18(4); P2-Nil-Al1, 84.18(3); P3-Nil-P1, 118.91(2);
P3-Nil-P2 120.89(4); P3-Nil-All 83.60(2); N1-Al1-Nil, 106.55(5); N2-Al1-Ni1,
104.57(6); N2-Al1-N1, 112.91(7); N3-Al1-Nil, 107.39(4); N3-Al1-N1, 113.03(6), N3-
Al1-N2, 111.73(7).

Further evidence of the strong Ni—>Al donation can be deduced from the

electrochemical study of (AlIP3)Ni (208). Cyclic voltammogram of 208 (Figure 11-4)
displayed two quasi-reversible waves with E1/2 values of -0.49 V and -1.65 V vs the Fc/Fc*
couple. We assign these two redox events as oxidation and reduction of 208, respectively.

The contrast with the complexes by Lu et al. is instructive. Reversible oxidation was
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reported for 170A (-0.74 V), 170B (-0.57 V), and the Lewis-acid free complex 170D (-
1.02 V), indicating that 208 is more difficult to oxidize than any of these. A reversible
reduction for 170A was not reported, but the Ga analog 170B displayed a reversible
reduction at -2.48 V.”3"®  The overall analysis by Lu et al. suggested that Ga is more
electron-withdrawing than Al with respect to Ni in their compound series.” Thus the much
greater ease of reduction of 208 is striking. The larger difference in the potentials for the
reduction events between 208 and 170B (AE1» = 0.83 V), compared to a modest difference
in potentials for the oxidation event (AE12 = 0.08 V) is likely a reflection of that the
Ni—>Al interaction is much more influential on the LUMO than on the HOMO of an
(LsZ)Ni molecule.™

Lu et al. investigated the binding of H> to Ni in their series of compounds 170A-
170C, including demonstrating that catalysis of olefin and CO> hydrogenation was
possible.”*"® Notably, they observed no binding of Hz to 170A at RT, and only to the Ga
and In analogs 170B and 170C. In contrast, the dark-green solution of 208 in C¢De turned
pale green immediately when it was exposed to 1 atm H.. NMR spectroscopy indicated
the formation of a new complex 208-Hz, with a broad resonance at -2.1 ppm in the *H
NMR spectrum, and new, considerably shifted resonances in the 3P{*H} (24.3 ppm vs
13.0 ppm for 208 and 2’Al NMR spectra (138.0 ppm vs 104.4 ppm for 208). Variable
temperature NMR experiments showed that below -20 <C, the resonance for the Ni-bound
H> shifted to ca. -2.5 ppm, the signal for free H> appeared, and no trace of 208 was evident.
This suggests that 208-H2 constitutes ca. 90% of the mixture at RT and is in rapid

equilibrium with 208 and free Hz. At temperatures below -20 <C, however, the formation
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of 208-Hz is complete under 1 atm of Ho. Collecting NMR spectra at temperatures down
to -75 <C did not allow for an unambiguous T1min Value, but the lowest obtained values of
<25 ms were consistent with a classical dihydrogen complex.3® This was corroborated
by the Ju-p = 35 Hz determined for 208-HD isotopomer prepared from 208 and HD gas.1#°
This value can be compared against those for the HD adducts of 170C (34 Hz) and 170D
(32 Hz) analyzed by Lu et al (Figure 11-1).”#1% The slightly higher value in 208-HD
suggests less back-donation to HD from Ni and is consistent with the notion of a more
electron-poor Ni center in 208-HD. However, all these values are near the upper limit for
HD complexes, and are similar to that observed by Peters et al. in the closely related 209-

HD (Figure 11-1).14
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Figure 11-4. Comparison of selected properties of 8 and its HD and CO adducts with
literature examples.
Exposure of a C¢Ds solution of 208 to 1 atm of CO resulted in complete conversion
to the new complex 208-CO (Figure 11-4). Its v(CO) value can be used to compare the

capacity of the Ni center for m-back-donation in the three locally isoelectronic systems

170A-CO,** 208-CO, and 209-CO2 (Figure 11-4). The v(CO) values for these three
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complexes lie in between the values for complexes 210-CO and 211-CO (Figure 11-4),
which possess the more traditional, four-coordinate geometries about zerovalent Ni (210-
CO, tetrahedral)** and low-spin divalent Ni (211-CO, square-planar).1*> The values for
170A-CO and 208-CO are closer to the value of the zerovalent 210-CO, whereas the
value for 209-CO is closer to 211-CO. However, it must be noted that the difference
between 208-CO and 211-CO (74 cm™) is similar to the differences between 8-CO and
210-CO (70 cm™), or 209-CO and 211-CO (60 cm™). Thus, the triad of 170A/208/209
can be viewed as part of a continuum of possible structures in which Ni is rendered to be
more electron-poor by the donation to a progressively stronger Lewis acid: base-stabilized
tris(amido)alane in 170A, tris(pyrrolyl)alane in 208, and formally triarylsilylium cation in
200.
2.3 Conclusion

All in all, our observations indicate with that the central Lewis acid in AlP3 (207)
is considerably stronger than the Z fragments in other common group 13-centered ZL3
ligands. The greater degree to which the alane site in 208 withdraws electron density from
Ni is consistent with the short Al-Ni distance, ease of reduction of (AlP3)Ni (208), and the
ability of Ni in 208 to bind H,. We thank the US National Science Foundation (grant CHE-
1565923 to 0.V.0.) for the support of this research. We thank Dr. Weixing Gu for
conducting early experiments on the lithiation of pyrrole, and Profs. lan Tonks and Miles

Johnson for helpful discussions with regard to the synthesis of phosphinopyrroles.
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2.4 Experimental section
2.4.1 General consideration

Unless otherwise specified, all reactions and manipulations were carried out inside
an argon-filled glove box or using Schlenk line techniques. THF, diethylether, toluene,
and pentane were dried and deoxygenated via the solvent purification system and stored
over molecular sieves in the glove box filled with argon. CeDs were dried over NaK
/Ph,CO/18-crown-6, distilled and stored over molecular sieves in an Ar-filled glove box.
Fluorobenzene was dried over CaHy, distilled and stored over molecular sieves in an Ar-
filled glove box. 1H-pyrrole was purchased from Oakwood chemicals, then was dried with
CaH; and distilled before use. Other chemicals were purchased from commercial vendors
and used without further purification. N-tert-butoxycarbonyl-2-bromopyrrole (201)**2 and
N-tert-butoxycarbonylpyrrole (206)!3® were synthesized according to the literature.
2.4.2 Physical method

NMR spectra were recorded on a Varian Inova 500 spectrometer (*H NMR,
499.703 MHz, 13C NMR 125.580 MHz), Varian Inova 400 (!B NMR, 128.191 MHz, ?’Al
NMR, 104.223 MHz) spectrometer. Chemical shifts are reported in § (ppm). For *H and
13C NMR spectra, the residual solvent peak was used as an internal reference (*H NMR:
$ 7.16 for CsDs, 5.32 for CD,Cly, 2.08 for ds-toluene; 13C NMR: § 128.06 for CéDs, 53.84
for CD2Cl3, 20.43 for CD3CN). UV-Vis spectra were collected on a Hitachi U-4100 UV-
Vis spectrophotometer. Elemental analyses were performed by CALI Labs, Inc. (Highland

Park, NJ).
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2.4.3 Synthesis of 1H-2-diisopropylphosphinopyrrole

Method A:

Synthesis of N-tert-butoxycarbonyl-2-diisopropylphosphinopyrrole (203). To
a 250 mL Schlenk flask, 19.4 g (78.8 mmol) 201 (prepared according to the previous
procedure with 87% purity) was loaded with 100 mL THF. The resulting solution was
cooled in an acetone/dry ice bath for 10 min, before 31.5 mL 2.5 M "BuLi (78.8 mmol,
1.0 equiv) was added drop wise via syringe over a course of 30 min. The colorless solution
turned orange upon the addition of "BulLi solution. Then 13.8 mL 'Pr.PCI (86.6 mmol, 1.1
equiv) was added to the orange solution via a syringe over a course of 30 min. The
resulting mixture was allowed to warm up to r.t., and then THF was removed under
vacuum. 6.0 g silica gel and 40 mL pentane were added to the residue and stirred at r.t. for
10 min, then was filtered through a short pad of Celite. The colorless pentane filtrate was
concentrated under vacuum to afford 21.2 g (85% yield with 87% purity) of 203 as
colorless oil.'H NMR (500 MHz, CsDs) & 7.54 (dt, J = 3.2, 1.6 Hz, pyrrole-H, 1H), 6.38
(brs, pyrrole-H, 1H), 6.19 (t, J = 3.3 Hz, pyrrole-H, 1H), 2.13 — 2.06 (m, (CH3)2CH, 2H),
1.33 (s, (CH3)sC, 9H), 1.13 (dd, J = 14.5, 7.0 Hz, (CHz3)2CH, 6H), 1.10 (dd, Jcr = 14.0,
7.0 Hz, (CH3)2CH, 6H). 3C{*H} NMR (125.7 MHz, C¢D¢): & 149.6 (s, C=0), 131.3 (d,
Jcp = 29.3 Hz, pyrrole-C), 125.1 (s, pyrrole-C), 121.2(brs, pyrrole-C), 111.4 (s, pyrrole-
C), 83.5 (s, (CH3)3C), 27.9 (s, (CH3)3C), 24.6 (d, Jc-p = 14.6 Hz, (CH3)2CH), 20.4 (d, Jcr
= 14.1 Hz, (CHas)2CH), 19.93 (d, Jc-p = 17.0 Hz, (CHs3)2CH). 3P{*H} NMR (202 MHz,

CeDe): & -5.4 (brs).
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Deprotection of N-tert-butoxycarbonyl-2-diisopropylphosphinopyrrole (203)
to give crude 204. 21.2 g (74.8 mmol) of 203 with 87% purity was dissolved with 50 mL
THF in 250 mL Schlenk flask, which was cooled in an ice/water bath. 40 mL methanol
solution containing 20.0 g NaO'Bu (205 mmol, 3 equiv) was degassed by bubbling Ar
through for 30 min, then was cannula transferred to the precooled THF solution. The
resulting mixture was stirred for 45 min before 40 mL degassed distilled water was added
via cannula transferred. The suspension formed after water addition was further stirred at
r.t. for 30 min. The desired product was extracted with degassed hexane (3>20 mL). The
hexane solution was concentrated to afford 13.7 g (83% yield, 87% pure) of 204 as light
yellow oil.

Purification of 204 via deprotonation followed by reprotonation. 6.77 g (37.0
mmol) of the crude product 204 (87% pure) was loaded in a 100 mL Schlenk flask and
dissolved with 30 mL diethyl ether. The solution was cooled in -35 <C for 30 min before
the addition of 14.8 mL 2.5 M "BuLi (37.0 mmol, 1.0 equiv) via syringe. The resulting
orange solution was stirred at r.t. for 30 min and then was concentrated under vacuum.
The saturated diethyl ether solution was cooled in a -35 <C freezer overnight to yield 7.00
g (60%) of 205 as white crystals. The white crystals 205 was dissolved in 30 mL THF, and
then 20 mL degassed water was added via cannula transfer. The resulting suspension was
stirred at room temperature for 30 min and then extracted with degassed hexanes. The
hexanes extraction was concentrated after passing through a short pad of silica gel to yield
4.6 g (47% based on phosphine) of desired product 204 as white solid. NMR data for 205

follow. *H NMR (500 MHz, CéDs) 5 7.53 (s, pyrrole-H, 1H), 6.82 (s, pyrrole-H, 1H), 6.77
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(s, pyrrole-H, 1H), 2.11 (septd, J = 7.0, 3.4 Hz, (CH3).CH, 2H), 1.19 (dd, J =14.4, 7.1 Hz,
(CHs)2CH, 6H), 1.15 (dd, J = 11.9, 6.9 Hz, (CH3)2CH, 6H). 3C{*H} (125.7 MHz, C¢Ds):
06.132.15 (d, Jc-p = 12.9 Hz, pyrrole-C), 131.64 (d, Jc-p = 17.2 Hz, pyrrole-C), 115.72 (s,
pyrrole-C), 111.63 (s, pyrrole-C), 65.72 (s, CH2CHz), 24.49 (d, Jc-r = 5.9 Hz, (CH3)2CH),
20.62 (d, Jcp = 15.4 Hz, (CH3)2CH), 20.08 (d, Jcr = 8.8 Hz, (CH3).CH), 14.35 (s,
CH2CHjs). 3P{*H} NMR (202 MHz, C¢Ds): & -6.6 (brs).

Method B:

A 300-mL round bottom flask was charged with TMP (7.6 g, 54 mmol) and THF
(50 mL). The solution was cooled to -78 <C in a dry ice/acetone bath. To the TMP solution,
n-BuLi (2.5 M, 21 mL, 52.5 mmol) was added slowly via syringe. The solution was stirred
for 10 min in the dry ice/acetone bath before being placed in an ice water bath for 20 min.
After the 20 min, the solution was placed back in the dry ice/acetone bath and allowed to
cool for 5 min. N-Boc pyrrole 206 (8.4 g, 50 mmol) in THF (12 mL) was added drop wise
via an addition funnel. The solution began to turn orange before becoming opaque and
brown. The resultant solution was stirred for 20 min then transferred via cannula to a flask
containing diisopropylchlorophosphine (8.6 g, 56 mmol) cooled in a dry ice/acetone bath.
The reaction was stirred for 1 h. After 1 h, a degassed solution of sodium methoxide
(formed by stirring sodium tert-butoxide (28 g, 250 mmol) in degassed methanol (80 mL))
was cannula transferred into the phosphine solution and then stirred for 3 hours. Volatiles
were removed under reduced pressure and the crude extracted with water (100 mL) and
ethyl acetate (3 <50 mL) and concentrated under vacuum to afford a black/brown oil. The

final product 204 was isolated via vacuum distillation as an oil and then recrystallized
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from isooctane to afford a white solid (6.6 g, 75% yield) in above 95% purity. 'H NMR
(500 MHz, CsDe) 6 7.45 (brs, pyrrole-NH, 1H), 6.52 — 6.49 (m, pyrrole-H, 2H), 6.37 (dd,
J=5.3, 2.6 Hz, pyrrole-H, 1H), 1.91 — 1.78 (dsept, J = 7.0, 1.0 Hz, (CH3).CH, 2H), 1.01
(dd, J = 15.8, 7.0 Hz, (CH3)2CH, 6H), 0.95 (dd, J = 11.1, 6.9 Hz, (CH3)2CH, 6H). 3C{*H}
(125.7 MHz, CgDe): 8 19.7 (d, Jcp = 7.5 Hz, (CHs).CH), 20.8 (d, Jcp = 19.0 Hz,
(CH3)2CH), 24.4 (d, Jcp= 7.9 Hz, (CH3)2CH), 110.3 (d, Jc-p = 3.5 Hz, pyrrole-C), 117.6
(d, Jc.p = 7.7 Hz, pyrrole-C), 121.5 (d, Jcp = 4.6 Hz, pyrrole-C), 124.3 (d, Jc-p = 12.7 Hz,
pyrrole-C). 3'P{*H} NMR (202 MHz, C¢Ds¢): & -10.1 (s).
2.4.4 Synthesis and characterization of AlP3 ligand and nickel complex

Synthesis of AlP3(207). To a 10 mL toluene solution dissolving 272 mg of 204
(1.5 mmol) in a culture tube, 250 pL AlMe3z solution (0.50 mmol, 2.0 M in heptane) was
added. The culture tube was then heated in a 80 <C oil bath for 2 h. All the volatile was
removed under vacuum to afford 312 mg (98% yield) a light orange oil. The ligand was
used without further purification (purity is greater than 95% according to 3!P{*H} NMR).
H NMR (500 MHz, C¢Dg) & 7.54 (d, J = 0.9 Hz, 3H, pyrrole-H), 6.79 — 6.74 (m, 3H,
pyrrole-H), 6.60 (d, J = 3.0 Hz, 3H, pyrrole-H), 1.93 — 1.87 (m, 6H, (CHz)2CH), 0.96 —
0.92 (M, 36H, (CH3)2CH). BC{ H} (125.7 MHz, CsDs): 8 *P{*H} NMR (121 MHz, CeDs):
§-4.0 (s).

Synthesis of Ni(AlP3) (208). To a top-screw cap culture tube, 340 mg (0.59 mmol)
of 207 was loaded with 163 mg Ni(COD). (0.59 mmol, 1.0 equiv) in 10 mL toluene. The
resulting light green solution was heated in 100 <C oil bath for 4 h and turned deep green.

The deep green solution was filtered through a short pad of Celite, then removed toluene
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under vacuum to afford green solid. The crude 208 was recrystallized by slow diffusion
pentane into concentrated toluene solution in the freezer, and 280 mg (75%) dark green
crystal was obtained. Single crystal was obtained via slow diffusion of vapor pentane into
a concentrated toluene solution. *H NMR (500 MHz, CeDs): & 7.05 (brs, 3H, pyrrole-H),
6.69 (d, J = 2.9 Hz, 3H pyrrole-H), 6.63 — 6.62 (m, 3H, pyrrole-H), 2.51 (m, 6H,
(CH3)2CH), 1.10 (br, 18H, (CHs)2CH), 0.85 (bm, 18H, (CHz3)2CH). 3'P{*H} NMR (202
MHz, CsDe): & 13.0 (s). Z7Al{*H} NMR (104 MHz, CeD¢): & 104.4 (brs). UV-Vis (in
toluene): nm (e [L-molt.cm™]) 342 (1900), 460 (2220), 616 (520). calcd for
CaoHs1NiAIP3Nz: C 56.98; H 8.13, N 6.65; found: C 56.81; H 8.07; N 6.46.

Synthesis of 208-H2. To a J. Young tube, 12.6 mg of 203 (0.02 mmol) was loaded
with 0.5 mL CeDs. The solution was degassed via freeze-pump-thaw 3 cycles and then
back filled with 1 atm Hz. The dark green solution turned pale green (almost colorless)
within 5 min. *H NMR (500 MHz, C¢Ds, 298K): & 7.27 (s, 3H, pyrrole-H), 6.67 (d, J =
3.0, 2.4 Hz, 3H, pyrrole-H)), 6.57 (dd, J = 3.1, 0.6 Hz, 3H, pyrrole-H), 2.08 (m, 6H,
(CH3)2CH), 0.96 (dd, J = 13.6, 6.8 Hz, 18H, (CH3)2CH), 0.52 (dd, J = 5.2 Hz, 18H,
(CH3)2CH), -2.09 (brs, 2H). *H NMR (500 MHz, de-toluene, 193K) & 7.30 (s, 3H, pyrrole-
H), 6.78 (s, 3H, pyrrole-H)), 6.57 (s, 3H, pyrrole-H), 2.16 (m, 3H, (CH3).CH), 1.73 (m,
3H, (CHs).CH), 0.97 (brs, 9H, (CHz3).CH), 0.79 (brs, 18H, (CHs).CH), 0.02 (brs, 9H,
(CHa3)2CH), -2.49 (brs, 2H). 3'P{*H} NMR (202 MHz, ds-toluene): & 24.3 (s). ZAI{*H}

NMR (104 MHz, CeDe): 5 138.0 (brs).
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2.4.5 Characterization of 208-H:

Variable-Temperature Spectroscopic Analysis of 208-Hz. To a J. Young tube,
12.6 mg of 208 (0.02 mmol) was loaded with 0.5 mL ds-toluene. 3 cycles of freeze-pump-
thaw were performed to evacuate the headspace of the J. Young tube before 1 atm H> was
back filled. The resulting 208-H2 pale green solution was cooled from 25 <C to -80 <C and
monitored by *H NMR. Upon cooling, the bound H resonance sharpens and free H.
resonance appears as a broad signal at 253 K, which is not visible at r.t. T1 values for 208-
H2 above 253 K could not be reliably obtained due to the quick exchange of free and
bounded H: at those temperatures. T1: = 22 ms was observed at 228 K for 208-Hz (Table
11-1)
Table 11-1. Variable temperature T1 inversion recovery data collected on hydride

resonance at -2.1 ppm in toluene-d8 for 208-H: using a Varian iNova 500 MHz
spectrometer.

T(temperature/K) T1/ms
228 22.2(2)
223 24.2(1)
218 26.1(2)
213 28.6(2)
208 36.0(4)
203 43.9(8)
198 56.6(2)
193 98(3)
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Variable-Temperature Spectroscopic Analysis of 208-HD. To a J. Young tube,
12.6 mg of 208 (0.02 mmol) was loaded with 0.5 mL ds-toluene. 3 cycles of freeze-pump-
thaw were performed to evacuate the headspace of the J. Young tube before 1 atm HD was
back filled. HD gas was generated by treating D2O with excess CaH: in a top-screw-cap
Schlenk flask, where the head space was evacuated via freeze-pump-thaw cycle before
mixing. The pale green solution containing mixture of 208-H2 and 208-HD was cooled
from 25 to -80 T and monitored by *H NMR. *H NMR (500 MHz, ds-toluene, 203K): &
7.31 (s, 3H, pyrrole-H), 6.80 (s, 3H, pyrrole-H)), 6.58 (s, 3H, pyrrole-H), 2.17 (m, 3H,
(CHs).CH), 1.73 (m, 3H, (CHz3).CH), 0.96 (brs, 9H, (CHa3).CH), 0.79 (brs, 18H,
(CHs)2CH), 0.01 (brs, 9H, (CHz)2CH), -2.50 (t, Jnp = 35 Hz, HD).
2.4.6 Electrochemical study of Ni(AlP3)

Electrochemical studies were carried out using a CH Instruments Model 700 D
Series. Electrochemical Analyzer and Workstation in conjunction with a three electrode
cell. The working electrode was a CHI 104 glassy carbon disk with a 3.0 mm diameter
and the auxiliary electrode was composed of platinum wire. The third electrode, the
reference electrode, was a Ag/AgNOs electrode. This was prepared as a bulk solution
composed of 0.01 M AgNOs and 0.2 M ["BusN][PFe] in fluorobenzene. This was
separated from solution by a fine porosity frit. CVs were conducted in fluorobenzene with
0.2 M ["BusN][PFe] as supporting electrolyte and were reported with a scan rate of 100
mV/s. The concentration of the analyte solutions were approximately 1.00 <102 M. CVs
were referenced to Fe(n-Cp)2"/ Fe(n-Cp)2 redox couple. The Cyclic voltammograms of

208 was shown in Figure 11-5 with 2 reversible redox events.
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Figure 11-5. Cyclic voltammograms of 208 scanned in 0.2 M ["BusN][PFs] in PhF at
100 mV/s.
2.4.7 X-Ray structural determination details

A dark green block of 208 (CCDC 1915840) was mounted onto a nylon loop and
placed in a cold stream of nitrogen. Low temperature (110 K) X-ray data were obtained
on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, Ka = 0.71073 A).
All diffractometer manipulations, including data collection, integration and scaling were
carried out using the Bruker APEXII software. An absorption correction was applied using
SADABS. The space group was determined on the basis of systematic absences and
intensity statistics and the structure was solved by direct methods and refined by full-
matrix least squares on F2. The structure was solved in the monoclinic P21/n space group

using XS (incorporated in SHELXLE).'*847 All non-hydrogen atoms were refined with

anisotropic thermal parameters. All hydrogen atoms were placed in idealized positions
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and refined using riding model with the exception of the hydrogen bridged to iron and
carbon which was located from the difference map. The structure was refined (weighted
least squares refinement on F?) and the final least-squares refinement converged.#5148 No

additional symmetry was found using ADDSYM incorporated in PLATON program.4°
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CHAPTER IlI
FORMATION OF AN AG—>AL DATIVE BOND IS AVOIDED IN REACTIONS OF

AN ALANE/TRIS(PHOSPHINE) LIGAND WITH MONOVALENT SILVER*

3.1 Introduction

Tripodal ligands combining a central main group Lewis acid with three neutral
outer donors (ZL3) have played a pivotal role in the development of the understanding of
the nature of the interaction of Z-type ligands with transition metals,}'* and in the
development of catalytic applications.®%’47115-117 The ligands comprised of a central
group 13 element and three phosphine donors (such as 167, 168, 169, and 170 in Figure

111-1) have been particularly prominent.”®76.77.79.118-121

Ln
N
L, \\\\PRZ + PRy |Pr2P—Mﬂ‘\‘F|;Pr2
S\M— ‘P ) RQP—AU‘ ) < ‘ N> r2
: W[y \ o /
Q/N | N b (\ —A|““ s N/'°|"v,‘\l
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Figure I11-1. Selected literature examples of complexes of boron- and aluminum-
centered ZLs ligands.
We have recently reported a new AlPs ligand (chapter Il) of this class which

features one of the arguably strongest group 13 Lewis acids in the ZL3 designs, courtesy

* [Lai, Q.; Bhuvanesh, N.; Zhou, J.; Ozerov: O. V. Formation of an Ag—>Al Dative Bond Is Avoided in
Reactions of an Alane/tris(phosphine) Ligand with Monovalent Silver. Dalton Transactions, 2021,
Accepted.] Reproduced by permission of The Royal Society of Chemistry
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of a tris(N-pyrrolyl) substitution about the Al center. Interactions of ZL3 ligands with
coinage metal-based MX or M* fragments with the system 168 (Figure I11-1) have been
studied and generally showed that the ability to donate to the Lewis acid decreases in the
order Au > Cu > Ag.”® We became interested in whether the AIP3 ligand and its higher
central Lewis acidity can enforce a stronger interaction with an Ag center. However, we
discovered that the combination of AIP3 with the AgOTf or Ag* fragments did not result
in the expected tripodal complexes with simple Ag—>Al interaction. In this report, we
present the structural changes that were observed instead.
3.2 Results and discussion
3.2.1 Synthesis of AlPs complexes with silver

The reaction of AlP3 with AgOTT proceeded smoothly to result in a single product,
which was isolated in 77% yield. The 'H, 3P, and *C NMR spectra were consistent with
Cs symmetry. In particular, we noted a single set of 3'P NMR resonances displaying
characteristic coupling to the two S = % isotopes of Ag. However, the XRD study on a
suitable single crystal revealed that while the three phosphines are indeed bound to the Ag
center, the triflate has migrated to Al. This has the apparent effect of quenching the Lewis
acidity of Al towards the Ag center. The Al-Ag distance is quite long at 3.1834(7) A vs
2.56 A as the sum of covalent radii per Alvarez et al.3* The Al center is displaced from
the N3 plane towards the oxygen of the triflate, but the geometry falls short of taking on a
strictly tetrahedral (Zn-ain = ca. 352.5. The Ag center is slightly displaced from the Ps

plane, away from Al (Xp.ag-p = ca. 354.9°). Based on these metrics, although some Al...Ag
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interaction cannot be excluded, it would clearly be quite weak at best. The incomplete

pyramidalization of Al may be related to the chelate constraint.

pi prZ—-Ag RIPr, pip /@ CHB41Clyq
r
i Pr2 2 'Pr2—Ag—P Pry
< AgOTf pipy, A9CHB11Cliyg
AI/N ~Tt30min AI 2 r.t. 30 min =
N N—AI—N
~ OTf
pi Pr2 P Prz
0,
302 (77%) 303 (70%)

Scheme I11-1. Synthesis AIPs complexes with silver

The transfer of triflate to Al is reminiscent of the observation of Bourissou et al.
who recorded the transfer of chloride from Au to Al resulting in structure 169 (Figure Il1-
1).% It is also related to the abstraction of the halide from group 11 metal halides by
certain ZL, ligands.>** We surmised that removing the triflate from the equation and
instead utilizing a more weakly coordinating anion might result in the retainment of Lewis
acidity at Al in the adduct with Ag*. To this end, AIP3 was subjected to a reaction with
Ag[HCB1:Cl11].1°1%® |t resulted in the clean formation of a single product, but it was
apparent from the NMR spectra that it did not possess the expected tripodal symmetry.
Two resonances in a 2:1 ratio were observed in the 3P NMR spectrum, with only the
larger resonance displaying the telltale coupling to 197*%Ag.
3.2.2 XRD studies of Ag(AlP3) complexes

A single-crystal XRD study (Figure 111-2) revealed that one of the phosphine arms
has rotated away from Ag and brought the phosphine donor around to make a bond to Al.
The 1,2-disposition of the Lewis acid and Lewis base (P) mimics some of the common

designs for intramolecular frustrated Lewis pairs.>+1%°
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Although the P-Al interaction should be challenged by the strain of the four-
membered ring it creates, the P-Al distance in 303 (2.4395(8) A) is not especially long.
Barron et al. analysed Al-P distances in alane-phosphine adducts as a function of the
number of carbon (R) vs heteroatom (X) substituents on Al and noted that X3Al-PR3
adducts possess the shortest Al-P distance on the order of 2.40 A, and the corresponding
RX2AI-PR3 giving rise to distances (2.44 A) similar to that in 303.1%¢ An adduct of an
alkyldiisopropylphosphine with AICIs has been structurally characterized by the Fryzuk
group, revealing a ca. 2.41 A Al-P distance.'®’

The value of n-ain = ca. 355.6<in 303 is similar to that in 302, indicating that Al
largely remains in the N3 plane. Thus it is also possible to contemplate that the structure
can be viewed as trigonal bipyramidal about Al, with bonding interactions with both P and
Ag. The Ag-Al distance in 303 (2.9629(7) A) is shorter than in 302 but is still about 0.4
A longer than the sum of the covalent radii. Furthermore, the P-Ag-P angle is ca. 159
but the deviation from linearity positions Ag away from Al. Thus here, too, we are forced

to conclude that any Ag-Al interaction is minimal.
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Figure 111-2. POV-Ray rendition of the ORTEP drawing>® (50% thermal ellipsoids) of
302 (left) and 303 (right). Top: A view showing selected atom labelling. Hydrogen atoms,
solvent molecules, and isopropyl groups are omitted for clarity. Middle: Truncated
molecules showing the Ag center and atoms around Ag. Bottom: Truncated molecules
showing the Al center and atoms around Al.
3.3 Conclusion

In summary, reactions of the AlIP3 ligand with AgOTf and Ag* do not lead to a
well-defined Ag—> Al bond. Instead, Al manages to abstract either the triflate anion or one
of the phosphine donors away from silver. This reinforces the notion that monovalent
silver is not a good partner for Z-type ligands. Employing a stronger Lewis acid such as
in AlP3 causes the Al center to seek alternatives to Ag as a Lewis basic partner, even in

spite of the significant structural preorganization favouring a direct silver-aluminum

contact.
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3.4 Experimental section
3.4.1 General consideration

Unless otherwise specified, all reactions and manipulations were carried out inside
an argon-filled glove box or using Schlenk line techniques. Toluene and pentane were
dried and deoxygenated via the solvent purification system and stored over molecular
sieves in the glove box filled with argon. CsDe were dried over NaK /Ph,CO/18-crown-6,
distilled and stored over molecular sieves in an Ar-filled glove box. Fluorobenzene and
CeDsBr were dried over CaHy, distilled and stored over molecular sieves in an Ar-filled
glove box. 1H-pyrrole was purchased from Oakwood chemicals, then was dried with CaH:
and distilled before use. Other chemicals were purchased from commercial vendors and
used  without  further  purification.  AgCHB11Cli1*®  and  N-tris(2-
diisopropylphophinopyrrolyl)alane (201 AlP3) ligand was synthesized according to the
literature.
3.4.2 Physical method

NMR spectra were recorded on a Varian Inova 500 spectrometer (*H NMR,
499.703 MHz, *C NMR 125.580 MHz, 1°F NMR, 469.854 MHz), Varian Inova 400 (}'B
NMR, 128.191 MHz) spectrometer. Chemical shifts are reported in § (ppm). For 'H
spectra, the residual solvent peak was used as an internal reference (6 7.16 for CeDs, 7.30
for CsDsBr).
3.4.3 Synthesis and characterization of Ag(AlIP3) complexes

Synthesis of Ag(AIP3OTf) (302). To a toluene solution containing 540 mg (0.94

mmol) AlsP, 240 mg AgOTT (0.94 mmol, 1.0 equiv) was added. The resulting mixture
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was stirred at r.t. for 2 h. The light orange solution was then filtered through a short pad
of Celite. The filtrate was concentrated under vacuum, and then layered with pentane to
allow slow diffusion in the freezer. 600 mg of 302 (77%) was obtained as colorless crystal.
H NMR (500 MHz, C¢Dg): & 8.10 (brs, 3H, pyrrole-CH), 6.52 (t, J = 3.0 Hz, 3H, pyrrole-
CH), 6.39 (d, J = 3.2 Hz, 3H, pyrrole-CH), 2.20 - 2.12 (m, 3H, (CHz3)2CH), 1.61 —1.52
(m, 3H, (CH3)2CH), 1.07 — 1.02 (m, 9H, (CHs).CH), 0.85—0.81 (m, 9H, (CH3)>CH), 0.78
—0.75 (m, 9H, (CHs)2CH), 0.04 — 0.01 (m, 9H, (CHs)2CH). *'P{*H} NMR (202 MHz,
CesDe): & 7.43 (d, Jagp = 286.6 Hz, Jag-r = 330.9 Hz). *°F (470 MHz, CsDs): 5 -75.7. calcd
for CasHsoAgAIN3P304SFs: C 46.57; H 6.59, N 4.65; found: C 46.16; H 6.54; N 4.53.
Synthesis of Ag(AIP3)CHB11Cl11 (303). 287 mg (0.50 mmol) of AlsP was loaded
in a culture tube with 10 mL fluorobenzene. 315 mg (0.50 mmol, 1 equiv) AGCHB11Cl11
was added to the above toluene solution. The mixture was stirred at r.t. for 2 h. The light
orange solution was then filtered through a short pad of Celite. The filtrate was
concentrated under vacuum, and slow diffusion of pentane would result in 420 mg (70%)
colorless crystal of 303. *H NMR (500 MHz, CsDsBr): § 7.61 (brs, 1H, pyrrole-CH), 7.21
(brs, 2H, pyrrole-CH), 6.67 (t,J = 2.4 Hz, 1H, pyrrole-CH), 6.56 (t, J = 2.5 Hz, 2H, pyrrole-
CH), 6.52 (d, J = 3.2 Hz, 1H, pyrrole-CH), 6.45 (d, J = 3.2 Hz, 2H, pyrrole-CH), 2.92 (m,
1H, (CH3)2CH), 2.25 - 2.16 (m, 1H, (CH3)2CH), 2.11 — 2.04 (m, 2H, (CH3)>CH), 1.81 —
1.73 (m, 2H, (CH3).CH), 1.08 (dd, J = 18.9, 7.0 Hz, 6H, (CH3).CH), 0.81 — 0.60 (m, 30H,
(CH3)2CH). 31P{*H} NMR (202 MHz, CsDsBr): & 19.5 (d, Jag-p = 424.2 Hz, Jagp = 489.3
Hz, 2P), -1.8 (brs, 1P). EA (%) calcd for CaiHs2AgAINsPsB11Cli: C 30.94; H 4.36, N

3.49; found: C; H; N.
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3.4.4 X-ray structural determination details

Y Colorless block crystals of 302 (CCDC 1915843) was mounted onto a nylon
loop and placed in a cold stream of nitrogen respectively. Low temperature (110 K) X-ray
data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube,
Ka =0.71073 A). All diffractometer manipulations, including data collection, integration
and scaling were carried out using the Bruker APEXII software. An absorption correction
was applied using SADABS. The space group was determined on the basis of systematic
absences and intensity statistics and the structure was solved by direct methods and refined
by full-matrix least squares on F2. The structure was solved in the monoclinic P21/n space
group using XS/XT (incorporated in SHELXLE).1*6147 All non-hydrogen atoms were
refined with anisotropic thermal parameters. All hydrogen atoms were placed in idealized
positions and refined using riding model with the exception of the hydrogen bridged to
iron and carbon which was located from the difference map. The structure was refined
(weighted least squares refinement on F?) and the final least-squares refinement
converged.#6-148 No additional symmetry was found using ADDSYM incorporated in
PLATON program.4®

Colorless block crystals of 303 (CCDC 1915844) were mounted onto a nylon loop
and placed in a cold stream of nitrogen respectively. Low temperature (110 K) X-ray data
were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, Ka
=0.71073 A). All diffractometer manipulations, including data collection, integration and
scaling were carried out using the Bruker APEXII software. An absorption correction was

applied using SADABS. The space group was determined on the basis of systematic
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absences and intensity statistics and the structure was solved by direct methods and refined
by full-matrix least squares on F2. Integrated intensity information for each reflection was
obtained by reduction of the data frames with the program APEX2. The integration method
employed a three-dimensional profiling algorithm and all data were corrected for Lorentz
and polarization factors, as well as for crystal decay effects. Finally the data was merged
and scaled to produce a suitable data set. The absorption correction program SADABS
was employed to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group P-1. A solution was obtained readily using XT/XS in APEX2.146147 Two molecules
of toluene were found solvated. One of them located on a symmetry element and hence
disordered, which was modeled successfully. Hydrogen atoms were placed in idealized
positions and were set riding on the respective parent atoms. All non-hydrogen atoms were
refined with anisotropic thermal parameters. Also, residual electron density (Q) peaks
suggested the isopropyl group (C26, C27, C28) was disordered and was modeled between
two positions with an occupancy ratio of 0.88 : 0.12. Appropriate restraints and/or
constraints were added to keep the bond distances, angles, and thermal ellipsoids
meaningful. Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).}® The structure was refined (weighted least squares refinement on F?) to
convergence.1#®14" Olex2 was employed for the final data presentation and structure

plots.148
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CHAPTER IV

UNEXPECTED B/AL TRANSELEMENTATION WITHIN A RH PINCER

COMPLEX*

4.1 Introduction

Pincer ligands, binding to a metal in a meridional tridentate fashion, have become
a widely used class of auxiliary ligands with many applications in catalysis and
fundamental studies of bond-breaking and making.'®%-1%* Pincer ligands, and polydentate
ligands in general, enable precise positioning of donor sites in the desired molecule and
utilization of different pincer ligands permits systematic variation of these donor sites with
the preservation of the overall geometry and control of the overall charge.'®® Among
pincer ligands with a central X-type'®® donor, boryl- and aluminyl-centered pincer ligands
are arguably the most donating towards the metal and the most trans-influencing.'®” The
first boryl-centered PBP-type pincer was reported by Nozaki and Yamashita in 2009
(101J, Figure 1V-1).%° This and the closely related diaminoboryl-centered ligands have
been used further by Yamashita®®! and other groups.®?%® The boryl pincer family also
includes examples of ligands based on the meta-carborane cage pioneered by Mirkin and
Spokoyny (135,136, Figure 1V-1).282°5657 Oyr group has reported on the reactivity of Rh

and Ir complexes based on the ligand shown in 120.27374647 The boryl center in 101J

* Reprinted with permission from “Unexpected B/Al Transelementation within a Rh Pincer Complex.”
Lai, Q; Bhuvanesh, N.; Ozerov, O.V. J. Am. Chem. Soc. 2020, 142, 20920-20923. Copyright [2020] by
The American Chemical Society
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carries two strongly n-donating amino substituents which may diminish its Lewis acidity,
while carborane-derived ligands such as 135 and 136 do not possess an accessible empty
orbital at boron at all. In contrast, the diarylboryl center in 120 lacks such stabilization.
The aluminyl-centered pincer ligands are an even more recent development. In the last
few years, aluminyl pincer ligands with six-,? four-,2>1% and three-coordinate?* Al have
been reported by the Iwasawa, Nakao, and Yamashita groups, respectively (148, 158, and

164, Figure 1V-1).
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Figure IV-1. Structures of selected previously reported pincer complexes with central
boryl and aluminyl donors, and examples of complexes of alane/tris(phosphine) ligands.
Pincer ligands with a central three-coordinate boryl unit retain Lewis acidity at the

208

boron atom but it is completely quenched by addition of a single Lewis base.?":37:4647.114

On the other hand, the Lewis acidity of Al in an aluminyl is not completely quenched by

70



binding one Lewis base. The triply base-stabilized aluminyl in 148 is no longer Lewis
acidic,?? but the singly base-stabilized Al in 158 retains enough Lewis acidity to interact
with Lewis bases while maintaining an Al-Rh bond.?®

We recently reported a new tripodal alane/tris(phosphine) ligand based on the
phosphinopyrrolyl construction (Chapter 2). Its Ni complex 208 was shown to be more
electron deficient than Lu’s compound 170.7>"® We surmised that a bipodal analog of 208,
an aluminyl pincer ligand with pyrrolyl substituents on Al and no additional built-in
neutral donor for Al would furnish a metal-bound Al site that should be more Lewis acidic
than that in 158 or 164.2324

The role and of the Z-type!!* borane or alane ligands such as in 208 and 170 is
different from the potential role of boryl or aluminyl donors in chelating ligands. Group
13-based Z-type ligands primarily affect the reactivity by electronically modulating what
may take place solely at the transition metal site. In contrast, the boryl and aluminyl sites
possess Lewis acidity that is directed not at the transition metal, but potentially at a
substrate. This offers promise of new reactivity routes that exploit the main group Lewis
acidity either for dramatically enhanced reactivity or unusual selectivity. Such approaches
have only recently begun to be explored. Examples include our group’s demonstration of
selective C-H activation of azines by derivatives of 120,%® and Nakao’s work showing that
Rh complexes related to 158 can catalyze C-H functionalization in pyridines and aromatic
C-F bond activation.?3%517 |n this context, accessing new systems with enhanced Lewis

acidity appears to be a promising expansion.
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4.2 Results and discussion
4.2.1 Synthesis of bis-(2-diisopropylphosphinopyrrolyl)dihydroaluminate ligand (402)
Treatment of 1H-2-diisopropylphosphinopyrrole (204) with LiAlH4in 2:1 ratio in
THF at room temperature for 2 h led to the new dihydroaluminate compound 402
accompanied by gas evolution. After removing all the volatiles, the residual colorless oil
was triturated with pentane to yield crude 402 as a white powder which contained ca. 1
equiv THF. THF-free compound 402 was obtained via trituration with toluene and
recrystallized as colorless block crystals (84%) from toluene/pentane solution. The
difference between the 3P NMR chemical shifts of 402 in the presence or absence of THF
was insignificant, but the latter gave rise to a broader 3P NMR resonance, possibly due to

the coordination of phosphines to Li.

\ PiPr, 0.5 equiv
\ [Rh(CO),Cll, _
@\ LA N\ 2 equiv EW\\\P'PQ
1Al + ridine % :
PiPr, o> Li -/Ar“;“ﬂ By - @N—/m—th—co

N RT, 3h 35°C - RT
H / N ) ) N OC ‘
2 equiv i
Q\PiPrz @/ PP
201 402 (84%) 403 (48%)

Scheme IV-1. Synthesis of (PAI?YP)Rh(CO)2 (403).
4.2.2 Synthesis of (PAI?YP)Rh(CO). (403) complex and its reactivities

In the presence of 2.0 equiv pyridine, the reaction of 1.0 equiv ligand 402 with 0.5
equiv [Rh(CO).Cl]2 at -35 <T led to a major product 403. Filtration followed by cooling a
saturated THF solution allowed the isolation of 403 as light-yellow block crystals in 48%
yield. The *H NMR spectrum of 403 afforded 2 methine C-H resonances and 4 methyl C-
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H resonances, suggesting that 403 has Cs symmetry. In addition, the aromatic region of
the 'H NMR spectrum contained only the pairwise resonances of pyrrolyl C-H sites and a
set of pyridine resonances in a 2:2:1 ratio. The presence of two carbonyl ligands in 403
was inferred from the two resonances in the 23 C{*H} NMR spectrum (& 207.6 ppm, br d,
Jrh-c=60.9 Hz; and 203.1 ppm, dt, Jrh-c = 73.2 Hz, Jc.p = 21.5 Hz) and two IR bands (vco
= 1966 and 1915 cm™). These data are similar to those in Nakao’s 158 (e.g., vco =
1973/1907 cm™).22  The structural assignment was confirmed by an X-ray diffraction
study on a single crystal of 403 (vide infra).

We envisioned that a suitable Lewis acid might abstract pyridine from 403 and
lead to a PAIP pincer rhodium complex with a three-coordinate aluminyl moiety. It was
anticipated that the putative 404 would possess Cav symmetry on the NMR timescale,
similarly to 120 and 164.244"  Towards this end, thermolysis of 403 with 2.1 equiv
BF3-Et.O at 60 <C for 1 h was carried out. This resulted in the expected formation of the
BF3-Py byproduct (*°F and *B NMR evidence)'’® and a new complex displaying Cay
symmetry by NMR spectroscopy and two IR carbonyl stretching bands at 1981 and 1930
cmt. However, initial excitement was subdued when additional data pointed to that this
product was not 404. Utilization of 1 equiv of BF3-Et2O in the thermolysis with 403
resulted in only 50% conversion of 403, with 50% formation of BF3-Py and the same Cay-
symmetric product. A downfield !B NMR resonance was detected (62.7 ppm), which is
typical for a three-coordinate, heteroatom-substituted boron species.}’*'"2 Finally, an X-
ray study on a suitable single crystal (Figure 1V-3) revealed that the Co,-Symmetric

product formed in thermolysis of 403 with BF3-Et20 is the new boryl pincer complex 405.
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We have not established the fate of Al, but we tentatively assume that insoluble AlF3 is
formed (a precipitate is evident in the reaction mixture). The overall transformation is
probably driven by the thermodynamics of making stronger Al-F bonds and perhaps also
stronger Rh-B bonds, as well as the formation of a more favorable adduct with pyridine.
Ostensibly, two equiv of BF3z-Et20 are necessary for the reaction to proceed to completion
because one equivalent is used to form BFs-Py and the other undergoes a metathesis with
Al in the PAIP pincer. However, it is not clear whether the abstraction of pyridine plays

only a thermodynamic role or is also kinetically necessary prior to the “transelementation”

step(s).
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Scheme 1V-2. Reactions of (PAIpyP)Rh(CO)2 (403) with boranes

Although 405 was not the target of our study as it was conceived, it nonetheless
represents a complex of a previously unknown PBP pincer ligand. In order to evaluate the
Lewis acidity of the boron center, the reaction of 405 with pyridine was examined.
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Addition of 2.1 equiv of pyridine to a solution of 403 induced minor changes in the
positions and shapes of the 'H NMR resonances. The overall Cz symmetry was
maintained and only one set of pyridine resonances was evident. From this it was
concluded that the binding of pyridine to 405 is rapidly reversible on the NMR timescale.
A Van’t Hoff study permitted determination of the thermodynamic parameters (AH = -
14(1) kcal/mol; AS =-43(3) cal/(mol-K)), Figure 1VV-5). Since 405 does not bind 1 equiv
of pyridine fully, the Lewis acidity of B in 405 is less than that of Al in 403.

We surmised that a boron Lewis acid without B-F bonds or any other labile B-X
bonds might be suitable to perform pyridine abstraction from 403 while avoiding
transelementation, and settled on B(CsFs)s. Indeed, in situ *H NMR and 3P NMR analysis
revealed that heating the mixture of 403 and 1.1 equiv of B(CsFs)z at 80 <C resulted in
88% conversion of 403 to a new product. The expected byproduct B(CsFs)s -Py was
observed in the °F and *'B NMR spectra.l’® Utilization of 1.5 equiv B(CsFs)s led to 90%
conversion of 403. The abstraction is apparently not sufficiently favorable to completely
remove pyridine, but it proceeds far enough to allow isolation of the new Rh product 407.
Treatment of an isolated sample of 407 with 1 equiv. pyridine regenerated 403
quantitatively within 5 min at ambient temperature, while heating 407 with 2 equiv. of
Et20 in benzene at 95<for 2 h resulted in the clean formation of 409.

The reaction of 403 with B(CsFs)s is independent of [B(CsFs)s] and is slower than
the reaction of 403 with BFs-Et20, which displays a positive dependence of the rate on
[BF3-Et.O]. Both are much slower than the reaction of 403 with DMAP, complete in 10

min at RT to give the DMAP adduct 408. We propose that the abstraction of pyridine
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from 403 using B(CsFs)s occurs by a dissociative mechanism via the intermediate
formation of 404, while the displacement of pyridine by DMAP takes place by an
associative mechanism, via a five-coordinate Al transition state or an intermediate. The
reaction with BFs-Et,0 evidently does not proceed by a purely dissociative mechanism
and may involve an attack of BFs-Et2O on 403. Further, we cannot exclude that the
reaction with BFs-Et20 is catalysed by protic impurities in BFz-Et2O. Judging by that a)
407 reacted with 1.1 equiv of BFs-Et.O to give 405 and b) 409 was observed at the
intermediate stages of the reaction of 403 with BF3-Et2O, pyridine is not critical for the
B/Al exchange.

The rhodium complex 407 displayed a lower symmetry in its NMR spectra than
expected for 404, with four different methyl resonances. In addition, its solubility in
organic solvents was surprisingly poor vs what might be expected for a monometallic
pincer complex. The poor solubility was beneficial for the purification and isolation:
cooling the reaction mixture to room temperature afforded light-yellow crystals in 73%
yield, from which suitable ones for X-ray diffractometry could be retrieved.

4.2.3 XRD studies of pincer rhodium complexes

The X-ray study (Figure 1V-2) demonstrated that compound 407 is formally a
dimer of 404 connected via a pair CO ligands bridging between Rh and Al. The formation
of isocarbonyl complexes by means of attachment of an oxophilic Lewis acid (including

Al) to the oxygen terminus of a transition metal carbonyl is well precedent.’4-17
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Figure 1V-2. Top: ORTEP drawings (50% probability ellipsoids) of 403, 407 and 405,
showing selected labeling. Hydrogen atoms, isopropyl arms, toluene molecules in 403 and
407, and disorder in the pyrrole rings in 405 are omitted for clarity. Middle: Truncated
molecules showing only the immediate Rh coordination environment. Bottom: Truncated
molecules showing only the immediate Al or B coordination environment.

The coordination geometries about Rh and Al in 403 and 407 are quite similar.
Both rhodium centers in 403 and 407 adopt a similar distorted trigonal bipyramidal
geometry. The Al donor and one of the CO ligands can be viewed as axial, while the two
phosphorus atoms and the other CO define the equatorial plane. The Rh-Al distances in
403 and 407 are almost identical and comparable to 158 (ca. 2.44 A).?® The geometries
of Al centers in both 403 and 407 are distorted tetrahedral, and the Al-Npyrroly distances of

407 are slightly shorter than that of 403. The Al1-O1 distance (ca. 1.88 A) of 407 is almost
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identical to the sum of Al and O covalent radii (1.87 A),*** and the 01-C2 distance (ca.
1.20 A) is elongated by 0.07 A compared to the terminal CO ligand. The IR stretching
frequency of isocarbonyl is 1707 cm™, typical for the isocarbonyl complexes,’#1’® and
similar to the stretches arising from double C=0 bonds in organic compounds.

The geometry about Rh in 405 can be classified as closer to square pyramidal, but
as can be seen in Figure 1V-3, the differences in the requisite angles from 403 and 407 are
modest. The structure of 405 is quite similar to that of 120.#” The boron center in 405 is
also strictly planar (Xn-8-nrn) = ca. 359.8). The Rh1-B1 bond distance in 405 (ca. 2.10
A) is longer than most Rh-Boory bonds?’” but is close to the Ir-B distance in 120 (ca. 2.15
A; Ir and Rh are nearly identical in size). The geometry about Rh in 405 is very close to
that about Ir in 120 (cf. T = 0.33). The B-N distances in 5 are similar to those in Ar.B(N-
pyrrolyl) compounds,' at ca, 1.46-1.47 A.1"8
4.3 Conclusion

In conclusion, Rh complexes supported by new aluminyl-centered pincer ligands
have been described. The two N-pyrrolyl substituents on Al were expected to augment
the Lewis acidity at Al. This is reflected in the dimerization via isocarbonyl formation
upon attempts to isolate a complex with a three-coordinate aluminyl site. The unexpected
B/Al transelementation that preserves the pincer structure is potentially intriguing as a
more general synthetic tool for the construction of templated pincer complexes with

various main group elements in the central site.
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4.4 Experimental section
4.4.1 General consideration

Unless otherwise specified, all reactions and manipulations were carried out inside
an argon-filled glove box or using Schlenk line techniques. Solvents were dried and
deoxygenated via the solvent purification system and stored over molecular sieves in the
glove box filled with argon. Ce¢Ds were dried over NaK /Ph,CO/18-crown-6, distilled and
stored over molecular sieves in an Ar-filled glove box. Fluorobenzene and CsDsBr were
dried over CaH, distilled and stored over molecular sieves in an Ar-filled glove box. 1H-
pyrrole was purchased from Oakwood chemicals, then was dried with CaH. and distilled
before use. Other chemicals were purchased from commercial vendors and used without
further purification. 1H-2-diisopropylphosphinopyrrole was synthesized according to the
published procedure.
4.4.2 Physical method

NMR spectra were recorded on a Varian Inova 500 spectrometer (*H NMR,
499.703 MHz, 13C NMR 125.580 MHz), Varian Inova 400 (!B NMR, 128.191 MHz, ?’Al
NMR, 104.223 MHz) spectrometer. Chemical shifts are reported in § (ppm). For *H and
13C NMR spectra, the residual solvent peak was used as an internal reference (*H NMR:
$ 7.16 for CsDs, 5.32 for CD,Cly, 2.08 for ds-toluene; 13C NMR: § 128.06 for CéDs, 53.84
for CD2Cl», 20.43 for CD3CN). Infrared spectra were obtained on an Agilent CARY 630
ATR-FTIR, Mattson 4020 Galaxy Series. Elemental analyses were performed by CALI

Laboratories, Inc. (Highland Park, NJ).
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4.4.3 Synthesis of the proto-pincer PAIP ligand (402) and its complexes

Synthesis of LiAlIH2P2 (402). To a 50 mL culture tube, 1.0 mL LiAIH4 2.0 M in
THF solution (2.0 mmol) was loaded. 0.73 g of 1H-2-diisopropylphosphinopyrrole (4.0
mmol) was dissolved in 10 mL THF and was added to LiAlH4 solution drop wise via
pipette. The resulting mixture was stirred at r.t. for 5 h until visible gas evolution stopped.
All the volatile was then removed under vacuum to yield colorless oil which was triturated
with toluene 3 times to remove residual THF. 0.82 g (84%) of 402 as white crystalline
solid was obtained after recrystallization by layer pentane over toluene solution. *H NMR
(500 MHz, CsDe): 6 7.60 (br s, PyrroleH, 2H), 6.71 —6.66 (m, PyrroleH, 4H), 4.60 (br s,
AlH2, 2H), 1.92 (dsep, Jn-+ = 6.9 Hz, Jp.4 = 3.5 Hz, CH(CHz)2, 4H), 0.98 (dd, J1-H= 6.9
Hz, Jp-+ = 12.5 Hz, CH(CHs)2, 12H), 0.92 (dd, Ju-+ = 6.9 Hz, Jp-s = 15.8 Hz, CH(CH3)2,
12H). 'H NMR (500 MHz, CeD¢) (THF free): & 7.37 (br s, PyrroleH, 2H), 6.69 (m,
PyrroleH, 4H), 4.38 (br s, AlH2, 2H), 1.93 (hepd, J4-1 = 7.0 Hz, Jp-1 = 4.0 Hz, CH(CH?3)2,
4H), 0.98 (M, CH(CHs)2, 24H). BC{*H} NMR (125 MHz, C¢Ds): & 132.7 — 131.9 (m,
PyrroleC), 124.0 (d, Jcr = 28.9 Hz, PyrroleC), 118.1 (s, PyrroleC), 111.4 (s, PyrroleC),
23.9 (d, Jc-p = 6.2 Hz, CH(CHz3)2), 20.2 — 19.8 (m, CH(CHz3)2), 18.8 (t, Jc-p = 2.3 Hz,
CH(CHa)2). 3P{*H} NMR (202 MHz, CsDe): & -9.8 ppm. 2’Al NMR (104 MHz, CeDs):
o 113.7 ppm.

Synthesis of (PPYAIP)Rh(CO)2 (403). 388 mg (1.0 mmol) [Rh(CO).Cl] and 320
ML (4.0 mmol) pyridine was dissolved in 10 mL toluene and cooled in the freezer (-35
°C). 880 mg (2.2 mmol) ligand 402 was dissolved in 10 mL toluene and precooled in the

freezer before the addition to the rhodium pyridine mixture dropwise. The resulting orange
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solution was further stirred at r.t. for 1 h before filtration. The filtrate was concentrated
and then recrystallized by slow pentane vapor diffusion to yield 500 mg 403 as yellow
crystals (48%). 'H NMR (500 MHz, CsDs): & 7.66 (d, Ju-n = 5.1 Hz, PyridineH, 2H), 6.91
(m, PyrroleH, 2H), 6.89 (t, Ju-1 = 2.5 Hz, PyrroleH, 2H), 6.78 (d, Ju-1 = 3.0 Hz, PyrroleH,
2H), 6.52 (t, Ju-+ = 7.7 Hz, PyridineH, 1H), 6.21 — 6.10 (m, PyridineH, 2H), 2.41 (dhep,
Jp = 14.1, i = 7.1 Hz, CH(CHa)z, 2H), 2.24 — 2.14 (m, CH(CHa)2, 2H), 1.26 (dd, Jn-+
= 6.9 Hz, Jp. = 10.2 Hz, CH(CHa)2, 6H), 1.16 — 1.03 (m, CH(CHa)z, 18H). 3C{*H} NMR
(125 MHz, CeDs): 6 207.6 (br d, Jrnc = 60.9 Hz, CO), 203.1 (dt, Jrnc = 73.2, Jep = 21.5
Hz, CO), 147.4 (s, PyridineC), 141.1 (s, PyridineC), 137.8 — 137.2 (m, PyrroleC), 125.4
(t, Jc-p = 8.1 Hz, PyrroleC), 125.2 (s, PyridineC), 115.7 (t, Jc-r = 1.6 Hz, PyrroleC), 113.5
(s, PyrroleC), 31.9 (t, Jc.p = 9.6 Hz, CH(CHa)2), 30.0 (t, Jcp = 16.7 Hz, CH(CHz)2), 19.6
(t, Jcp = 2.7 Hz, CH(CHa)2), 19.3 (s, , CH(CHs3)2), 19.2 (t, Jc-p = 2.5 Hz, CH(CH3)2), 19.1
(t, Jc.p = 4.7 Hz, CH(CH3)2). 3'P{*H} NMR (202 MHz, CsDs): & 46.9 (d, Jrn-p = 139.2 Hz)
ppm. Al NMR (104 MHz, CgDs):  170.1 ppm. IR (ATR, cm™): 1966, 1915 cm™. EA
(%) calcd for Co7H39AIN3O2P2Rh: C, 51.52; H, 6.25; N, 6.68; found: C, 51.52; H, 6.02;
N, 6.60.

Synthesis of (PBP)Rh(CO)2 (405). To a 50 mL culture tube, 400 mg (0.64 mmol)
of 403 was loaded with 10 mL toluene and 165 piL (1.28 mmol) BFs-OEtz. The resulting
mixture was then heated in 60 °C oil bath for 1 h. All the volatile was removed under
vacuum, and the residue was dissolved in pentane and filtered through a short pad of
Celite. The filtrate was concentrated under vacuum to make a saturated solution at r.t. and

cooled in the freezer for recrystallization to yield orange crystals 405 200 mg (60%). *H
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NMR (400 MHz, CeDs): & 7.21 (dt, Ju-n = 2.6, 1.3 Hz, PyrroleH, 2H), 6.52 (t, Ju-n = 3.0
Hz, PyrroleH, 2H), 6.46 (d, Ju-n = 3.2 Hz, PyrroleH, 2H), 2.08 (dhep, Je-1 = 7.9 Hz, JH.H
= 6.8 Hz, CH(CHa)2, 4H), 1.12 — 1.04 (m, CH(CHa)2, 12H), 1.00 (dvt, Ju.n = 6.9 Hz, Jp.ni
= 7.9 Hz, CH(CHa)2, 12H). ¥C{*H} NMR (100 MHz, CsDs): & 200.4 (d, Jrh.c = 56.7 Hz,
CO), 142.8 (t, Jp-c = 29.2 Hz, PyrroleC), 123.2 (t, Jcp = 6.6 Hz, PyrroleC), 117.0 (t, Jc-p
= 2.7 Hz, PyrroleC), 116.7 (s, PyrroleC), 28.9 (t, Jc» = 13.1 Hz, CH(CHz)2), 19.1 (t, Jc-p
= 3.7 Hz, CH(CH?3)2), 18.7 (s, CH(CHs3)2). 3'P{"H} NMR (162 MHz, CsDs): & 55.8 (d, Jrn-
p = 136.1 Hz) ppm. “B{*H} NMR (128 MHz, C¢Ds): 5 62.7 ppm. IR (ATR, cm™%): 1981,
1930 cm™. EA (%) calcd for C22H34BN2O2P2Rh: C, 49.47; H, 6.42; N, 5.24; found: C,
49.53; H, 6.52; N, 5.06.

Synthesis of [(PAIP)Rh(CO):]2 (407). To a 20 mL culture tube, 63 mg (0.10
mmol) of 403 and 61 mg of B(CeFs)s (0.12 mmol) was loaded with 3 mL toluene. The
resulting clear solution was then heated in 100 °C oil bath for 1 h. Upon cooling from 100
°C to room temperature, yellow crystals formed inside the tube. Toluene solution was
decanted, and the crystalline residue was washed with 3x<L mL toluene and dried under
vacuum to yield 40 mg of 407 (73%). Quality crystals for the X-ray analysis were obtained
through this procedure. *H NMR (500 MHz, CsD¢): & 7.17 (m, PyrroleH, 2H), 6.68 (dd,
Ju-n = 3.1, 2.3 Hz, PyrroleH, 2H), 6.55 (dd, Jx-+ = 3.3, 1.0 Hz, PyrroleH, 2H), 2.15 — 2.03
(m, CH(CHa)2, 2H), 1.97 — 1.91 (m, CH(CHs)2, 2H), 1.01 (dd, Jp-+ = 17.9 HZ, Ju-n = 6.8
Hz, CH(CHsa)2, 3H), 0.94 (dd, Jp-+ = 13.5 Hz, Ju.+ = 6.9 Hz, CH(CH3)2, 4H), 0.70 (dd, Jp-
= 17.0 Hz, Jun = 7.0 Hz, CH(CHa)2, 3H), 0.63 (dd, Jp.u = 17.5 Hz, Ju-+ = 6.8 Hz,
CH(CHa)2, 3H). *'P{*H} NMR (202 MHz, CsD¢): 5 43.0 (d, Jrn-p = 122.2 Hz) ppm. (ATR,
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cm™): 1982 (s, CO), 1707 (s, bridging CO) cm™. EA (%) calcd for C22H3sAIN202P2Rh:
C, 48.01; H, 6.23; N, 5.09; found: C, 48.40; H, 5.96; N, 4.89.

Synthesis and observation of 409. 11 mg (0.01 mmol) of 407 was loaded to a J.
Young tube along with benzene-ds (the solid mostly remained undissolved). 22 L 1.0 M
Et20 in CsDe stock solution was added to the above suspension. The reaction mixture was
then heated at 95 <C oil bath for 2 h. 407 was completely converted into 409. *H NMR
(500 MHz, CsDg): 6 6.99 — 6.96 (m, PyrroleH, 2H), 6.82 (t, Ju-n = 2.6 Hz, PyrroleH, 2H),
6.69 (d, Ju+ = 3.1, 1.0 Hz, PyrroleH, 2H), 3.38 (g, J = 7.1 Hz, EtOCH2CHs, 4H), 2.36
(dsep, Jp-n = 14.2, Jn-ni = 6.8 Hz, CH(CHa)2, 2H), 2.14 — 2.03 (m, CH(CHs), 2H), 1.33
(dd, Ju-n = 6.8 Hz, Jp.n = 17.1 Hz, CH(CHa)2, 6H), 1.08 — 0.96 (m, CH(CHs)2, 18H), 0.59
(t, J = 7.1 Hz, EtOCH2CHs, 6H); 3C{*H} NMR (125 MHz, C¢Ds):5 203.83 (t, J = 21.7
Hz, CO), 203.26 (t, J = 21.3 Hz, CO), 136.29 (s, PyrroleC), 125.24 (t, J = 7.6 Hz,
PyrroleC), 115.37 (s, PyrroleC), 113.41 (s, PyrroleC), 67.14 (s, EtOCH.CH3), 32.08 (t, J
= 9.8 Hz, CH(CHa)2), 29.81 (t, J = 16.7 Hz, CH(CH3)2), 19.39 (s, EtOCH2CH3), 19.34 (t,
J = 2.7 Hz, CH(CH?3)2), 19.22 (t, J = 2.8 Hz, CH(CHa)2), 19.11 (t, J = 4.5 Hz, CH(CHa)z),
12.90 (dvt, J = 5.1 Hz, CH(CHz)2) 3P NMR (202 MHz, CeDs): & 46.5 (d, Jrnp = 138.2
Hz) ppm; 2’Al NMR (104 MHz, CsDe): 5 165.8 ppm.
4.4.4 Studies of the reactivity of 403 and 407

Thermal stability of 403. After thermolyzing benzene-ds solution of 403 in 110
°C oil bath for 14 h, no changes was observed in both *H and 3'P NMR spectra, and after
thermolyzing toluene solution of 403 in 150 °C oil bath for 14 h, no changes was observed
in both *H and P NMR spectra.
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Thermal stability of 407. Compound 407 was loaded into a J. Young NMR tube
along with benzene-ds (the solid mostly remained undissolved) and subjected to
thermolysis at 100 °C for 24 h. This resulted in a suspension. Analysis by solution 3:P{*H}
NMR spectroscopy showed the presence of multiple unidentified products.

Reaction of 403 with 1 equiv of BFs-OEt2. To a J. Young tube, a solution of 12.6
mg (0.020 mmol) of 403 in 0.5 mL C¢Ds was loaded, and then 20 L 1.0 M BFs-OEt, and
100 i 0.1 M mesitylene (internal standard) stock solutions were added via syringe.
According to the H, 3'P{*H}, *B{*H} and °F NMR spectra collected in situ, after the
resulting mixture was heated in a 60 °C for 1 h, 0.010 mmol of 403 was converted to 405,
and 0.01 mmol of BFs-Py was formed. The precipitate was observed and presumably
contained (AlFs3).

Reaction of 403 with 2.2 equiv of BF3-OEt2. To a J. Young tube, a solution of
12.6 mg (0.020 mmol) of 403 in 0.5 mL CeDe was loaded, and then 44 pi 1.0 M BFs-
OEt> and 100 i 0.1 M mesitylene (internal standard) stock solutions were added via
syringe. According to the H, 3'P{*H}, B{*H} and F NMR spectra collected in situ,
after the resulting mixture was heated in a 60 °C for 1 h, 0.020 mmol of 403 was converted
to 405, meanwhile 0.02 mmol of BF3-Py was formed. The precipitate was observed and
presumably contained (AlF3).

Reaction of 403 with 1.1 equiv of B(CsFs)s. To a J. Young tube, a solution of
12.6 mg (0.020 mmol) of 403 in 0.5 mL Ce¢De was loaded, and 11.3 mg (0.022 mmol)
B(CsFs)3 and 100 L 0.1 M mesitylene (internal standard) stock solutions were added via

syringe. After the resulting clear solution was heated at 80 <C oil bath for 2 h, 88% of 403
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was converted into 407 according to the *H, 3tP{*H}, *B{*H} and °F NMR spectra. The
resulting mixture was heated for 16 h at the same oil bath, no further conversion of 403
was observed.

Reaction of 403 with 1.5 equiv of B(CeFs)s. To a J. Young tube, a solution of
12.6 mg (0.020 mmol) of 403 in 0.5 mL Ce¢De was loaded, and 15.3 mg (0.030 mmol)
B(CsFs)z and 100 il 0.1 M mesitylene (internal standard) stock solutions were added via
syringe. After the resulting clear solution was heated at 80 <C oil bath for 2 h, 90% of 403
was converted into 407 according to the *H, 3'P{*H}, *B{*H} and °F NMR spectra. The
resulting mixture was heated for 16 h at the same oil bath, no further conversion of 403
was observed.

Reaction of 403 with dimethylaminopyridine (DMAP). To aJ. Young tube, 12.6
mg (0.020 mmol) of 403, 17.0 mg (0.14 mmol) of DMAP and 0.5 mL Ce¢De were loaded,
and 40 L 0.1 M mesitylene (internal standard) stock solutions were added via syringe.
The pyridine adduct 403 was converted into 408 within 10 min at room temperature, and
0.02 mmol of free pyridine was observed according to the *H NMR (500 MHz, CsDg): &
7.42 (d, I = 7.4 Hz, Ar(DMAP)H, 2H), 7.11 (m, PyrroleH, 2H), 6.94 (t, Ju.n = 2.6 Hz,
PyrroleH, 2H), 6.84 (dd, Jun = 3.1, 1.0 Hz, PyrroleH, 2H), 5.32 (d, Ju-x = 7.4 Hz,
Ar(DMAP)H, 2H), 2.46 (dsep, Jp-n = 13.5, Ju-1 = 6.9 Hz, CH(CH?3)2, 2H), 2.30 — 2.22 (m,
CH(CHsa)2, 2H), 1.75 (s, Me(DMAP)H, 6H), 1.33 (dd, Ju-H = 6.9 Hz, Jp.H = 16.8 Hz,
CH(CHs)z, 6H), 1.21 — 1.14 (m, CH(CH3)2, 18H); and 3P NMR (202 MHz, CeDs): & 47.4

(d, Jrn-p = 141.3 Hz) ppm.
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Reaction of 407 with 1.1 equiv BF3-OEt2. 11 mg (0.01 mmol) of 407 was loaded
to a J. Young tube along with benzene-ds (the solid mostly remained undissolved). 22 pL
1.0 M BF3-OEt: in CeDs stock solution was added to the above suspension. 407 fully was
converted into 405 after the reaction mixture was heated in 50 <C oil bath for 1 h.

Reaction of 407 with 1.1 equiv Py. 11 mg (0.01 mmol) of 7 was loaded to a J.
Young tube along with benzene-ds (the solid mostly remained undissolved). 22 L 1.0 M
pyridine in CeDs stock solution was added to the above suspension. Upon mixing, the solid
407 dissolved within 5 min to yield 403 at room temperature.

Variable-Temperature Spectroscopic Analysis of 407. To a J. Young tube, 11
mg of 407 (0.02 mmol) was loaded with 0.5 mL ds-toluene. The suspension was then
heated from 25 <C to 110 <C, where the sample was allowed to equilibrate at each
temperature for 5 minutes prior to data collection.

Reaction of 403 with 2 equiv of BF3-OEtz at 55 <C. To aJ. Young tube, a solution
of 12.6 mg (0.020 mmol) of 403 in 440 L CeDs was loaded, and then 40 L 1.0 M BFs3-
OEt2 and 20 L 0.1 M mesitylene (internal standard) stock solutions were added via
syringe. The resulting mixture was heated in a 55 °C for 10 min, the reaction progress was
monitored by the *H and 3'P{*H} spectra.

Reaction of 403 with 4 equiv of BF3-OEt2 at 55 <C. To aJ. Young tube, a solution
of 12.6 mg (0.020 mmol) of 403 in 400 P CeDs was loaded, and then 80 pl 1.0 M BFsz-
OEt2 and 20 pL 0.1 M mesitylene (internal standard) stock solutions were added via
syringe. The resulting mixture was heated in a 55 °C for 10 min, the reaction progress was
monitored by the *H and 3'P{*H} spectroscopy.
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Reaction of 403 with 8 equiv of BF3-OEt2 at 55 <T. To aJ. Young tube, a solution
of 12.6 mg (0.020 mmol) of 403 in 320 pL. Ce¢De was loaded, and then 160 L 1.0 M BFs-
OEt> and 20 L 0.1 M mesitylene (internal standard) stock solutions were added via
syringe. The resulting mixture was heated in a 55 °C for 10 min, the reaction progress
(Table 1V-1) was monitored by the *H and 3'P{*H} spectroscopy.

Table IV-1. Reaction progress of 403 with BF3-OEt; after heating at 55 <C for 10 min

[BFs-OEt2](M) Conversion of 403 Yield of 409 Yield of 405
0.080 54% 12% 42%
0.16 65% 9% 55%
0.32 T1% 3% 74%

Reaction of 403 with 1 equiv of B(CeFs)3 at 55 C. To aJ. Young tube, a solution
of 12.6 mg (0.020 mmol) of 403 in 480 L CeDe was loaded, and 10.3 mg (0.020 mmol)
B(CsFs)3 and 20 pL 0.1 M mesitylene (internal standard) stock solutions were added via
syringe. After the resulting clear solution was heated at 55 <C oil bath for 1 h, the reaction
progress was monitored by the *H and 3:P{*H}NMR spectroscopy.

Reaction of 403 with 2 equiv of B(CeFs)3 at 55 C. To aJ. Young tube, a solution
of 12.6 mg (0.020 mmol) of 403 in 480 L CeDe was loaded, and 20.5 mg (0.040 mmol)
B(CsFs)3 and 20 L 0.1 M mesitylene (internal standard) stock solutions were added via
syringe. After the resulting clear solution was heated at 55 <C oil bath for 1 h, the reaction

progress was monitored by the *H and 3P{*H} NMR spectroscopy.

88



Reaction of 403 with 4 equiv of B(CsFs)3 at 55 <C. To a J. Young tube, a solution
of 12.6 mg (0.020 mmol) of 403 in 480 L CeDs was loaded, and 40.9 mg (0.080 mmol)
B(CsFs)z and 20 il 0.1 M mesitylene (internal standard) stock solutions were added via
syringe. After the resulting mixture was heated at 55 <C oil bath for 1 h, the reaction
progress (Table 1V-2) was monitored by the *H and 3P{*H}NMR spectroscopy.

Table 1VV-2. Reaction progress of Py abstraction with B(CeFs)3 after heating at 55 <C for
1h

[B(CeFs)s3](M) Conversion of 403 Yield of 407
0.040 19% 16%
0.080 19% 16%

0.16 24% 17%

4.4.5 Van't Hoff study of (PBP)Rh(CO)2 reacting with Py

The equilibrium between 405 and 406. The coordination of Py to B center would
make 3P resonance shift up-field, and the AS is dependent on the concentration of Py,
indicating the association of Py to B center is a reversible process in nmr time scale. In
order to determine the 3!P NMR chemical shift of 406, a series addition of 1.0 M Py
solution to a solution containing 5.3 mg (0.01 mmol) 406 was conducted and monitored
by 3P NMR. 3P NMR chemical shift of 406 was determined as the minimum value (50.5

ppm) which was obtained in the presence of 140 equiv Py in solution (Figure 1V-3).
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160 equiv Py
150 equiv Py

140 equiv Py

.g:

T T T T T T T T T T T T T T T T T T T T T T T T T T
66 65 64 63 62 61 60 5 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40
3 (pm)

Figure 1V-3. 3P{"H} NMR (202 MHz, CsDs) spectra of 405 with different amounts of
pyridine added.

Van’t Hoff Analysis. In a J. Young tube, 440 L CesDs Was used to dissolve 16.0
mg (0.030 mmol) of 405, then 60 i 1.0 M pyridine (0.060 mmol) stock solution was
added to the above solution. Equilibrium point at different temperature was monitored by
3P NMR (Figure 1V-4), which can be used to calculate the concentration of pyridine

adduct 406 with the equation:

([405], — [406]) X 495 + [406] X 5406

eq [405] + [406]

Where [405]o = 0.060 M, 8405 = 55.8, 806 = 50.5.
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Figure 1V-4. 31P{*H} NMR (202 MHz, C¢Ds) spectra of 405 and 2.0 equiv pyridine at
various temperatures.
Then the equilibrium constant at different temperature can be determined with the

equation:

[406]
([405], — [406])([Py], — [406])

Keqg =

where [Py]o = 0.12 M;
With Keq values at different T, plotting:
AH
Raneq = —T+ AS

reveals enthalpy change of the reaction equals to the negative slope value and entropy

change equals to the y-intercept value (Figure 1V-5): AH = - (14+1) kcal-mol™* and AS =
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- (43+3) cal-mol™.K™, where the errors for the AH and AS values were defined as double
the standard errors of the slope and the intercept provided by the linear fit function in

OriginPro 9 software.

[Equation y=a+bx
Weight No Weighting
Residual Sum of 0,14027

7 - Squares
Pearson's r 099823

Adj. R-Square 099557

Value Standard Error
6 =3 Intercept -42,.84205 1.37621
Slope 14146.25334 42191359

8

Rin K,, (cal mol” K™

I ) 1 . I J | L | s | , 1
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
1T (K"

Figure 1V-5. Van’t Hoff plot for the equilibrium between 405 and 406
4.4.6 X-Ray structural determination details

X-Ray data collection, solution, and refinement for (PPyAIP)Rh(CO)2 (403)
(CCDC 1915845). A Leica MZ 75 microscope was used to identify a light yellow block
of 403 with very well defined faces with dimensions (max, intermediate, and min) 0.10 x
0.16 x 0.30 mm? from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K. X-ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo

sealed X-ray tube, Ko = 0.71073 A). All diffractometer manipulations, including data
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collection, integration and scaling were carried out using the Bruker APEX3 software. The
absorption correction program SADABS was employed to correct the data for absorption
effects. The space group was determined on the basis of systematic absences and intensity
statistics and the structure was solved by direct methods and refined by full-matrix least
squares on F2. The structure was solved in the orthorhombic Pnma space group using XS
(incorporated in SHELXLE/OLEX2).146147 All non-hydrogen atoms were refined with
anisotropic thermal parameters. All hydrogen atoms were placed in idealized positions
and refined using riding model with the exception of the hydrogen bridged to iron and
carbon which was located from the difference map. The structure was refined (weighted
least squares refinement on F?) and the final least-squares refinement converged.#5148 No

additional symmetry was found using ADDSYM incorporated in PLATON program.4®

93



X-Ray data collection, solution, and refinement for (PBP)Rh(CO)2 (405)
(CCDC 1915846). A yellow, multifaceted block of suitable size (0.50 x 0.30 x 0.10 mm?®)
and quality was selected from a representative sample of crystals of the same habit using
an optical microscope, mounted onto a nylon loop and placed in a cold stream of nitrogen.
Low temperature (110 K) X-ray data were obtained on a Bruker APEXII CCD based
diffractometer (Mo sealed X-ray tube, Ko.=0.71073 A). All diffractometer manipulations,
including data collection, integration and scaling were carried out using the Bruker
APEX3 software. The absorption correction program SADABS was employed to correct
the data for absorption effects. The space group was determined on the basis of systematic
absences and intensity statistics and the structure was solved by direct methods and refined
by full-matrix least squares on F2. The structure was solved in the monoclinic P2:/c space
group using XS (incorporated in SHELXLE/OLEX2).146147 All non-hydrogen atoms were
refined with anisotropic thermal parameters. All hydrogen atoms were placed in idealized
positions and refined using riding model with the exception of the hydrogen bridged to
iron and carbon which was located from the difference map. The structure was refined
(weighted least squares refinement on F?) and the final least-squares refinement
converged.#6-148 No additional symmetry was found using ADDSYM incorporated in

PLATON program.4

94



X-Ray data collection, solution, and refinement for [(PAIP)Rh(CO)2] (407)
(CCDC 1960229). A Leica MZ 75 microscope was used to identify a light yellow block
of 407 with very well defined faces with dimensions (max, intermediate, and min) 0.70 x
0.16 x 0.10 mm? from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K. X-ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo
sealed X-ray tube, Ko = 0.71073 A). All diffractometer manipulations, including data
collection, integration and scaling were carried out using the Bruker APEX3 software. The
absorption correction program SADABSwas employed to correct the data for absorption
effects. The space group was determined on the basis of systematic absences and intensity
statistics and the structure was solved by direct methods and refined by full-matrix least
squares on F2. The structure was solved in the orthorhombic P2:1/n space group using XS
(incorporated in SHELXLE/OLEX2).146147 All non-hydrogen atoms were refined with
anisotropic thermal parameters. All hydrogen atoms were placed in idealized positions
and refined using riding model with the exception of the hydrogen bridged to iron and
carbon which was located from the difference map. The structure was refined (weighted
least squares refinement on F?) and the final least-squares refinement converged.#5148 No

additional symmetry was found using ADDSYM incorporated in PLATON program.4®
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CHAPTER V
EXPLORATION ON REDOX PROPERTY OF PCP IRON DICARBONYL
COMPLEXES
5.1 Introduction
Iron as the most abundant transition metal in the earth crust has received
tremendous attention in the area of organometallic chemistry over the past few decades
due to their involvement in catalysis.}”®8 The iron complexes containing agostic C-H
interaction, which are considered the intermediate prior C-H activation, provide
fundamental insights to the nature of C-H activation on the iron center, therefore constitute
an important class of compounds. However, the isolation and characterization of the iron
intermediates with agostic F-H-C interaction was very scarcely reported.8418¢ Previous
studies on iron hydrides showed that without a rigid structure enforcing C-H approaching
the iron center, the C-H elimination products are either less thermodynamic favorable

(503) or no evident interaction between C-H and iron center (505).87-18
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Scheme V-1. 1 e- Oxidation of Fe(ll)-H complexes and reported examples containing
agostic Fe-H-C. a: DFT calculation using ethyl substituent instead of phenyl
Fe(PMes)s*® or FeMez(PMes)s* are commonly used iron reagents for the
cyclometalation of PCP ligands. While processing this work, the activation the C-H bond
of POCOP and PCP ligands with liquid Fe(CO)s under UV irradiation was developed.!%

C-Cl activation of 513 with solid Fe(CO)e was reported by Kirchner in 2018.18 Carbonyl
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iron(0) precursors have also been used to promote the C—H activation on a few Schiff

bases ligands.'%31% Solid Fe»(CO)y was chosen for easy handling in this work.

X—P'Pr, X—P'Pr,
Fe(PR PR3
Ho 4 (0r e /Fe/—PR3
| FeMe,(PR3), Hl
X—P'Pr, X—P'Pr,
509 510
X—P'Pr, X—P'Pr,
uv /O
Y H + Fe(CO)y —— > Y “Fe-CO
H
X—P'Pr, X—P'Pr,
511 512
EtN—P'Pr, EtN—P'Pr,
110 °C ,CO
cl + Fe(CO); ————> Fe-CO
Cl
EtN—P'Pr, EtN—P'Pr,
513 514

Scheme V-2. Cycloironation of PCP ligands.
5.2 Results and discussion

A suspension of Fe2(CO)g and 1 equivalent 515 in toluene was loaded into a PPTE-
air-tight Schlenk tube and irradiated with UV light for 2 days. The reaction was monitored
by *P{*H}INMR spectrum where the signal of 515 at 9.8 ppm was converted into new
signal at 110.3 ppm. Filtration followed by removing volatile of the filtrate gave 610 as

light green powder. Recrystallization by slow diffusion of pentane into a saturated toluene
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solution of the green powder yield 516 as green crystals (74%), which were good for X-

ray analysis. 516 reacts with 1.1 equiv N-bromosuccinimide at room temperature to yield

517 within 30 min.

PiPrz PiPr2 PiPrZ
, | co CcO
Ho 4 0.5equiv _UV2d > Fe/—CO NBS_ /Fe/-CO
FeZ(CO)Q H/ | Br |
P'Pr, P'Pr, P'Pr,
515 516 (74%) 517 (77%)

Scheme V-3. Synthesis and reactivity of 516.

: , . , -
-0.5 1.0 -1.5 -2.0
Potential/VV vs Ferrocene

Figure V-1. Cyclic voltammogram of 516 in CsHsF at 27 <C with a scan rate of 50 mv in

the negative direction, and was obtained with 0.1 M [BusN][BArF?°] as the supporting
electrolyte.
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Electrochemical study of 516 (Figure V-1) revealed two reversible redox events
at -0.50 V (vs E[Fe(Cp)2/Fe(Cp)2]) and -2.09 V (vs E[Fe(Cp)2/Fe(Cp)2]), corresponding
to 1 e oxidation and reduction of 516 respectively. Therefore Fe(Cp).* should be strong
enough to oxidize 516 for the isolation and study of [Fe(I11)-H]". 516 was barely soluble
in CH3CN, but upon addition of [Fe(Cp)2][CH12B11] (1.1 equiv) solution, the green
crystals of 516 slowly dissolved and led to 518 accompanied with gas evolution. After
removing the solvent, the oil was triturated with pentane to afford 518 as yellow powder,
which was purified via recrystallization from PhF/pentane solution to give 63% isolation
yield. The observation of gas evolution indicated isolation of [Fe(ll1)-H]* failed, which is
not surprising due to the well-studied chemistry that oxidized metal hydride are often
acidic and tend to protonate the original hydride and formed adducts with solvent after

releasing Hz, especially in the presence of coordinating solvent such as CH3CN.95-197

CH12811- + CH1ZB11- +
i PP
PPrz_| f2 PPrz
,CO_[Fe(Cp),l[CH1,B 1] ,CO [Fe( Cp)z][CH1zB11]
Fe CO = e CO \Fe
CH5CN CeFHs
//\—PPI’ PPr PPrz
518 (63%) 519 (86%)

Scheme V-4. 1 e oxidation of 516 in CH3CN and CsFHs

Since the reversible oxidation wave of 516 was well established in CV study, we
proposed the isolation of oxidation product can be accessed with non-coordinating solvent
CeHsF. The treatment of 516 with 1.1 equiv of [Fe(Cp)2][CH12B11] in CeHsF yield a dark

green solution with no gas evolution. We are also pleased that there is no 3P NMR signal
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either, which suggesting the protonation of 516 with oxidized 516 was prohibited in
CeHsF. The dark green solid of 519 (86%) was obtained after removing CsHsF and
trituration with pentane. Recrystallization of the dark green solid form C¢HsF/pentane led

to dark green crystals suitable for X-ray study.

Figure V-2. ORTEP (50% probability ellipsoids) drawing of 516 and 519. The hydrogen
atoms (except the hydride in 516 and Caryi-H in 519), solvent molecules and anion in 519
are omitted for clarity.

The paramagnetic 519 exhibits a well-defined axial EPR spectrum (Figure V-3)
where gy = 2.007 and g . = 2.054, of which values are close to free electron g values (g =
2.0023), and is consistent with 1 e oxidation process. However, surprisingly the expected

[Fe(111)-H]* structure was not isolated according X-ray structural study (Figure V-2),
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instead, C-H reductive elimination occurred to the oxidized Fe(lll) center. Due to the
coordination of two phosphine to the Fe(l) center, the aryl back bone was significantly
displaced from the plane defined by two phosphine side arms in order to avoid strong
repulsion between Fe(l) center and Caryi-H bond. The geometry of 519 should be best
described as square pyramidal (tau: 0.30), where one carbonyl was located in axial
position, and PCHP and the other carbonyl ligands were situated in equatorial plane. The
bond distance of the ipso-carbon and the Fe atom [2.2432(15) A] is rather long when
compared to Fe—Caryi 6-bonds in 516 [2.0335(12) A] but is comparable to the Fe-Cary in
508 [(2.258(1) A)].1®* The Fe-CO distance (1.7714(16) A) for the carbonyl trans to aryl
C-H bond was slightly shorter than that (1.8139(16) A) for the carbonyl trans to unpaired
d-electron (empty site), indicating that unpaired d-electron is more trans influencing than
the Caryi-H in 519. The Fe-H bond length (1.811(17) A) as well as ipso-Caryi-H-Fe bond
angles (102(1) <) were comparable to the values of typical agostic structures (dM-H: 1.8
— 23 A; C-H-M: 90 — 140 9.1% The paramagnetism of 519 makes quantitative
measurement of the agostic interaction by NMR problematic.

The molecular structure of 519 displayed a distorted octahedral coordination
geometry as expected for a ds-Fe(l1) center, where two carbonyl ligands were situated cis
to each other, and the Fe1-C21 distance [1.7773(13) A] was almost identical to the Fel-
C22 distance [1.7734(14) A] indicating very similar trans influence of hydride to aryl.
The bond distances and angles around Fe(ll) center in 516 are comparable to those in

(POCOP)Fe(CO)2H despite the difference in phosphine linker. So are the carbonyl
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stretching frequencies (516 appeared at 1968 and 1935 cm™, while (POCOP)Fe(CO).H
appeared at 1980 and 1930 cm™).1%!
5.3 Conclusion

In this project, we described the synthesis of 516 with iron nonacarbonyl, which
showed interesting redox properties. The novel 519 compound with agostic aryl C-H
moieties was isolated via oxidation of 516. Through the reactivity study of these (PCP)Fe
complexes, it provided the fundamental understanding of aryl C-H activation on a PCP
ligated Fe: where 519 with two carbonyl coordinated to a Fe(l) center was too electron
deficient to oxidatively activate C-H bond, while electron rich Fe(0) upon coordination of
two phosphine of 515 activated C-H bond to afford 516.
5.4 Experimental section
5.4.1 General consideration

Unless otherwise specified, all reactions and manipulations were carried out under
an argon atmosphere using glovebox or Schlenk line techniques. Solvents were dried and
deoxygenated via the solvent purification system and stored over molecular sieves in the
glove box filled with argon. CsDe were dried over NaK /Ph,CO/18-crown-6, distilled and
stored over molecular sieves in an Ar-filled glove box. Fluorobenzene and C¢DsBr were
dried over CaHo, distilled and stored over molecular sieves in an Ar-filled glove box. 1,3-
bis(diisopropylphosphinomethyl)benzene (PCP, 515),'*® and Ferrocenium 1-
carbadodecaborate ([Fe(Cp)2[CHB11H11])*® were synthesized according the previous

procedures.
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NMR spectra were recorded on a Varian iNova 300 spectrometer (*H NMR,
299.951 MHz, 3C NMR, 75.413 MHz, 3'P NMR, and 121.425 MHz). Chemical shifts
are given in & (ppm). 3'P NMR spectra were referenced externally with 85% phosphoric
acid at § 0. *H NMR and *C NMR spectra were referenced using residual protio solvent
signals. Electrochemical studies were carried out using a CH Instruments Model 700D
Series Electrochemical Analyzer/Workstation in conjunction with a three-electrode cell.
The working electrode was a CHI 104 glassy carbon disc (3.0 mm diameter), and the
auxiliary electrode a platinum wire. The reference electrode was Ag/AgCI electrode
separated from the test solution by a fine porosity frit. CVs were conducted in solutions
of fluorobenzene with 0.1 M [BusN][BArF?°] as supporting electrolyte at scan rates of 50
mV/s. The concentration of 516 was 0.001 M. CVs were referenced to the Fe(n°-
CsHs)2/Fe(>-CsHs)?* redox couple. Electron paramagnetic resonance spectrum (Figure
V-3) was recorded in a continuous wave X-band EleXsys EPR spectrometer at 288 K.
Photochemical reactor used in the synthesis was manufactured by The Southern New
England Ultraviolet Company equipped with 2537A< lamps (254 nm bulb). The
temperature inside the reactor is approximately 60-70 <C without the fan.

5.4.2 Synthesis and characterization of Fe complexes

(PCP)Fe(CO)2H (516) using Fe2(CO)s. A 75 mL PTFE-valved gas-tight quartz
tube was charged with 0.186 g Fe>(CO)g (0.50 mmol), 0.338 g 515 (1.0 mmol) and 25 mi
toluene in the Glove-box 2°1. The tube was degassed under vacuum, and was irradiated
with UV for 2d. The light green solution was obtained and filtered through a pad of Celite.

The solution was then concentrated and layered with pentane. Crystallization at -30 <C
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afforded 515 as dark green block crystals (0.331 g, 0.74 mmol, 74%). *H NMR (300 MHz,
CsD6): 5 7.00 (m, 3H, ArH), 3.13 (dvt, 2H, ArCHy), 2.91 (dvt, 2H, ArCHy), 2.00 (m, 2H,
CH), 1.88 (m, 2H, CH), 1.20 (dd, J = 14.9, 7.1 Hz, 6H, CH3), 1.06 (m, 12H, CH3), 0.83(m,
6H, CHs), -8.72 (t, 1H, 2Jp.n=50.4 Hz). 3C NMR (75 MHz, CsDs): 5 217.3 (t, 2Jp-c = 16.0
Hz, CO), 216.6 (t, 2Jp.c = 16.0 Hz, CO), 172.8 (t, 2Jp.c = 12.8 Hz, ArC), 147.1 (t, 2Jpc =
10.3 Hz, ArC), 123.1, 121.6 (t, 3Jp.c = 7.6 Hz, ArC), 39.5 (t, Jp.c = 14.5 Hz, CH(CHs)2),
28.4 (t, 1H, p.c = 9.3 Hz, ArCH,), 26.9 (t, “Jp.c = 14.5 Hz, CH(CH3)2), 19.0 (CH(CHa)2),
18.7 (CH(CHs)2), 18.6 (CH(CHz3)2), 18.2 (CH(CHs)2) ppm. SPP{*H}NMR (121 MHz,
CsD¢): & 110.3 (s) ppm. IR (KBr): 1968(s, CO), 1935(s, CO), 1881(w, Fe-H) cm?, EA
(%) calcd for FeC22H3602P2: C 58.68; H 8.06; found: C 58.62; H 8.13.
[(PCHP)Fe(CO)2][CHB11H11] (519). In the Ar filled glove box, to a solution of
ferrocenium 1-carbadodecaborate (FCCHB11H11, 135 mg, 0.30 mmol) in 5 ml PhF in a 25
ml Schlenk flask, a solution of 515 (135 mg, 0.30 mmol) in 2 ml PhF was added drop by
drop. The light green solution of 515 turned dark green immediately upon addition. The
clear solution was stirred for another 5 min, then the solvent was removed under vacuum
to give a dark green oil. 15 mL (3>6 ml) pentane was added to wash away the ferrocene.
The dark green solid was obtained after washing and redissolved in 3 ml PhF and filtered
through a pad of Celite, and then the filtrate was layered with pentane. Slow diffusion at
-35<C resulted in 153 mg 519 as dark-green crystals (86%). IR (KBr): 1981(s, CO),
1917(s, CO), 1884(w, Fe-C-H) cm™. The EPR study reveals a well-defined axial spectrum
of 519 (Figure V-3), where gy = 2.007 and g . = 2.054. The g values are close to free

electron g values (g =2.0023). Magnetic susceptibility was measured using Evans’ method
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(CeDsBr as a solvent at 22 C): et = 2.0 pus EA (%) calcd for FeC23Hag02P2B11: C 46.56,
H 8.15; found: 46.20, 8.20.

[(PCP)Fe(CO)2CNCHs][CH12B11] (518). A 50 mL culture tube was charged with
135 mg (0.30 mmol) 516 and 99 mg (0.030 mmol) Ferrocenium 1-carbadodecaborate
(FcCHB11H11) and then 10 mL CH3CN was added, the mixture bubbled for a few seconds
to give a yellow solution. The resulting solution was further stirred for 1 h at room
temperature before removing all the volatiles. The residual oil was washed with 15 mL
pentane to afford yellow solid. The yellow compound was dissolved in PhF. Slow
diffusion of pentane resulted in 120 mg 518 (63%) as yellow crystal. *H NMR (400 MHz,
CDCls): § 3.61 (m, 4H, ArCH2), 2.54 (m, 4H, CHCHs), 1.30 (m, 24H, CHCH3) ppm. *C
NMR (101 MHz, CDCls) 8 213.1 (t, Jp.c = 25.9 Hz, CO), 208.6 (t, Jr.c =11.2 Hz, ), 163.7
(t, Jp.c = 8.9 Hz), 147.0 (t, Jp.c = 7.7 Hz, ArC), 130.8 (s, CHsCN), 127.0(s, ArC), 124.6
(t, Jp.c = 7.3 Hz, ArC), 51.9 (brs, 36.8 (d, Jr.c = 13.7 Hz, ArCH>), 26.1 (t, Jp.c = 9.0 Hz,
CH(CHa)z2), 26.0 (t, Jr-c = 11.2 Hz, CH(CH3)2), 19.5 (s, CH(CHz)2), 19.3 (s, CH(CHs3)2),
19.1 (s, CH(CHa)2), 5.0 (s, CH3CN). 3P{*H} NMR (162 MHz, CDCl3): 5 91.8 ppm. IR
(KBr): 2017(s, CO), 1967(s, CO) cm™. EA (%) calcd for FeCasHsoNO2P2B11: C, 47.41; H,
7.96; N, 2.21; found: C, 47.53; H, 8.11; N, 2.23.

(PCP)Fe(CO)2Br (517). A 25 ml Schlenk flask was charged with 516 (224 mg,
0.50 mmol), N-bromosuccinimide (90 mg, 0.55 mmol) and 10 ml toluene, the mixture was
stirred for 30 min at R.T., then was filtered through a pad of silica gel. 10 ml PhF was used
to wash the product through the silica gel, the solvent was removed under vacuum to give

yellow powder, which can be recrystallized via cooling the saturated toluene solution in a
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-35 T freezer (204 mg, 77% vyield). *H NMR (500 MHz, CgDs): & 7.07 (m, 3H, ArH),
3.56 (dvt, 2H, ArCHy), 3.18 (dvt, 2H, ArCHy), 3.10 (m, 2H, CH), 2.01 (m, 2H, CH), 1.23
(dvt, J = 7.3 Hz, 6H, CH3), 1.03 (m, 18H, CHs). 3!P{*H} NMR (202 MHz, CsDs): & 89.0
(s) ppm. BC{*H} NMR (126 MHz, CgDs): & 218.03 (t, 2Jpc = 25.4 Hz, CO), 213.05 (t,
2Jp.c = 12.5 Hz, CO), 170.60 (t, 2Jp-c = 12.7 Hz, ArC), 148.47 (t, 2Jp-c = 8.6 Hz, ArC),
125.3 (s, ArC), 123.00 (t, 3Jp.c = 7.2 Hz, ArC), 38.68 (t, “Jp.c = 14.7 Hz, ArCH,), 26.42
(t, YJpc = 9.4 Hz, CH(CH3)2), 26.39 (t, Jpc = 10.6 Hz, CH(CH3)2), 19.62 (s, CH(CH3)2),
19.38 (s, CH(CHa)2), 19.36 (s, CH(CH3)). IR (KBr): 1995(s, CO), 1940(s, CO) cm*, EA
(%) calcd for FeC22H3502P2Br: C 49.93; H 6.67; found: C 50.28; H 6.61.

5.4.3 Electron paramagnetic resonance spectroscopy

I ! I ! I ! I ! [
2800 3000 3200 3400 3600
Magnetic field B/mT

Figure V-3. The X-band EPR spectrum of 519 solid was recorded at 292 K with a
microwave frequency of 9.38 GHz, microwave power 0.6 mW, and modulation width 1G.
The spectrum was collected over multiple runs.
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5.4.4 X-Ray structural determination details

X-Ray data collection, solution, and refinement for 516 (CCDC XXXX). A
Leica MZ 75 microscope was used to identify a light green block of 516 with very well
defined faces with dimensions (max, intermediate, and min) 0.20 x 0.26 x 0.34 mm? from
a representative sample of crystals of the same habit. The crystal mounted on a nylon loop
was then placed in a cold nitrogen stream (Oxford) maintained at 110 K. X-ray data were
obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, Ka =
0.71073 A). All diffractometer manipulations, including data collection, integration and
scaling were carried out using the Bruker APEX3 software. The absorption correction
program SADABS was employed to correct the data for absorption effects. The space
group was determined on the basis of systematic absences and intensity statistics and the
structure was solved by direct methods and refined by full-matrix least squares on F2. The
structure was solved in the orthorhombic Pnma space group using XS (incorporated in
SHELXLE/OLEX2).!46:147 All non-hydrogen atoms were refined with anisotropic thermal
parameters. All hydrogen atoms were placed in idealized positions and refined using riding
model. The structure was refined (weighted least squares refinement on F?) and the final
least-squares refinement converged.'*'*® No additional symmetry was found using
ADDSYM incorporated in PLATON program.'®

X-Ray data collection, solution, and refinement for
[(PCHP)Fe(CO)2]CHB11H11 (519) (CCDC XXXX). A Leica MZ 75 microscope was
used to identify a dark green block of 519 with very well defined faces with dimensions

(max, intermediate, and min) 0.25 x 0.15 x 0.05 mm?® from a representative sample of
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crystals of the same habit. The crystal mounted on a nylon loop was then placed in a cold
nitrogen stream (Oxford) maintained at 110 K. X-ray data were obtained on a Bruker
APEXII CCD based diffractometer (Mo sealed X-ray tube, Ka = 0.71073 A). All
diffractometer manipulations, including data collection, integration and scaling were
carried out using the Bruker APEX3 software. The absorption correction program
SADABS was employed to correct the data for absorption effects. The space group was
determined on the basis of systematic absences and intensity statistics and the structure
was solved by direct methods and refined by full-matrix least squares on F2. The structure
was solved in the orthorhombic Pnma space group using XS (incorporated in
SHELXLE/OLEX2).146.147 All non-hydrogen atoms were refined with anisotropic thermal
parameters. All hydrogen atoms were placed in idealized positions and refined using
riding model with the exception of the hydrogen bridged to iron and carbon which was
located from the difference map. The structure was refined (weighted least squares
refinement on F?) and the final least-squares refinement converged.4¢-1%¢ No additional

symmetry was found using ADDSYM incorporated in PLATON program.4°
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CHAPTER VI

DEHYDROGENATIVE DIBORATION OF ALKYNES CATALYZED BY

IR/CO/"BUNC SYSTEM*

6.1 Introduction

1,2-Diboration of alkynes (1,1-diboration of alkynes has also been reported)®® is
a reaction that produces 1,2-diborylalkenes,which are useful building blocks for the
syntheses of polysubstituted alkenes.®®-% It is typically conceived stoichiometrically as a
formal addition of the B-B bond in a diborane across a triple bond of an alkyne.?®® The
diborane usually carries heteroatom substituents on the borons, with the B2pinz and Bacat;
being the most common reagents. This reaction has been catalyzed by a transition metal
complexes such as Pt 8103104204208 o Cyy 105 hy strong bases for certain substrates, % via
organocatalysis,'%! and has even been shown to proceed without a catalyst for some

diboranes.!® An Ir catalyst for diboration using a B-B reagent has also been reported.*®

* Reprinted with permission “Dehydrogenative Diboration of Alkyne Catalyzed by Ir/CO/'BUNC System.”
Lai, Q; Ozerov, O.V. J. Organomet. Chem. 2021, 931, 121614. Copyright [2021] by the Elsevier B.V.
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Scheme VI-1. Top: conventional diboration of alkynes with a B-B reagent. Bottom:
dehydrogenative diboration of alkynylboronates with HBpin using a (SiNN)Ir catalyst.

In 2015, we reported on tandem catalysis of the conversion of terminal alkynes
into triborylalkenes by the Ir complexes supported by the SiNN ligand.!'2 The first step of
the transformation is the dehydrogenative borylation of terminal alkynes (DHBTA), on
which we and others extensively reported separately.?®?> DHBTA results in the
formation of alkynylboronates which are diborated in the second step to yield
triborylalkenes by a (SINN)Ir catalysts modified by the addition of CO. The unusual part
of this reaction was that the diboration was not of a kind depicted at the top of Scheme
VI-1 but instead used HBpin as the boron substrate and thus was net dehydrogenative.
This is potentially an attractive alternative to the diboration with diboranes because it

relies on a simpler boron starting material. We were not able to establish the mechanism

by which this dehydrogenative diboration (DHDB) happens, but did isolate a
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(SINN)Ir(CO) complex which was itself a competent catalyst. The selectivity for the
diboration was not perfect and competitive hydroboration also took place to some extent.
Fortuitously, alkenes with three -Bpin substituents proved to be less soluble and were
easily isolated by recrystallization out of mixtures containing tri- and diboryl alkenes.

We desired to explore whether an analogous DHDB can be applicable to alkynes
other than alkynylboronates and also if the selectivity towards diboration could be
improved. Although we intended to focus on the Ir complexes of the SiNN ligand, this
report describes how it was discovered that the SiINN ligand was not necessary and that a
simpler catalyst formulation was possible.
6.2 Results and discussion
6.2.1 Optimization of DHDB of 1-phenyl-1-butyne

We selected 1-phenyl-1-butyne as the test substrate to examine whether DHDB
can be extended to internal, carbon-substituted alkynes.  Application of 1%
(SINN)Ir(COE) as the catalyst under conditions similar to those we reported in 2015
resulted in the formation of the predominantly DHDB product along with two isomeric
hydroboration products. Performing a control experiment with 1 mol% [Ir(COD)CI]. as
the catalyst (all molar percentages refer to the Ir content, not the molar amount of the
dimeric precursor), we found that it furnished essentially the same product distribution.
This was surprising because our control experiment with 5 mol% [Ir(COE).Cl]. in the
2015 paper led primarily to hydroboration and to little or no diboration products. The
culprit in this instance was that 5 mol% Ir is a high catalyst loading and the introduction

of CO via freeze-pump-thaw cycles takes some time (that the 2015 experiment did not
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control for) after the mixing the alkyne, HBpin, and the Ir catalyst. Thus, it is possible to
consume the reagents (primarily via hydroboration) before CO is properly introduced.
Having realized this, we examined a series of simple Ir precursors (Table VI-1) at
1 mol% Ir loading and taking care to minimize the exposure time prior to the introduction
of CO. Except for [Ir(COD) Br]2 and [Ir(COD) I]2, all the entries in Table VI-1 resulted
in approximately the same distribution of DHDB/hydroboration products. This suggests
that the same active species was generated in entries 1, 2, and 5-7 and that implies that the
anionic ligand attached to Ir in the precursor (Cl, OH, or OMe) was replaced with another.
We hypothesize that the HBpin reagent undergoes metathesis with the Ir-O and Ir-Cl
bonds to replace them with Ir-H or Ir-B, but that such metathesis is ineffective with Ir-Br

or Ir-1.
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Table VI-1. Alkyne diboration with different iridium precursors?®

Ph Et
_ H
1 mol% Bpin Bpin
_ _ In _ 1atmCO _ )
Ph——=————FEt + HBpin heptane > 50 °C, 15n " Ph601-Bp|n2Et o "
601 _ _
Bpin H H Bpin
601-BpinH 601-HBpin
Yield of Yield of Al- Yield of Al-
Entry [Ir]
Al-Bpin2 BpinH HBpin
1 (SINN)IrCOE 7% 14% 7%
2 [Ir(COD)CI]. 74% 17% 7%
3 [Ir(COD)BIr]2 5% 85% 8%
4 [Ir(COD)I]2 10% 75% 14%
5 [Ir(COD)OH]2 71% 17% 10%
6 [Ir(COD)OMe]: 2% 16% 10%
7 [Ir(COE)Cl]2 76% 14% 8%

a. All reactions performed at 50 <C in heptane with 0.08 mmol 1-phenyl-1-butyne, 0.28 mmol HBpin,

and 1 mol% catalyst loading under 1 atm CO. b. Yields were determined by *H NMR integration versus

1,4-dioxane as an internal standard.

We selected [Ir(COD)CI]. for the next set of experiments aimed at improving the

selectivity of the reaction towards DHDB. The results are summarized in Table VI-2. The

selectivity for DHDB increased modestly but steadily as the polarity of the solvent

decreased (entries 1-4, 9, 10).
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increased pressure of CO (entries 4, 18, 19). We surmise that these two facts are related.
CO is more soluble in less polar solvents?!® and thus the effective concentration of CO is
influenced by both the nature of the solvent and by the CO pressure introduced into the
reaction vessel. Increasing the reaction temperature (entries 4-6) decreased the selectivity
for DHDB. Although CO solubility may increase with temperature,?t’-28 it is possible
that the binding of CO to Ir is less favorable at higher temperatures. Although we have
not established the identity of the Ir species in the catalytic mixture, it seems reasonable
to propose that DHDB requires binding of one or more CO ligands to Ir, and that the “last”
CO binding to Ir is not bound very strongly, such that its concentration is affected by
temperature, solvent polarity and CO pressure. Hydroboration does proceed without CO,
and it may also proceed via species with CO bound to Ir, but with fewer CO ligands than
may be required for DHDB.

The effect of other additives was also explored. Adding tricyclohexylphosphine
or pyridine had a negligible effect on the outcome of the reaction (entries 12 and 13). The
use of '‘BuNC instead of CO did not lead to any DHDB products (entry 18); however, the
use of 'BUNC in addition to CO resulted in the improvement of selectivity. Finally, it
should be noted that performing the reaction in the presence of liquid mercury did not

affect the outcome (entry 11), suggesting that the catalysis proceeds homogeneously.
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Table VI-2. Summary of the optimization of alkyne diboration

Ph Et
S v H,
1 mol% Bpir Bpin
Ir(COD)CI CO atmosphere : . !
Ph———Et + HBpin fir )Cll2 > - P > 601-Bpin2
50 °C, 5h Ph Et Ph Et
601 : i : :
Bpin H H Bpin

601-BpinH 601-HBpin

601-Bpin2/(601-
entry Solvent Additive CO pressure
BpinH + 601-HBpin)°

1 THF 42/58 none 1 atm
2 PhF 52/48 none 1 atm
3 toluene 57/43 none 1 atm
4 CeDs 59/41 none 1 atm
5 CeDs 70/16° none 1 atm
6 CeDs 17/83f none 1 atm
7 CeDs N/A9 none 1 atm Ar
8 CeDs o/o" none latm
9 isooctane 69/31 none 1 atm
10 heptane 78/22 none 1 atm
11 CeDs 58/42 Hg drop 1 atm
4 mol% P(c-
12 CeDs 55/42 1 atm
CeH11)3
13 CeDs 57/43 4 mol% pyridine 1 atm
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Table VI-2 Continued

601-Bpin2/(601-
entry Solvent Additive CO pressure
BpinH + 601-HBpin)°

14 CeDs 65/35 1.1 mol% 'BuNC 1 atm
15 CeDs 73127 2.1 mol% 'BuNC 1 atm
16 CeDs 75/25 4.1 mol% 'BuNC 1 atm
17 heptane 86/14 3 mol% 'BuNC 1 atm
18 CeDs 0/50 4.1 mol% 'BuNC 1 atm Ar®
19 heptane 86/14 none 2 atm¢
20 heptane 91/9 none 3 atm¢
21 CsDs 59/41 none 1 atm

a. All reactions performed at 50 <€ with 0.08 mmol 1-phenyl-1-butyne, 0.28 mmol HBpin, and 1 mol% catalyst
loading in a J. Y tube for 5 h. b. Yields were determined by *H NMR integration versus 1,4-dioxane as an internal
standard. c. The reaction was conducted under 1 atm Ar instead of CO. d. The reaction was conducted in a top-screw
capped schlenk flask. e. The reaction was performed at room temperature (25 <C) for 3 d. f. The reaction was
performed at 80 <C. g. All of the alkyne was converted into a mixture of hydroboration, hydrogenation and other
unidentified products. h. B2Pin2 was used as boron source. i. After all the A1 was consumed, 1 mol % [Ir(COD)CI]
was loaded to the reaction mixture. Then the resulting mixture was degassed and back-filled with CO, then heated at

50 T for 15 h.

6.2.2 Exploration of the scope of DHDB
Next, we examined the reaction of 1-phenyl-1-butyne with boranes other than
HBpin (Table VI-3). The use of HBCat (entry 2) resulted in slightly less selectivity for

DHDB, while the use of HBpng (entry 4) led to predominantly hydroboration, with only
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9% of the DHDB product. Reactions with HBdan and HBdaz (entry 3&5) did not lead to
any DHDB at all.

Table VI-3. DHDB with different boranes.

Ph Et
- -
1 mol% 5] 8]
- . [I(COD)Cll; 1 atm cO 601-1B12
Fh £t + A CeDs 50 °C, 15h Ph (Bl Et Ph Et
601 : i : :
(B] H H (B]
601-[BJH 601-H[B]
H-[B] 601-[B]2/(601- Alkyne
entry H-[B]
abbreviation [B]JH + 601-H[B]) conversion
o)
1 HBpin ‘BH 74/26 100%
/
(0]

2 HBcat 72/28 100%

3 HBdaz 0/100 52%

4 HBpng ><: 9/91 100%

5 HBdan 0/100 20%
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The alkyne substrate scope of Ir/CO/tBUNC system was briefly examined and is
outlined in table VI-4. Although lower temperature increased the DHDB selectivity, the
reaction at RT was too slow, requiring days for completion. Because of this, we elected
to perform the reactions at 50 <C and with 1 atm of CO for convenience. Heptane was
used as solvent to improve CO solubility. It was found that alkyl- and aryl-substituted
internal and terminal alkynes can be diborylated with HBpin to yield cis-diborylalkenes
with modest to high selectivity. Bis(trimethylsilyl)acetylene did not engage in the reaction,
possibly owing to the steric hindrance. The diboration products derived from A3 and A7
were easily isolated as pure white solids by removing the volatiles at the end of the
reaction, followed by recrystallization from a toluene solution layered with pentane at -35
<C. For terminal alkynes, the diboration products could be isolated by column

chromatography.
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Table VI-4. DHDB with different alkynes.?

R R"
1 mol% >—<— & Hy
S 4[|r(C|§/)E‘)E);CEfC tatmco,_ P" Bpin
R'———R" + HBpin mol/e BuU > aam > 60XA
heptane 50 °C, 18h R' R" R' R"
60X : i j :
Bpin H H Bpin
60XB 60XC
Ph————C,H;s Ph—= Ph —_— Ph
A1 74%/17%/7%" A2 51%/26%/15% A3 89%(61%)%/9%

SiMe;

A4 92%(50%)/4%/3%

SiMe3
0, 0, 0,
0/0/0 A5 69%/16%/10%
0] — / \ — Bpin
'‘Bu
A6 57%/23%/15% A7 83%(63)/2%/13%1

a. All the reaction performed at 50 <C with 0.08 mmol 1-phenyl-1-butyne, 0.28 mmol HBpin, and 1 mol%
catalyst loading in a J. Y tube for 5 h b. Yields were determined by *H NMR integration versus 1,4-dioxane
as an internal standard and were given in the following order: A-Bpin2/A-BPinH/A-HBpin. c. isolated

yield in 2.0 mmol scale were given in parenthesis. d. without 'BuNC.

6.3 Experimental section

6.3.1 General consideration

Unless otherwise specified, all reactions and manipulations were carried out under

an argon atmosphere using glove box or Schlenk line techniques. Solvents were dried and

deoxygenated via the solvent purification system and stored over molecular sieves in the
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glove box filled with argon. Heptane, THF, toluene, CsHsF, CeDs were dried over NaK
/Ph,CO/18-crown-6, distilled and stored over molecular sieves in an Ar-filled glove box.
Fluorobenzene and CeDsBr were dried over CaHz, distilled and stored over molecular
sieves in an Ar-filled glove box. [Ir(COD)CI]z2 ,*° [Ir(COD)Br]2,?%° [Ir(COD)I]2 ;%%
[Ir(COE).Cl]2,%?? [Ir(COD)OH]2,2% [Ir(COD)OMe]2,2%* (SiNN)Ir(COE)?* were prepared
according to previous literature. Alkynes were deoxygenated by three freeze-pump-thaw
cycles or dried under vacuum overnight prior transferring into an Ar-filled glove box. All
other chemicals were used as received from commercial vendors. Benzodiazaborole
(HBdaz),>® neopentylglycolborane (HBnpg), and 1,8-naphthalenediaminatoborane
(HBdan)?** were prepared according to published procedures. NMR spectra were recorded
on a Varian iNova 300 spectrometer (*H NMR, 299.951 MHz, C NMR, 75.413 MHz,
3P NMR, and 121.425 MHz), Varian Inova 400 (*H NMR, 399.535 MHz; !B NMR,
128.185 MHz) and NMRS 500 (*H NMR, 499.703 MHz; *C NMR, 125.697 MHz)
spectrometer. Chemical shifts are given in § (ppm). *H NMR and *C NMR spectra were
referenced using the solvent signals.
6.3.2 Precatalyst screening for DHDB of 1-phenyl-1-butyne with pinacolborane

A 64 uL stock solution of Ir catalyst (0.0125 M in CeHs, 0.00080 mol) was added
toaJ. Young tube. After removing CsHes under vacuum, 11.3 puL 1-phenyl-1-butyne (0.080
mol), 42 uL pinacolborane (0.28 mol) and 450 pL heptane was loaded via syringe. The J.
Young tube was degased via freeze-pump-thaw 3 cycles, and then refilled with 1 atm CO.
the resulting mixture was heated in 50 <C for 15 h. The solvent was removed under vacuum

and 500 pL 0.08 M 1,4-dioxane in CsDe¢ was added. The yields of the diboration and
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hydroboration products were determined via *H NMR analysis (500 MHz, CsDs, Entry 2
is shown as an example). Diboration product 601-Bpin2:22° § 7.35 — 7.33 (m, PhH, 2H),
7.18 (t, Jn-n = 7.7 Hz, PhH, 2H), 7.03 (tt, I+ = 7.2, 1.4 Hz, PhH, 1H), 2.42 (9, Ju-H=7.5
Hz, CH2CHs, 2H), 1.17 (s, BpinH, 12H), 1.13 (t, Ju-+ = 7.5 Hz, CH2CHs, 3H). 1.12 (s,
BpinH, 12H). Hydroboration product 601-BpinH: § 7.39 — 7.37 (m, PhH, 2H) 7.24 (t, Jn-
n = 7.7 Hz, PhH, 2H), 7.12 (t, Ju.+ = 7.7 Hz, PhH, 1H) 6.96 (t, Ju.n = 7.3 Hz, PhCCH,
1H), 2.16 (p, Jun = 7.5 Hz, CH2CHs, 2H), 1.06 (s, BpinH, 12H), 0.84 (t, Ju.n = 7.5 Hz,
CH2CHgs, 3H); The reason we assigned the resonances to 601-BpinH is that for compound
601-BpinH the ethyl CH. proton would couple to both the CHs proton and alkenyl
protons, thus giving rise to a quintet instead of quartet resonances for the CH. protons,
and triplet instead of singlet resonance for the alkenyl proton.??® The assignment was also
consistent with other reactions that afford different 601-BpinH/601-HBpin ratios.
Hydroboration product 601-HBpin: 6 2 PhH resonances are overlapping with product
601-Bpin2, 7.72 (s, PACHC, 1H), 7.08 (t, Ju.n = 7.4 Hz, 1H), 1.4 Hz, PhH, 1H), 2.65 (q,
Jh-H = 7.6 Hz, CH2CHs, 2H), 1.27 (t, Jn-+ = 7.5 Hz, CH2CHsa, 3H), 1.12 (s, BpinH, 12H);
6.3.3 Solvent screening for DHDB of 1-phenyl-1-butyne with pinacolborane

A 64 uL stock solution of [Ir(COD)CI]2 (0.0125 M in CgHe, 0.00080 mol) was
added to a J. Young tube. After the benzene was removed under vacuum, 11.3 pL 1-
phenyl-1-butyne (0.080 mol), 42 pL pinacolborane (0.28 mol) and 450 uL solvent was
loaded via syringe. The J. Young tube was degased through freeze-pump-thaw 3 cycles,
and then refilled with 1 atm CO. the resulting mixture was heated in 50 <C for 15 h. The

solvent was removed under vacuum and 500 uL 0.08 M 1,4-dioxane in CsDs Was added.
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The yields of the diboration and hydroboration products were determined via *H NMR
analysis.
6.3.4 Control experiments
6.3.4.1 Reaction of 1-phenyl-1-butyne with bis(pinacolato)diboron catalyzed by
[Ir(COD)CI]z2 at 1 atm CO

To a J. Young tube, 32 uL stock solution of [Ir(COD)CI]. (0.0125 M in CgDe,
0.00040 mol), 140 uL stock solution of B2Pin2 (1.0 M in CsDe, 0.28 mol), and 160 uL
stock solution of 1-phenyl-1-butyne/1,4-dioxane ([alkyne]: 0.5 M in CgDs, 0.080 mol; 1,4-
dioxane: 0.25 M in C¢Ds as internal standard) were loaded via syringe. The J. Young tube
was degassed by 3 cycles of freeze-pump-thaw, and then back filled with 1 atm CO. No
reaction between alkyne and boron reagents after the tube was heated in 50 <C for 15 h.
6.3.4.2 Reaction of 1-phenyl-1-butyne with pinacolborane catalyzed by [Ir(COD)CI]2
at1latm Ar

To a J. Young tube, 32 uL stock solution of [Ir(COD)CI]. (0.0125 M in CgDe,
0.00040 mol), 280 uL stock solution of borane (1.0 M in CsDs, 0.28 mol), and 160 uL
stock solution of 1-phenyl-1-butyne/1,4-dioxane ([alkyne]: 0.5 M in C¢Ds, 0.080 mol; 1,4-
dioxane: 0.25 M in CeDs as internal standard) were loaded via syringe. The resulting
mixture was heated in 50 <C for 18 h. No diboration product A2-Bpin, was detected by

'H NMR spectroscopy.
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6.3.4.3 Reaction of 1-phenyl-1-butyne with pinacolborane catalyzed by [Ir(COD)CI]2
at 1 atm CO, where additional 0.5% [Ir(COD)CI]2 was added after all the alkyne
was converted into diboration and hydroboration products

To a J. Young tube, 32 uL stock solution of [Ir(COD)CI]. (0.0125 M in CgDe,
0.00040 mol), 32 uL stock solution of '‘BuNC (0.0500 M in C¢Ds, 0.0016 mol), 240 pL
stock solution of borane (1.0 M in CgDs, 0.24 mol), and 160 pL stock solution of 1-phenyl-
1-butyne/1,4-dioxane ([alkyne]: 0.5 M in C¢Ds, 0.080 mol; 1,4-dioxane: 0.25 M in CeDs
as internal standard) were loaded via syringe. The J. Young tube was degased via freeze-
pump-thaw 3 times, and then refilled with 1 atm CO. The resulting mixture was heated in
50 <C for 15 h. The yields of the diboration and hydroboration products were determined
via 'H NMR analysis.
6.3.5 'BUNC-assisted DHDB of 1-phenyl-1-butyne

To a J. Young tube, 32 uL stock solution of [Ir(COD)CI]. (0.0125 M in CgDe,
0.00040 mol), 32 uL stock solution of 'BUNC (0.0500 M in C¢Ds, 0.0016 mol), 240 pL
stock solution of borane (1.0 M in CgDs, 0.24 mol), and 160 uL stock solution of 1-phenyl-
1-butyne/1,4-dioxane ([alkyne]: 0.5 M in C¢Ds, 0.080 mol; 1,4-dioxane: 0.25 M in CeDs
as internal standard) were loaded via syringe. The J. Young tube was degased via freeze-
pump-thaw 3 times, and then refilled with 1 atm CO. The resulting mixture was heated in
50 <C for 15 h. The yields of the diboration and hydroboration products were determined

via 'H NMR analysis.
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6.3.6 Borane substrate scope for DHDB of 1-phenyl-1-butyne
6.3.6.1 General procedure

To a J. Young tube, 64 uL stock solution of [Ir(COD)CI]. (0.0125 M in CgDe,
0.00080 mol), 280 uL stock solution of borane (1.0 M in CsDs, 0.28 mol), and 160 uL
stock solution of 1-phenyl-1-butyne/1,4-dioxane ([alkyne]: 0.5 M in Cg¢Ds, 0.080 mol; 1,4-
dioxane: 0.25 M in C¢Ds as internal standard) were loaded via syringe. The J. Young tube
was degassed via freeze-pump-thaw 3 times, and then refilled with 1 atm CO. The
resulting mixture was heated in 50 <C for 15 h. The yields of the diboration and
hydroboration products were determined via *H NMR analysis.
6.3.6.2 Selected NMR data for the products and other reaction observations

HBcat as boron source: 601-Bcat2:  7.31 — 7.29 (m, aromaticH, 2H), 7.19 (t, Jn-
H = 7.7 Hz, aromaticH, 2H), 7.08 (tt, Ju.+ = 7.2, 1.4 Hz, aromaticH, 1H) 6.93 (dd, Jx-1 =
5.8, 3.3 Hz, BeatH, 2H), 6.85 (dd, Ju.n = 5.9, 3.4 Hz, BcatH, 2H), 6.76 (dd, Ju.+ =5.9, 3.3
Hz, BcatH, 2H), 6.70 (dd, Ju-+ = 5.9, 3.2 Hz, BcatH, 2H), 2.49 (g, J1-1= 7.6 Hz, CH2CHj,
2H), 1.06 (t, Ju-n= 7.6 Hz, CH2CHg, 3H). 601-BcatH: 6 aromatic resonances (aromaticH)
of 601-BcatH cannot be differentiated from that of 601-HBcat, 2.11 (p, Ju-H = 7.5 Hz,
CH2CHgs, 2H), 0.83 (t, Ju-n = 7.5 Hz, CH>CHjs, 3H). 601-HBcat: 6 aromatic resonances
of 601-HBcat cannot be differentiated from that of 601-BcatH, 7.82 (s, ArCHC, 1H), 2.65
(0, Jnn = 7.6 Hz, CH2CH3, 2H), 1.23 (t, Jun = 7.5 Hz, CH2CHs, 3H).

HBdaz as boron source: around 52% alkyne was converted into a mixture of

unidentified products.
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HBnpg as boron source: 601-BnpgH: 6 7.31 — 7.25 (m, aromaticH, 2H), 7.29 —
7.15 (m, aromaticH, 2H), 7.14 — 7.08 (m, aromaticH, 1H), 6.87 (t, J = 7.3 Hz, ArCCH,
1H), 3.26 (s, BnpgCHo>, 4H), 2.09 (p, J = 7.5, CH2CH3s, 2H), 0.84 (t, J = 7.5 Hz, CH2CHz3,
3H), 0.52 (s, BnpgCHs, 6H). 601-HBnpg: & 7.65 (s, ArCHC, 1H), 7.39 — 7.30 (m,
aromaticH, 2H), 7.08 — 7.01 (m, aromaticH, 2H), 3.32 (s, BnpgCHy, 4H), 2.62 (9, J =7.4
Hz, CH2CHs, 2H), 1.24 (t, J = 7.5 Hz, CH2CHa, 3H), 0.51 (s, BnpgCHs, 6H). Around 91%
of hydroboration products were formed. Due to the difficulties on purification of HBnpg
as well as low diboration yield, no further study was conducted using this boron source.

HBdan as boron source: 601-BdanH: 6.75 (t, J = 7.3 Hz, ArCCH, 1H), 6.01 (dd,
J = 6.3, 2.0 Hz, BdanH, 2H), 1.99 (p, J = 7.4 Hz, CH2CHs, 2H), 0.86 (t, J = 7.5 Hz,
CH2CHs, 3H). 601-HBdan: & 6.05 (dd, J = 5.9, 2.5 Hz, BdanH, 2H), 2.21 (g, J = 8.4 Hz,
CH2CHzs, 2H). With only 20% of the alkyne was converted, alkenyl proton resonances of
hydroboration product 601-HBdan could be overlapped with aromatic proton resonances,
which make it difficult to conclude whether 601-HBdan or 601-Bdan2 is formed.
However, based on the ratio of CH> resonance to Bdan resonance (1:1), it is more likely
the hydroboration product 601-HBdan (9%). According to the coupling between alkenyl
proton and ethyl CH> proton in 601-BdanH, it would be reasonable to claim that 11% of
601-BdanH was formed. Therefore, for this borane no DHDB product was formed.
6.3.7 Alkyne substrate scope of DHDB
6.3.7.1 General procedure

To a J. Young tube, 20 uL stock solution of [Ir(COD)CI]2 (0.010 M in CeDe,

0.00020 mol), 40 uL stock solution of 'BUNC (0.040 M in CsDg, 0.00160 mol), 44 uL
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(0.30 mol) HBpin, 0.1 mmol of alkyne and 400 pL isooctane were loaded via syringe in
the Glove box. The J. Young tube was degased via freeze-pump-thaw 3 cycles, and then
refilled with 1 atm CO. The resulting mixture was heated in 50 <C for 15 h. The yield of
diboration and hydroboration was revealed by *H NMR analysis.
6.3.7.2 Selected product data

602-Bpin2: 'H NMR (500 MHz, CeDs): & 7.65-7.63 (m, ArH, 2H), 7.13 (t, Jun =
7.6 Hz, ArH, 2H), 7.00 (m, ArH, 1H), 6.63 (s, ArCCH, 1H), 1.23 (s, BpinH, 12H), 1.12
(s, BpinH, 12H).

605-Bpin2: *H NMR (500 MHz, CsDe): & 7.65-7.64 (m, ArH, 2H), 7.23-7.22 (m,
ArH, 2H), 6.69 (s, ArCCH, 1H), 1.27 (s, BpinH, 12H), 1.17 (s, 'BuH, 9H), 1.13 (s, BpinH,
12H).

606-Bpin2: *H NMR (500 MHz, C¢Ds): & 7.60-7.59 (m, ArH, 2H), 6.93-6.91 (m,
ArH, 2H), 6.61 (s, ArCCH, 1H), 1.26 (s, BpinH, 12H), 1.16 (s, '‘BuH, 9H), 1.13 (s, BpinH,
12H).
6.3.8 Preparative-scale of DHDB
6.3.8.1 General procedure

To a 25 mL PTFE-valved gas-tight flask, 6.7 mg (0.01 mmol) [Ir(COD)ClI]>, 11
uL (0.08 mmol) 'BuNC, 2.0 mmol alkyne and 871 uL (6.0 mmol) HBpin was loaded in an
Argon-filled glove box. The flask was taken out of the box and degassed via freeze-pump-
thaw 3 times, and then refilled with 1 atm CO. The resulting mixture was heated in 50 <C
for 15 h. The flask was transferred to the box, and the volatile was removed under vacuum.

The diboration product was then isolated by the following methods. For 603 and 607: the
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residue was dissolved with toluene and filtered through a short pad of Celite. Toluene
solution was concentrated and then layered with pentane. Crystalline solid 603-Bpin2 and
607-Bpin2 were collected after slow diffusion overnight at -35 <C freezer. For 604: 604-
Bpin2 was purified by chromatography on silica gel with 2:1 hexane:acetone.
6.3.8.2 Product yields and NMR data

603-Bpin2: white solid, isolated yield: 528 mg (61%) *H NMR (500 MHz, CDCls)
§ 7.01-7.08 (m, 6H, ArH), 6.95-6.96 (m, 4H, ArH), 1.32 (s, 24H, Bpin CHs). 3C NMR
(125 Hz, CDCls) & 141.38, 129.43, 127.53, 125.90, 84.17, 25.00. HR-MS 3 calcd for
CasH3sB204: 433.2716; found 433.2709. The NMR data were consistent with literature
values. 103

607-Bpin2: white solid, isolated yield: 622 mg (63%) *H NMR (500 MHz, CDCls)
8 7.18 (d, 3Jun = 8.1 Hz, 2H, ArH), 7.03 (d, J = 7.8 Hz, 2H, ArH) 2.29 (s, 3H, ArCHs),
1.30 (s, 12H, BpinCHs), 1.27 (s, 12H, BpinCHs), 1.10 (s, 12H, BpinCH3). 3C NMR (125
Hz, CDCl3) 6 142.41, 136.36, 128.44, 127.75, 83.90, 83.47, 83.22, 25.02, 24.94, 24.64,
21.31. HR-MS calcd for C27H44B30s: 496.3448; found 496.3405.The NMR data were
consistent with literature values.!*3

604-Bpin2: colorless oil, yield: 340 mg (50%); *H NMR (500 Hz, CDCls) § 0.87
(t, 3Jn-n = 6.8 Hz, 3H), 1.26 (s, 12H, BpinCHs), 1.31 (s, 12H, BpinCHa), 1.19-1.31 (m,
6H), 1.34-1.45 (m, 2H), 2.21 (t, 3Jnu.n = 7.1Hz, 2H), 5.85 (s, 1H). 3C NMR (125 Hz,
CDCls) § 83.72, 83.35, 39.67, 30.91, 25.03, 25.00, 22.56, 14.10. HR-MS 3 calcd for
C18H35B204: 337.2716; found 337.2708. The NMR data were consistent with literature

values. 1%
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6.4 Conclusion

We have expanded the substrate scope of Ir-catalyzed dehydrogenative diboration
(DHDB) to non-alkynylboronate alkynes from an earlier report utilizing (SINN)Ir
complexes. In the present work, we discovered that the SINN pincer ligand is not required
and that a precatalyst as simple as [Ir(COD).Cl]. can be used under the right conditions.
The DHDB reaction is in competition with hydroboration which is also catalyzed by Ir.
Although hydrogen is presumably produced as a result of DHDB, hydrogenation of the
carbon-carbon double or triple bonds was not observed. For some substrates, the
selectivity for DHDB was as high as 9:1. A variety of terminal or internal alkynes
produced diboration products under optimized conditions and some diboration products
were isolated in a pure form. Although we did not pursue the characterization of the Ir
compounds present in the catalytic reaction mixture, the experimental data suggest that

DHDB is favored by increasing competitive coordination of CO to Ir.

129



CHAPTER VII

CONCLUSIONS

Synthesis of a new tripodal alane/tris(phosphine) ligand (207) based on 2-
(diisopropylphosphino)pyrrole, and AlPs-supported Ni complexes are reported. The
central tris(pyrrolyl)aluminum moeity acts as a stronger Lewis acid towards Ni that other
related group 13 element-centered tripodal ligands, as demonstrated by the binding of H»
to Ni and ease of reduction.

Reactions of the AlP3 ligand with AgOTf and Ag* do not lead to a well-defined
Ag—>Al bond. Instead, Al manages to abstract either the triflate anion or one of the
phosphine donors away from silver. This reinforces the notion that monovalent silver is
not a good partner for Z-type ligands. Employing a stronger Lewis acid such as in AlP3
causes the Al center to seek alternatives to Ag as a Lewis basic partner, even in spite of
the significant structural preorganization favouring a direct silver-aluminum contact.

The synthesis of PAIP and PBP pincer complexes of Rh possessing a central bis(N-
pyrrolyl)aluminyl or -boryl unit was developed. Complex (PAIPP)Rh(CO). (403)
possesses an aluminyl site stabilized by coordination of pyridine, resulting in a four-
coordinate Al. Attempts to the three-coordinate aluminyl by abstraction of pyridine with
BF3-Et2O unexpectedly led to the B/Al metathesis with the preservation of the pincer
structure in the product (PBP)Rh(CO). (405). Abstraction of pyridine was carried out

using B(CeFs)s, but the desired (PAIP)Rh(CO). (404) underwent dimerization via
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isocarbonyl bridging, reflecting the elevated Lewis acidity of the N-pyrrolyl-substituted
aluminyl.

We managed to synthesize 510 via cyclometalation of PCP ligand with iron
nonacarbonyl. 1 e” oxidation of 510 in non-coordinating solvent results in 513, which show
weak Caryi-H-Fe interaction. While 1 e oxidation of 510 in coordinating solvent results in
512 accompanied by H: releasing.

We have expanded the substrate scope of Ir-catalyzed dehydrogenative diboration
(DHDB) to non-alkynylboronate alkynes from an earlier report utilizing (SINN)Ir
complexes. In the present work, we discovered that the SINN pincer ligand is not required
and that a precatalyst as simple as [Ir(COD)2Cl]. can be used under the right conditions.
The DHDB reaction is in competition with hydroboration which is also catalyzed by Ir.
Although hydrogen is presumably produced as a result of DHDB, hydrogenation of the
carbon-carbon double or triple bonds was not observed. For some substrates, the
selectivity for DHDB was as high as 9:1. A variety of terminal or internal alkynes
produced diboration products under optimized conditions and some diboration products
were isolated in a pure form. Although we did not pursue the characterization of the Ir
compounds present in the catalytic reaction mixture, the experimental data suggest that

DHDB is favored by increasing competitive coordination of CO to Ir.
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APPENDIX A
SYNTHESIS OF BIS-(2-DIISOPROPYLPHOSPHINOPYRROLYL) ALANE
(ALMEP2) LIGANDS AND THEIR RHODIUM AND IRIDIUM COMPLEXES

A.1 Results and discussion

The protolysis of AlMes with 2 equiv 204 at room temperature leads to 701 with
95% purity. 701 exhibits an expected Czv symmetric 'H NMR spectrum. The Al-Me
resonance of 701 appears as a triplet at 0.05 ppm with a Jr.+ coupling equals to 3.2 Hz.

The 701 was directly used in cyclometalation reactions without further
purification. Treatment of 701 in toluene with 0.5 equiv [Rh(COD)CI]2 in the presence of
pyridine gives rise to 702 at room temperature, which is poorly dissolved in toluene. 72%
isolation yield was achieved via filtration. Single crystals of 702 for X-ray analysis was
obtained via cooling a THF solution in -35 <C freezer. The *H NMR spectrum of 702 is
Cs symmetric, and one set of the 'Pr methyl protons resonate at far more up-field than the

rest(0.33 ppm) due to the aromatic ring current effect from pyridine.

1/2 equiv
@ . AlMes \ [M(COD)CI], \M%M
PiPr; > Al— —_— C|f/ l \P
P

N rt. 3h

/ 1 equiv y
H pyridine N .
2 equiv / 'Pr,
P Pr2 /
204 M = Rh, 702
M =Ir, 705

Scheme VI1I-1. Synthesis of 701 and its metal complexes
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With the similar synthetic procedure 705 was isolated in 70% yield. The single
crystals suitable for X-ray analysis was obtained with the similar condition. The 5 different
protons resonances of pyridine ligand was observed in *H NMR spectrum, suggesting a
restricted rotation of pyridine around Ir-N bond and is consistent with upfield resonances

of one set of 'Pr methyl.

N N ’

\ ’ 1 atm H \Me( 1 atm H, \ H I H
Al—Rh 2 Al—M —— A
cI— ~p r. t. ci—y Np 60 °C Cl— \\|_|/~\F,y

y y N
N \ N \ .
/ PiPr, / P PP, @/P'Prz
703 706

704

Scheme V11-2. Reactions of (PAICIP)MPyMe with H, and NaHBEt3
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The reaction of 702 with 1 atm H> at room temperature leads to 703 within 3 h.
While reaction of 705 with 1 atm H> is slower and requires heating at 60 <C for 2 h. Both
706 and 703 have poor solubility in toluene and can be recrystallized from a hot toluene
solution.

The treatment of 702 with NaHBEts in the presence of pyridine leads to 704, where
Al-Cl bond is replaced with methyl and Rh-Me bond is replace with Rh-H bond.
A.2 Experimental section
A.2.1 General consideration

Unless otherwise specified, all reactions and manipulations were carried out inside
an argon-filled glove box or using Schlenk line techniques. THF, toluene, and pentane
were dried and deoxygenated via the solvent purification system and stored over molecular
sieves in the glove box filled with argon. Ce¢Ds were dried over NaK /Ph,CO/18-crown-6,
distilled and stored over molecular sieves in an Ar-filled glove box. Fluorobenzene was
dried over CaHz, distilled and stored over molecular sieves in an Ar-filled glove box. NMR
spectra were recorded on a Varian Inova 500 spectrometer (*H NMR, 499.703 MHz, 13C
NMR 125.580 MHz), Varian Inova 400 (!B NMR, 128.191 MHz, ¥ Al NMR, 104.223
MHz) spectrometer. Chemical shifts are reported in & (ppm). For *H and **C NMR spectra,
the residual solvent peak was used as an internal reference (*H NMR: § 7.16 for CsDs,
5.32 for CD2Cl,, 2.08 for ds-toluene; *C NMR: & 128.06 for CsDe, 53.84 for CD,Cly).
Elemental analyses were performed by CALI Labs, Inc. (Highland Park, NJ). 1H-pyrrole
was purchased from Oakwood chemicals, then was dried with CaH> and distilled before

use. Other chemicals were purchased from commercial vendors and used without further
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purification. 1H-2-diisopropylphosphinopyrrole (204) was synthesized according to the
procedure in chapter II.
A.2.2 Synthesis of PAIMeP ligand and the rhodium and iridium complexes

Reaction of 1 with AlMes. To a J. Young tube, 18.3 mg (0.010 mmol) of 204 was
loaded with 0.5 mL CsDe. 25 L 2.0 M (0.050 mmol) AlMes solution in toluene was added
to the above solution via micro syringe at room temperature. The resulting clear solution
was stirred at room temperature for 3 h, which turned light yellow. The reaction process
to form 701 was monitored by NMR spectroscopy. *H NMR (500 MHz, CsDs): & 7.33 (s,
2H), 6.77 (t, J = 2.7 Hz, 2H), 6.65 — 6.57 (m, 2H), 1.95 (octet, J = 7.0 Hz, 4H), 0.96 (dd,
J=12.9, 7.0 Hz, 12H), 0.93 (dd, J = 16.5, 7.0 Hz, 12H), 0.05 (t, J = 3.2 Hz, 3H). 3C{*H}
NMR (125 MHz, CeDs): & . 3P{"H} NMR (202 MHz, CeDs): 5 -3.1 (s) ppm.

Synthesis of (PAICIP)RhPyMe (702). To a 50 mL Schlenk flask, 670 mg (3.66
mmol) of 201 was loaded with 10 mL toluene. 915 il 2.0 M (1.83 mmol) AlMes solution
in toluene was added to the above solution via micro syringe at room temperature. The
resulting clear solution was stirred at room temperature for 3 h before 158 mg (2.01 mmol)
Py was added. 656 mg (0.92 mmol) [Rh(COE)2Cl]2 in 10 mL toluene was then added to
the resulting mixture. The yellow precipitate form immediately upon mixing. The
suspension was stirred at room temperature for 2 h before filtration. The filtrate was
washed with cold 4.5 mL (1.5 mL>3) toluene to afford 822 mg 702 (72%) as yellow
powder. The single crystal for X-ray analysis was obtained via recrystallization from
concentrated THF solution. *H NMR (500 MHz, CsD¢): & 9.58 (brs, PyH, 1H), 8.52 (brs,
PyH, 1H), 7.61 (dd, J = 2.3, 1.3 Hz, PyrroleH, 2H), 6.78 (t, J = 1.9 Hz, PyrroleH, 4H),
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6.70 — 6.59 (m, PyH, 1H), 6.36 (brs, PyH, 2H), 2.41 (dtd, J = 12.0, 7.3, 2.7 Hz, CH(CHa)2,
2H), 2.18 — 2.00 (m, CH(CHa)2, 2H), 1.31 (dvt, J = 8.8, 7.6 Hz, CH(CH3)2, 6H), 1.23 (dwt,
J=7.2,6.1 Hz, CH(CHs3)2, 6H), 0.89 (dvt, J = 7.3 Hz, CH(CHj3)., 6H), 0.33 (dvt, J = 7.2
Hz, CH(CHs)2, 6H), 0.29 (td, J = 6.8, 1.7 Hz, Rh-CHs, 3H). 3P{'H} NMR (202 MHz,
CsD6): 6 33.71 (d, Jrn-p = 119.6 Hz) .

Synthesis of (PAICIP)RhPyH (703). To a 10 mL top-screw-cap Schlenk flask, 62
mg (0.10 mmol) 702 was loaded with 5 mL toluene. The flask was degassed via freeze-
pump-thaw 3 cycles and then back-filled with 1 atm H». After the solution was stirred at
room temperature for 3 h, yellow precipitate was formed. The suspension was heated in a
90 <TC oil bath to give a clear solution. 32 mg of 703 (54%) as yellow crystals was obtained
upon cooling the solution from 90 <C to back to room temperature. The crystals collected
are suitable for X-ray analysis. *H NMR (500 MHz, CsDe): & 8.81 (d, J = 5.4 Hz, PyH,
2H), 7.57 (dd, J = 2.4, 1.2 Hz, PyrroleH, 2H), 6.81 (t, J = 2.7 Hz, PyrroleH, 2H), 6.74 —
6.67 (m, PyH, 1H), 6.65 (dd, J = 3.2, 1.0 Hz, PyrroleH, 2H), 6.49 — 6.41 (m, PyH, 2H),
2.24 — 2.13 (m, CH(CHz)2, 2H), 1.60 (h, J = 7.1 Hz, CH(CHa)2, 2H), 1.16 — 1.08 (m,
CH(CHs)2, 6H), 1.11 — 1.03 (m, CH(CHs)2, 6H), 0.94 (dvt, J = 6.8 Hz, CH(CHz)2, 6H),
0.78 (dvt, J = 8.5, 7.1 Hz, CH(CHa)2, 6H), -17.96 (q, J = 20.0 Hz, Rh-H, 1H). 3'P{'H}
NMR (202 MHz, Ce¢De): 6 35.0 (dd, J = 120.3, 17.7 Hz) ppm.

Synthesis of (PAIMeP)RhPyH (704). To a 50 mL culture tube, 312 mg (0.50
mmol) 702 and 60 pL (0.50 mmol) Py was loaded with 15 mL toluene. 500 pL 1.0 M
(0.50 mmol) NaHBEts was added to the mixture via micro syringe. The resulting mixture

was then heated in 80 <T oil bath or 4 h before cooled down to the room temperature and
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filtered through a short pad of Celite. All the volatile was removed under vacuum, and the
residue was dissolve with 5 mL THF. The THF solution was layered with pentane. Slow
diffusion in a -35 <C freezer afforded 150 mg 704 (50%) as yellow crystals which are
suitable for X-ray analysis. *H NMR (500 MHz, C¢De): & 8.61 (d, J = 5.4 Hz, PyH, 2H),
7.55 (t, J = 1.7 Hz, PyrroleH, 2H), 6.89 (t, J = 2.7 Hz, PyrroleH, 2H), 6.69 (d, J = 3.2 Hz,
PyrroleH, 2H), 6.65 (tt, J = 7.7, 1.9 Hz, PyH, 1H), 6.41 — 6.34 (m, PyH, 2H), 2.24 - 2.16
(m, J=7.0, 3.4 Hz, CH(CH3)2, 2H), 1.63 (hept, J = 6.9 Hz, CH(CHa)z, 2H), 1.18 (dvt, J =
7.2 Hz, CH(CHa)2, 6H), 1.12 (dvt, J = 8.5, 7.0 Hz, CH(CHz)2, 6H), 0.94 (dvt, J = 6.7 Hz,
CH(CHa)2, 6H), 0.80 — 0.63 (m, CH(CHs)2, 6H), 0.19 (s, Al-CHs, 3H), -17.84 (dt, J = 23.9,
18.8 Hz, Rh-H, 1H). 3P{"H} NMR (202 MHz, CeDs): & 35.6 (d, J = 125.3 Hz) ppm.
Synthesis of (PAICIP)IrPyMe (705). To a 50 mL Schlenk flask, 670 mg (3.66
mmol) of 204 was loaded with 10 mL toluene. 915 L 2.0 M (1.83 mmol) AlMes solution
in toluene was added to the above solution via micro syringe at room temperature. The
resulting clear solution was stirred at room temperature for 3 h before 158 mg (2.01 mmol)
Py was added. 819 mg (0.92 mmol) [Ir(COE).Cl]2 in 10 mL toluene was then added to the
resulting mixture. The yellow precipitate form immediately upon mixing. The suspension
was stirred at room temperature for 2 h before filtration. The residue was washed with
cold 4.5 mL (1.5 mL>3) toluene to afford 910 mg 705 (70%) as yellow powder. The single
crystal for X-ray analysis was obtained via recrystallization from concentrated THF
solution. *H NMR (500 MHz, CsD¢): & 9.81 (d, J = 5.6 Hz, PyH, 1H), 8.48 (d, J = 5.6 Hz,
PyH, 1H), 7.63 (dd, J = 2.3, 1.2 Hz, PyrroleH, 2H), 6.83 — 6.74 (m, PyrroleH, 4H), 6.59
(tt, J = 7.7, 1.7 Hz, PyH, 1H), 6.31 (dt, J = 22.2, 6.7 Hz, PyH, 2H), 2.65 — 2.57 (m,
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CH(CHa)z, 2H), 2.41 — 2.29 (m, CH(CHa)2, 2H), 1.33 — 1.26 (m, CH(CH3)2, 6H), 1.23
(dvt, J = 6.7 Hz, CH(CHBa)2, 6H), 0.90 — 0.82 (m, CH(CHs3)2 and Ir-CHs, 9H), 0.37 (dvt, J
= 7.2 Hz, CH(CHz3)2, 6H). *P{*H} NMR (202 MHz, C¢Ds): & 31.2 (s) ppm.

Synthesis of (PAICIP)IrPyHs (706). To a 25 mL top-screw-cap Schlenk flask,
142 mg (0.20 mmol) 705 was loaded with 10 mL toluene. The flask was degassed via
freeze-pump-thaw 3 cycles and then back-filled with 1 atm Hz. The resulting solution was
heated in a 90 T oil bath for 4 h. 101 mg of 7 (72%) as yellow crystals was obtained upon
cooling the solution from 90 <T to room temperature. The crystals collected are suitable
for X-ray analysis. 14 mg crystals of 706 was loaded to a J. Young tube to prepare a sample
of NMR spectroscopy, however the solubility of 706 is quite poor in benzene, in addition,
around 15% new species (707) of dissolved 706 was observed in the solution according to
the NMR spectroscopy. *H NMR (500 MHz, CeDs): & 8.76 (d, J = 5.5 Hz, PyH, 2H), 7.81
—7.59 (m, PyrroleH, 2H), 6.91 (t, J = 2.8 Hz, PyrroleH, 2H), 6.62 (d, J = 3.2 Hz, PyrroleH,
2H), 6.57 (t, J = 7.7 Hz, PyH, 1H), 6.26 — 5.71 (m, PyH, 2H), 2.27 - 2.20 (m, CH(CHa)>,
2H), 1.29 (hept, J = 6.9 Hz, CH(CHj3), 2H), 1.15 — 1.05 (m, CH(CHB3)2, 6H), 0.99 — 0.89
(M, CH(CHa)z, 18H), -5.95 (s, Ir-H, 1H), -10.03 (qd, Jp-+= 14.1, Jun = 4.1 Hz, Ir-H, 1H),
-21.94 (td, Jp-n = 14.8, Jun = 4.1 Hz, Ir-H, 1H). 31P{*H} NMR (202 MHz, CsD¢): & 19.7
(s) ppm. NMR spectroscopy of the isomer 707 in equilibrium with 706: *H NMR (500
MHz, CsDs): & 12.03 (s, PyNH, 1H), 9.31 (d, J = 5.5 Hz, PyH, 2H), 6.84 (dd, J = 3.3, 1.8
Hz, PyrroleH, 2H), 6.72 (tt, J= 7.5, 1.7 Hz, PyH, 1H), 6.39 (m, PyrroleH, 4H), 6.36 — 6.30
(m, PyH, 2H), 2.35 — 2.27 (m, CH(CHa)z, 2H), 1.45 (h, J = 7.2 Hz, CH(CH3)2, 2H), 1.16

~1.08 (M, CH(CHs)2, 6H), 0.82 (dvt, J = 6.4 Hz, CH(CHa)2, 6H), 2 sets of CH(CHa), was
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overlapped with Me resonances of 706, -23.32 (td, Jp.H = 17.1, Ju-v = 7.9 Hz, Ir-H, 1H), -
24.82 (td, Jp-n = 18.0, Ju-n = 7.8 Hz, Ir-H, 1H). 3P{"H} NMR (202 MHz, C¢Ds): 5 6.6 (5)
ppm.
A.2.3 X-ray structural determination details

X-Ray data collection, solution, and refinement for (PAICIP)RhPyH (703)
(CCDC xxxxxxx). (Figure VII-1) A Leica MZ 75 microscope was used to identify a light
yellow block of suitable size with very well defined faces with dimensions (max,
intermediate, and min) 0.26 x 0.28 x 0.32 mm? from a representative sample of crystals of
the same habit. The crystal mounted on a nylon loop was then placed in a cold nitrogen
stream (Oxford) maintained at 110 K. X-ray data were obtained on a Bruker APEXII CCD
based diffractometer (Mo sealed X-ray tube, Ka = 0.71073 A). All diffractometer
manipulations, including data collection, integration and scaling were carried out using
the Bruker APEX3 software. The absorption correction program SADABS was employed
to correct the data for absorption effects. The space group was determined on the basis of
systematic absences and intensity statistics and the structure was solved by direct methods
and refined by full-matrix least squares on F2. The structure was solved in the
orthorhombic P21/n space group using XS (incorporated in SHELXLE/OLEX2).146.147 A
non-hydrogen atoms were refined with anisotropic thermal parameters. All hydrogen
atoms were placed in idealized positions and refined using riding model. The structure
was refined (weighted least squares refinement on F?) and the final least-squares
refinement converged.*614 No additional symmetry was found using ADDSYM

incorporated in PLATON program.'4°
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Figure VI1I-1. The ORTEP drawing (50% thermal ellipsoids) of 703 showing selected
atom labeling. Hydrogen atoms and THF solvent were omitted for clarity. Selected bond
distances (A) and angles (9:Rh1-P2, 2.2987(6); Rh1-P1, 2.2936(6); Rh1-Al1, 2.3407(6);
Rh1-N3, 2.1470(15); Al1-CI1, 2.1569(8); Al1-N1, 1.8752(18); Al1-N2, 1.8752(18); P2-
Rh1-All, 83.74(2); P1-Rh1-P2, 161.212(19); P1-Rh1-All, 84.28(2); N3-Rh1-P2,
98.05(5); N3-Rh1-P1, 100.60(5); N3-Rh1-All, 122.79(5); N1-Al1-Rh1, 105.62(6); N1-
Al1-Cl1, 104.99(6); N1-Al1-N2, 119.22(8).

X-Ray data collection, solution, and refinement for (PAIMeP)RhPyH (704)
(CCDC xxxxxxx) (Figure VI1-2). A yellow, multi-faceted block of suitable size (0.20 x
0.21 x 0.18 mm) was selected from a representative sample of crystals of the same habit
using an optical microscope and mounted onto a nylon loop. Low temperature (110 K) X-
ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray
tube, K, = 0.71073 A). All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEXII software. An absorption
correction was applied using SADABS. The space group was determined on the basis of

systematic absences and intensity statistics and the structure was solved by direct methods

and refined by full-matrix least squares on F2. The structure was solved in the
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orthorhombic P21/n space group using XS (incorporated in SHELXLE).146147 All non-
hydrogen atoms were refined with anisotropic thermal parameters. All hydrogen atoms
were placed in idealized positions and refined using riding model. The structure was
refined (weighted least squares refinement on F?) and the final least-squares refinement
converged.4¢-148 No additional symmetry was found using ADDSYM incorporated in

PLATON program.4

Figure VI1-2. The ORTEP drawing (50% thermal ellipsoids) of 704 showing selected
atom labeling. Hydrogen atoms and CsDse solvent were omitted for clarity. Selected bond
distances (A) and angles (9:Rh1-P1, 2.2900(11); Rh1-P2, 2.2850(12); Rh1-Al1,
2.3754(12); Rh1-N3, 2.153(3); Al1-N1, 1.895(4); Al1-N2, 1.900(4); Al1-C1, 1.971(5);
P1-Rh1-All, 83.95(4); P2-Rh1-P1, 160.09(3); P2-Rh1-All, 85.06(5); N1-All-Rh1,
103.53(13); N1-Al1-N2, 115.51(15); N1-Al1-C1, 106.5(2).

X-Ray data collection, solution, and refinement for (PAICIP)IrPyMe (705)

(CCDC xxxxxxx) (Figure V11-3). A Leica MZ 75 microscope was used to identify a light
yellow block of suitable size with very well defined faces with dimensions (max,
intermediate, and min) 0.025 x 0.025 x 0.015 mm? from a representative sample of crystals

of the same habit. The crystal mounted on a nylon loop was then placed in a cold nitrogen
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stream (Oxford) maintained at 110 K. X-ray data were obtained on a Bruker APEXII CCD
based diffractometer (Mo sealed X-ray tube, Ko = 0.71073 A). All diffractometer
manipulations, including data collection, integration and scaling were carried out using
the Bruker APEXII software. An absorption correction was applied using SADABS. The
space group was determined on the basis of systematic absences and intensity statistics
and the structure was solved by direct methods and refined by full-matrix least squares on
F2. The structure was solved in the monoclinic P21/c space group using XS (incorporated
in SHELXLE).}®4" All non-hydrogen atoms were refined with anisotropic thermal
parameters. All hydrogen atoms were placed in idealized positions and refined using
riding model with the exception of the hydrogen bridged to iron and carbon which was
located from the difference map. The structure was refined (weighted least squares
refinement on F?) and the final least-squares refinement converged.4¢-1%¢ No additional

symmetry was found using ADDSYM incorporated in PLATON program.4°
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Figure V11-3. The ORTEP drawing (50% thermal ellipsoids) of 705 showing selected
atom labeling. Hydrogen atoms and CeHsF solvent were omitted for clarity. Selected bond
distances (A) and angles (9:1r1-P1, 2.3137(6); Ir1-P2, 2.3150(6); Ir1-Al1, 2.3509(6); Ir1-
N3, 2.1408(19); Ir1-C1, 2.127(2); Al1-N1, 1.870(2); Al1-N2, 1.871(2); CI1-Al1,
2.1757(9); P1-1r1-P2, 163.86(2); P1-Ir1-All, 84.44(2); P2 Ir1-All, 84.76(2); N3-Ir1-P1,
98.70(5); N3-Ir1-P2, 96.26(5); N3-Ir1-Al1l, 110.14(5); C1-Ir1-P1, 83.40(6); C1-Ir1-P2,
83.31(6); C1-Ir1-Al1, 82.39(6); C1-Ir1-N3, 167.40(8); Cl1-All-Ir1, 123.38(3); N1-Al1-
Irl, 103.52(6); N1-Al1-Cl1, 104.54(7);

X-Ray data collection, solution, and refinement for (PAICIP)IrPyH (706)

(CCDC xxxxxxx) (Figure V11-4). A Leica MZ 75 microscope was used to identify a light
yellow block of suitable size with very well defined faces with dimensions (max,
intermediate, and min) 0.26 x 0.28 x 0.32 mm? from a representative sample of crystals of
the same habit. The crystal mounted on a nylon loop was then placed in a cold nitrogen
stream (Oxford) maintained at 110 K. X-ray data were obtained on a Bruker APEXII CCD
based diffractometer (Mo sealed X-ray tube, Ka = 0.71073 A). All diffractometer

manipulations, including data collection, integration and scaling were carried out using

161



the Bruker APEX3 software. The absorption correction program SADABSwas employed
to correct the data for absorption effects. The space group was determined on the basis of
systematic absences and intensity statistics and the structure was solved by direct methods
and refined by full-matrix least squares on F2. The structure was solved in the
orthorhombic P21/n space group using XS (incorporated in SHELXLE/OLEX2).146147 A[|
non-hydrogen atoms were refined with anisotropic thermal parameters. All hydrogen
atoms were placed in idealized positions and refined using riding model. The structure
was refined (weighted least squares refinement on F?) and the final least-squares
refinement converged.!*®1*® No additional symmetry was found using ADDSYM

incorporated in PLATON program.4°

Figure VI11-4. The ORTEP drawing (50% thermal ellipsoids) of 706 showing selected
atom labeling. Hydrogen atoms and CsDe solvent were omitted for clarity. Selected bond
distances (A) and angles (9: Ir1-P1, 2.3112(7); Ir1-P2, 2.3073(8); Ir1-Al1, 2.5104(9); Ir1-
N3, 2.176(3); CI1-All, 2.1669(12); Al1-N1, 1.881(3); Al1-N2, 1.890(3); P1-Ir1-All,
85.23(3); P2-1r1-P1, 164.84(3); P2-1r1-All, 85.66(3); N3-Ir1-P1, 99.63(7); N3-1r1-P2,
95.53(7); N3-Ir1-All, 128.29(7); N1-All-1r1, 98.81(9); N1-Al1-CI1, 102.49(9); N1-All-
N2, 124.39(13).
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APPENDIX B
CARBORANE C-H FUNCTIONALIZATION
B.1 General considerations.

Unless specified otherwise, all manipulations were performed under an Ar
atmosphere using standard Schlenk line of glovebox techniques. Toluene, pentane, C¢Ds
and THF were dried over NaK/Ph,CO/18-crown-6, distilled or vacuum transferred and
stored over molecular sieves in an Ar-filled glovebox. NMR spectra were recorded on a
Varian Inova 500 spectrometer (*H NMR, 499.703 MHz, 1*C NMR 125.580 MHz), Varian
Inova 400 (!B NMR, 128.191 MHz) spectrometer, Bruker 400 (**C 100, B 102 MHz).
Chemical shifts are reported in & (ppm). For *H and **C NMR spectra, the residual solvent
peak was used as an internal reference (*H NMR: § 7.16 for C¢Ds, 1.94 for CDsCN, 7.26
for CDCl3; 3C NMR: § 77.16 for CDCls, 1.32 for CD3CN). MALDI mass spectrometric
analyses of the carborane anions were carried out by the Texas A&M University
Laboratory for Biological Mass Spectrometry, and simulated MALDI??" spectra were
generated using a publicly available isotope distribution calculator and mass spectrometry

plotter.! For !B NMR, spectra were referenced externally to § = 0 ppm by using BF3-

Et,O. NaH was purchased from Sigma-Aldrich and washed with hexane before using; 6-
bromo-1-hexene, 4-bromo-1-butene, allybromide and 1-iododecane was purchased from
Matrix Scientific and used without further purification. 4-vinylbenzylchloride was
purchased from Sigma Aldrich. [MesNH][CHB11Cl11]??® was synthesized according to the

published procedure.
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B.2 Synthesis of [HNMe(C1sH37)2][Cl]

[HNMe(C1sHs7)2][CI]. A 50 mL Schlenk flask was charged with (C1gHz7)2NMe
(3.56 g, 6.6 mmol, 1 equiv.) and dry MeOH (536 |, 13.2 mmol, 2 equiv.) and Et20 (20
mL). Me3SiCl (1.66 mL, 13.2 mmol, 2 equiv.) was then added to the above mixture
dropwise. Upon mixing, the title product precipitated out as white solid. The solid was
filtered, washed with pentane, and dried in vacuo to afford the product as a white solid,
3.42 g (90%). *H NMR (400 MHz, CDCl3): 8 12.2 (br's, 1H, NH), 3.95 (s, 1H, CHB11Cl11),
2.81-2.99 (m, 4H, NCH>), 2.69 (d, J = 4.8 Hz, 3H, NCH3), 1.81-1.72 (m, 4H, CH3), 1.29-
1.20 (m, 60H, CH>), 0.83 (t, J = 6.9 Hz, 6H, CH3). 3C{*H} NMR (100 MHz, CDsCN): §
55.7 (s, alpha-CH>, 2C), 39.9 (s, N-Me), 32.0 (s, CHy, 2C), 29.8-29.1 (m, CH>, 24C), 26.8
(s, CHz, 2C), 23.6 (s, CH2, 2C), 22.8 (s, CH>, 2C), 14.2 (s, terminal CHs, 2C).
B.3 Carborane C-H alkylation towards alkyl and alkenyl monoanion

R

+

Na

|
C
2.2 equivNaH 1.1 equiv RX_ /\
THF

B14Clyq B11Clyq
Scheme VI11-3. C-H alkylation of carborane anion
General procedure for the synthesis of Na[RCB11Cli1]: To a 50 mL Schlenk
flask, 500 mg [MesNH][CHB1:Cl11] and 2.5 equiv NaH were loaded with 20 mL THF.
The resulting suspension was stirred at room temperature for 2 h until it stopped bubbling.
All volatiles were removed under vacuum, and then 20 mL THF was added with 1.1 equiv

R-Hal (allyl bromide, 4-bromo-1-butene, 6-bromo-1-hexene, 4-chloromethylstyrene, or
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decyl iodide). The suspension was further stirred at room temperature overnight. NaCl
was removed by filtering the solution through a short pad of Celite. All volatiles were
removed under vacuum. The residue was washed with cold pentane and further dried
under vacuum to yield Na[RCB11Cl11] as a white solid.

R = Allyl 708:

Na[Allyl-CB11Cli1]: 427 mg (85% yield). *H NMR (500 MHz, CD3CN): & 6.10
(ddt, J=17.2, 9.9, 7.4 Hz, 1H), 5.13 (dg, J = 16.7, 1.4 Hz, 1H), 5.08 — 5.01 (dq, J = 16.7,
1.4 Hz, 1H), 3.01 (d, J = 7.3 Hz, 3H). 'B{*H NMR (128 MHz, CD3CN): & -3.03, -10.10,
-11.73. BC{"H} NMR (100 MHz, CD3CN): & 130.5 (s, CHCH>), 120.4 (s, CHCHy), 49.5
(brs, carborane-C), 35.6 (s, CH,CHCHy).

R = Butenyl 709

Na[Butenyl-CB11Cl11]: 427 mg Na[Butenyl-CB1:Cl11] (85% yield) *H NMR (500
MHz, CDCls): & 5.72 (ddt, J = 17.0, 10.3, 6.6 Hz, 1H), 5.08 (ddd, J = 17.4, 3.1, 1.6 Hz,
1H), 5.03 (ddd, J = 10.2, 3.1 Hz, 1.6 Hz, 1H), 2.69 — 2.61 (m, 2H), 2.37 (t, J = 8.9 Hz,
2H). *B(*H decoupled) NMR (128 MHz, CDCls): § -3.87, -10.52, -11.63. BC{*H} NMR
(100 MHz, CD3CN): 8 137.6 (s, CH,CH2CHCHy), 116.6 (s, CHCH>), 50.6 (brs, carborane-
C), 31.4 (s, CH2CH2CHCH?>), 29.6 (s, CH2CH2CHCHb).

R = Hexenyl 710

Na[hexenyl-CB11Cli1]: 300 mg Na[hexenyl-CB11Cl11] (87% yield) *H NMR (400
MHz, CDsCN): 6 5.77 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 4.99 (dq, J = 17.2, 1.7 Hz, 1H),
4.93 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H). 2.30 — 2.20 (m, 2H), 2.07 — 1.97 (m, 2H), 1.90 — 1.75

(m, 2H) 1.32 (p, J = 7.4 Hz, 2H). 'B(*H decoupled) NMR (128 MHz, CD3CN): § -2.94,
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-9.96, -11.58. 3C{"H} NMR (100 MHz, CDsCN): § 139.2 (s, CHCH>), 115.3 (s, CHCHy>),
51.4 (brs, carborane-C), 33.6 (s, alpha-CHy), 31.8 (s, CH2),29.9 (s, CH2), 24.6 (s, CH>).

R =Vinylbenzyl 711

Na[vinylbenzylCB11Cli1]: 449 mg (89%).'H NMR (500 MHz, CD.Cl) & 7.46 (d,
J=8.2 Hz, 2H), 7.27 (d, J = 8.2 Hz, 2H), 6.69 (dd, J = 17.6, 10.9 Hz, 1H), 5.75 (d, J =
17.6 Hz, 1H), 5.24 (d, J = 11.2 Hz, 1H), 3.67 (s, 2H). 'B(*H decoupled) NMR (128 MHz,
CD,Cly): § -3.32,-10.18, -11.16. 3.C{*H} NMR (100 MHz, CD3sCN): & 137.5 (s, CHCHy>),
137.0 (s, Ph) 134.8 (s, Ph), 131.0 (s, Ph), 125.4 (s, Ph), 114.6 (s, Ph), 49.5 (brs, carborane-
C), 36.1 (s, PhACHy).

R = decyl 712

Na[DecylCB1:Cli1]: 1.46 g (95%). *H NMR (500 MHz, CDCls) § 2.27 (t, J = 9.2
Hz, 2H), 2.10 (s, 4H), 1.41 — 1.07 (m, 12H), 0.87 (t, J = 6.9 Hz, 3H). 1'B(*H decoupled)
NMR (128 MHz, CDCls): & -4.14, -10.59, -11.52. 3C{*H} NMR (100 MHz, CDsCN): &
49.5 (brs, carborane-C), 32.4 (s, decylCH>), 31.8 (s, decylCHy), 30.5 (s, decylCH>), 30.0
(s, decylCH2), 29.9 (s, decylCH>), 29.8 (s, decylCH>), 29.4 (s, decylCH,), 24.9 (s,
decylCHy>), 23.2 (s, decylCH>), 14.4 (s, decylCHa).
B.4 Synthesis of activators (1)

R R

=+

Na

| |
C C
/\ 1.1 equiv [R';NHMe]CI /\

Toluene

+
R',NHMe

\

B11C|11 B’I1C|11

Scheme V11-4. Synthesis of ammonium carboranes
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General synthesis of [R'2MeNH][RCB1:Cli1]: In a 50 mL Schlenk flask, a
solution of 300 mg Na[RCB11Cl11] in 10 mL THF was added to a solution of 1.1 equiv
[R'2MeNH]CI in 10 mL THF. Upon mixing, precipitate formed immediately. The mixture
was further stirred for 2 h, then filtered through a short pad of Celite. The filtrate was
concentrated in vacuum, and the resulting oil was dissolved in toluene. The toluene
solution was passed through a short pad of silica gel (to remove excess [R'2MeNH]CI) and
concentrated under vacuum to afford the product.

R = Allyl, R’ = "Octyl 713

["Octyl2MeNH][Allyl-CB11Cli1]: 360 mg (78%).'H NMR (500 MHz, CDCls): &
6.16 (ddt, J = 17.2, 9.9, 7.4 Hz, 1H), 5.20 (dq, J = 16.7, 1.4 Hz, 1H), 5.12 (dq, J = 16.7,
1.4 Hz, 1H), 3.01 (d, J = 7.3 Hz, 3H), 3.15 (vt, J = 7.5 Hz, 4H), 3.08 (d, J = 7.4 Hz, 2H),
2.97 (s, 3H), 1.80 (p, J = 8.0 Hz, 4H), 1.44 — 1.21 (m, 22H), 0.89 (t, J = 7.0 Hz, 3H).
1B(*H decoupled) NMR (128 MHz, CDCls): § -3.53, -10.47, -11.75. 3C NMR (126
MHz, CD3CN): 8 137.6 (s, CHCH, 1C), 116.5 (s, CHCH., 1C), 57.1 (s, alpha-CH, 2C),
54.0 (brs, carborane-C, 1C), 40.8 (s, N-Me, 1C), 32.3 (s, CH2, 2C), 29.6 (s, CH2, 2C), 29.5
(s, CH2CHCHa, 1C), 26.9 (s, CHa, 2C), 24.5 (s, CHz, 2C), 23.3 (s, CHz, 2C), 14.4 (s,
terminal-Me, 2C).

R = Butenyl, R’ ="Octyl 714

["OctyloMeNH][Butenyl-CB1:Cl11]: 360 mg (80%).'H NMR (500 MHz, CDCls):
§6.16 (ddt, J =17.2,9.9, 7.4 Hz, 1H), 5.20 (dg, J = 16.7, 1.4 Hz, 1H), 5.12 (dq, J = 16.7,
1.4 Hz, 1H), 3.01 (d, J = 7.3 Hz, 3H), 3.15 (vt, J = 7.5 Hz, 4H), 3.08 (d, J = 7.4 Hz, 2H),

2.97 (s, 3H), 1.80 (p, J = 8.0 Hz, 4H), 1.44 — 1.21 (m, 22H), 0.89 (t, J = 7.0 Hz, 3H).
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1B(*H decoupled) NMR (128 MHz, CDCls): § -3.81, -10.58, -11.80. *C{*H} NMR (126
MHz, CDCls): § 136.5 (s, CHCHa, 1C), 116.1 (s, CHCHj, 1C), 57.7 (s, alpha-CHs, 2C),
50.4 (brs, carborane-C, 1C), 41.5 (s, N-Me), 31.5 (s, CH2, 2C), 30.4 (s, CH.CH.CHCH,
1C), 28.9 (s, CH2, 2C), 28.7 (s, CH2CH2CHCH_, 1C), 26.2 (s, CHz, 2C), 24.5 (s, CH2, 2C),
22.5 (s, CHz, 2C), 14.0 (s, terminal CHs, 2C).

R = Hexenyl, R’ = "Octyl 715

["Octyl.MeNH][Hexenyl-CB1:1Cli1]: 410 mg (85%).'H NMR (500 MHz,
CDCls): & 7.04 (s, 1H), 5.77 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.00 (dq, J = 17.5, 3.3 Hz,
1H), 4.94 (dq, J = 17.5, 3.3 Hz, 1H), 3.12 (t, J = 8.3 Hz, 4H), 2.93 (s, 3H),2.28 (t, J = 9.0
Hz, 2H), 2.05 (dd, J = 14.7, 6.9 Hz, 2H), 1.96 — 1.85 (m, 2H), 1.84 — 1.73 (m, 2H), 1.45 —
1.20 (m, 24H), 0.88 (t, J = 6.9 Hz, 6H). 'B(*H decoupled) NMR (128 MHz, CDCl3): & -
3.61, -10.39, -11.70. 3C{*H} NMR (126 MHz, CDCls): § 138.1 (s, CHCH,, 1C), 114.8
(s, CHCHg, 1C), 57.8 (s, alpha-CHz, 2C), 51.1 (brs, carborane-C, 1C), 41.6 (s, N-Me),
33.0 (s, hexyl-CHz, 1C), 31.6 (s, CH2, 2C), 31.0 (s, hexyl-CHa, 1C), 29.4 (s, hexyl-CHs,
1C), 28.9 (s, CH2, 2C), 26.3 (s, CHz, 2C), 24.6 (s, CH2, 2C), 23.9(s, hexyl-CH, 1C), 22.6
(s, CHz, 2C), 14.1 (s, terminal CHs, 2C).

R = vinylbenzyl, R’ = "Octyl 716

["Octyl2MeNH][CH2=CHCsHsCH2CB1:Cl11]: 500 mg (82%). 'H NMR (500
MHz, CDCls) § 7.46 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 8.3 Hz, 2H), 6.67 (dd, J = 17.7, 10.8
Hz, 1H), 5.73 (d, J = 17.6 Hz, 1H), 5.23 (d, J = 10.9 Hz, 1H), 3.67 (s, 2H), 3.15 (t, J = 8.4
Hz, 4H), 2.97 (s, 3H), 1.84 — 1.71 (m, 4H), 1.43 — 1.18 (m, 22H), 0.88 (t, J = 7.0 Hz, 6H).

1B (*H decoupled) NMR (128 MHz, CDCls): § -3.18, -10.42, -11.78. . 3C{*H} NMR (126
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MHz, CDCIs/CD3sCN) & 137.6 (s, sp>-C, 1C), 137.2 (s, sp?-C, 1C), 134.9 (s, Ar, 1C),
131.2 (s, Ar, 1C), 125.5 (s, Ar, 1C), 114.5 (s, Ar, 1C), 57.0 (s, N-CH>, 2C), 49.5 (brs,
carborane-C, 1C), 40.7 (s, N-Me, 1C), 36.2 (s, benzylic-C, 1C), 32.2 (s, CHz, 2C), 29.5 (s,
CHa, 4C), 26.9 (s, CH2, 2C), 24.4 (s, CH2, 2C), 23.2 (s, CHz, 2C), 14.3 (s, CH2, 2C).

R = decyl, R’ = "Octyl 717

["OctyloMeNH][Decyl-CB1:Cli1]: 400 mg (88%). *H NMR (500 MHz, CsDs) &
4.67 (s, 1H), 2.76 (t, J = 8.4 Hz, 2H), 2.33 — 2.17 (m, 4H), 2.10 — 2.00 (m, 2H), 1.90 (d, J
= 5.5 Hz, 3H), 1.42 — 1.33 (m, 4H), 1.33 — 1.06 (m, 30H), 0.99 (t, J = 7.2 Hz, 6H), 0.90 (t,
J = 7.0 Hz, 3H). 1B NMR (128 MHz, CDCls): § -3.09, -10.04, -11.72. ®C{*H} NMR
(100 MHz, CD3CN) 6 57.3 (s, alpha-CHz, 2C), 51.5 (brs, carborane-C, 1C), 41.0 (s, N-
Me), 32.6 (s, decyl-alpha-CH>, 1C), 32.4 (s, CHa, 2C), 32.0 (s, decyl-CH>, 1C), 30.6 (s,
decyl-CHz, 1C), 30.1 (s, decyl-CH>, 1C), 30.0 (s, decyl-CHz, 1C), 29.9 (s, decyl-CH>, 1C),
29.7 (s, CHa, 2C), 29.6 (s, CH2, 2C), 29.4 (s, decyl-CH>, 1C), 27.0 (s, CH2, 2C), 25.1 (s,
decyl-CHz, 1C), 24.8(s, CH2, 2C), 23.4 (s, decyl-CH2, 1C), 23.3 (s, CH, 2C), 14.4 (s,
terminal CHgs, 3C).

R = Allyl, R> = C1s8H37 718

[("C18H37)2MeNH][Allyl-CB11Cl11]: 425 mg (85%). *H NMR (500 MHz, CsDs):
§ 6.40 (brs, NH), 6.05 (ddt, J = 17.2, 9.9, 7.4 Hz, 1H), 5.09 (dqg, J = 16.7, 1.4 Hz, 1H),
5.02 (dg, J = 16.7, 1.4 Hz, 1H), 3.14 — 2.96 (m, 6H, N-CHa,alpha-CH>), 2.88 (d, J = 5.4
Hz, 3H, N-CHs), 1.75- 1.66 (m, 4H, CHy), 1.32-1.16 (m, 60H, CH>), 0.78 (t, J = 6.9 Hz,
3H, terminal-Me). “B{"H} NMR ( 128 MHz, CDsCN): § 3C{'H} NMR (126 MHz,

acetone-ds): 8 137.6 (s, CHCHj, 1C), 116.5 (s, CHCHa, 1C), 57.1 (s, alpha-CHz, 2C), 54.0
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(brs, carborane-C, 1C), 40.9 (s, N-Me), 32.6 (s, CH>, 2C), 30.4-29.6(m, CH>, 24C), 29.5
(s, CH2CHCHa, 1C), 26.8 (s, CH2, 2C), 24.4 (s, CHa, 2C), 23.3 (s, CH2, 2C), 14.4 (s,
terminal CHg, 2C).

R = Butenyl, R’ = C1sHs7 719

[("C18H37)2MeNH][Butenyl-CB1:Cl11]: 300 mg (85%). *H NMR (500 MHz,
CDCl3): 6 5.70 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.06 (dg, J = 17.1, 1.5 Hz, 1H), 5.00
(dg, J = 10.2, 1.4 Hz, 1H), 3.14 — 2.96 (M, 6H, N-CH2,alpha-CHy), 2.98 (s, 3H, N-CHs),
2.65-2.60 (M, 2H, hexyl-CHy), 2.35 (t, J = 8.9 Hz, 2H, hexyl-CH,), 1.82- 1.76 (m, 4H,
CHy>), 1.41-1.25 (m, 60H, CH,), 0.88 (t, J = 7.0 Hz, 3H, terminal-Me). *B{*H} NMR (
128 MHz, CD3sCN): & -2.87, -9.93, -11.60. 3C{*H} NMR (126 MHz, CDCls): & 138.9 (s,
CHCHg, 1C), 116.2 (s, CHCH>, 1C), 57.8 (s, alpha-CH>, 2C), 51.2 (brs, carborane-C, 1C),
41.8 (s, N-Me), 32.0 (s, CHz, 2C), 30.6 (s, CH2CH2CHCHz, 1C), 30.4-29.6(m, CH>, 24C),
28.9 (s, CH2CHCHz, 1C), 26.5 (s, CH2, 2C), 24.5 (s, CH>, 2C), 22.8 (s, CH2, 2C), 14.3 (s,
terminal CHgs, 2C).

R = Hexenyl, R’ = CisH3s7 720

[("C18H37)2MeNH][Hexenyl-CB11Clu1]: 300 mg (83%). 'H NMR (500 MHz,
CDCl3): § 6.19 (brs, NH), 5.77 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.00 (dg, J = 17.1, 1.6
Hz, 1H), 4.94 (dg, J = 10.2, 1.2 Hz, 1H), 3.25 — 3.08 (m, 6H, N-CH2,alpha-CHy), 2.99 (d,
J=4.9 Hz, 3H, N-CHa), 2.29 (vt, J = 9.6 Hz, 2H, alpha C of hexyl), 2.05 (qt, J = 6.8, 1.3
Hz, 2H, hexyl-CH>), 1.93- 1.77 (m, 6H, CH>), 1.32-1.16 (m, 62H, CHy), 0.88 (t, J = 7.0
Hz, 3H, terminal-Me). !B{*H} NMR ( 128 MHz, CD3CN): § -2.97, -9.99, -11.62. 3C{'H}

NMR (126 MHz, CDCls): § *C{*H} NMR (126 MHz, CDCls): & 138.4 (s, CHCHz, 1C),
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114.9(s, CHCH_, 1C), 57.9 (s, alpha-CH2, 2C), 51.7 (brs, carborane-C, 1C), 41.9 (s, N-
Me), 33.2 (s, hexyl-CHz, 1C), 32.1 (s, CHa, 2C), 31.2 (s, hexyl-CHz, 1C), 30.4-29.6(m,
CHa, 24C), 29.6 (s, hexyl-CH2, 1C), 26.4 (s, CHz, 2C), 24.5 (s, CH2, 2C), 24.0 (s, hexyl-
CHa, 1C), 22.8 (s, CH2, 2C), 14.3 (s, terminal CHs, 2C).

R = styrenyl, R’ = CigH3s7 721

[("C18H37)2MeNH][Styrenyl-CB11Clu1]: 330 mg (82%). ‘H NMR (400 MHz,
Chloroform-d) & 7.47 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 6.66 (dd, J = 17.6, 10.9
Hz, 2H), 5.73 (d, J = 17.6 Hz, 1H), 5.23 (d, J = 10.9 Hz, OH), 3.67 (s, 2H), 3.24 — 2.93 (m,
4H), 2.86 (d, J = 5.1 Hz, 3H, N-Me), 1.35 - 1.26 (m, CH260H), 0.88 (t, J = 6.8 Hz, 6H).
UB{LIH} NMR ( 128 MHz, CD3CN): § -2.70, -9.95, -11.35. 3C{'H} NMR (126 MHz,
CDCl3):  136.8 (s, CHCHz, 1C), 136.5 (s, Ar, 1C), 134.1 (s, Ar, 2C), 130.2 (s, Ar, 1C),
124.9 (s, Ar, 2C), 114.0(s, CHCH, 1C), 57.5 (s, alpha-CH>, 2C), 49.2 (brs, carborane-C,
1C), 41.3 (s, N-Me, 1C), 35.6 (s, benzyl-CHz, 1C), 32.0 (s, CHz, 4C), 29.8-29.6(m, CH,
22C), 29.5 (s, CH2, 2C), 29.4 (s, CH2, 2C), 29.3 (s, CHz2, 2C), 29.0 (s, CH2, 2C), 26.3 (s,
CHa, 2C), 24.4 (s, CH2, 2C), 22.7 (s, CH>, 2C), 14.2 (s, terminal CHs, 2C).

R =Decyl, R’ = C1sH37 722

("C1sHa7)2MeNH][Decyl-CB1:Cli1]: 340 mg (80%). 'H NMR (400 MHz,
Chloroform-d) 6 6.16 (brs, N-H, 1H), 3.27 — 3.08 (m, N-CH2, 4H), 2.99 (d, J = 5.2 Hz, N-
Me, 3H), 2.28 — 2.24 (m, alpha-decyl-CHa, 2H), 1.87 - 1.74 (m, CH>, 6H), 1.41 - 1.26 (m,
CHa, 76H), 0.87 (t, J = 6.7 Hz, terminal-CHs, 9H). 'B{*H} NMR ( 128 MHz, CD3sCN): &
-3.22, -10.05, -11.38. 3C{*H} NMR (126 MHz, CDCls): & 58.1 (s, alpha-CHp, 2C), 51.5

(brs, carborane-C, 1C), 41.9 (s, N-Me, 1C), 32.01 (s, N-alkyl-CH2, 2C) 31.96(s, decyl-
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CHa, 1C), 31.3 (s, decyl-CHz, 1C), 30.3 (s, decyl-CHz, 1C), 29.8-29.3(m, CH, 34C), 29.0
(s, CHz, 2C), 26.4 (s, CH2, 2C), 24.7 (s, CH2, 2C), 24.5 (s, decyl-CH>, 2C), 22.77 (s, N-
alkyl-CHz2, 2C), 22.74 (s, decyl-CH,, 1C), 14.21 (s, N-alkylterminal CHs, 2C), 14.19 (s,
decyl-terminal-CHjs).

B.5 Carborane C-H alkylation towards dianion

H n
+
Cs

|
G 2.0 equiv 0.5 equiv 1.0 equiv ¢ C
/\ NaH  BrCH,(CH,),CH,Br  [RoNHMe]CI /\ /\
e — - -
THF THF THF
B41Clyy n=2or4
Cl11B1q B11Clyq
+
[RoNHMe],

Scheme VI11-5. Synthesis of ammonium dicarboranes.

General Procedures For The Synthesis of
[R2NMeH][Cl11B11CCH2(CH2)nCH2CB11Cl11](n=2, 4). To a 50 mL Schlenk flask, ~500
mg Cs[CHB1:Cl11] and 2 equiv NaH were loaded with 20 mL THF. The resulting
suspension was stirred at room temperature for 2 h until it stopped bubbling. Then 0.47
equiv BrCH2(CH2)nCH2Br (n= 2, 4). The suspension was further stirred at room
temperature overnight. Inorganic chloride salts was removed by filtering the solution
through a short pad of Celite. The filtrate was concentrated and treated with a solution of
1.0 equiv [R2MeNH]CI in 10 mL THF. Upon mixing, precipitate formed immediately, and
the mixture was further stirred for 2 h, THF was removed under vacuum. The residue was
dissolved in CsHsF and filtered through a short pad of Celite. After removing the solvent

of the filtrate. The oil was triturated with toluene 4 times to remove remaining THF.
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n=2,R’>="Octyl 723

For ["Octyl2MeNH][B11Cl11CCH2CH2CH2CH2CB1:Cl11]. 538 mg (88%). H
NMR (500 MHz, CDCI3/CD3CN): 8 7.13 (brs, NH, 2H), 2.90 (vt, J = 8.5 Hz, N-CH, 8H),
2.67 (s, N-CHs, 6H), 2.13 (vt, J = 8.1 Hz, alphaCHz, 4H), 1.72 — 1.67 (m, betaCH, 4H),
1.56 (p, J = 7.7 Hz, NCH2CHa, 8H), 1.33 — 1.14 (m, 44H), 0.82 — 0.74 (m, octylCHs, 12H).
UB{*H} NMR (128 MHz, CDCI3/CD3CN): § -2.49, -9.57, -11.21.

n =4, R’ ="Octyl 724

For ["Octyl2MeNH][B11Cl11CCH2CH2CH2CH2CH2CH2CB11Cl11]. 560 mg
(90%). *H NMR (500 MHz, CDCI3/CD3CN): & 7.13 (brs, NH, 2H), 2.90 (brs, N-CHa, 8H),
2.67 (s, N-CHg, 6H), 2.11 (vt, J = 8.1 Hz, alphaCH>, 4H), 1.75 — 1.67 (m, betaCH>, 4H),
157 (p, J = 7.7 Hz, NCH2CHo, 8H), 1.33 — 1.14 (m, 44H), 1.13 (p, J = 3.3 Hz, gamaCH;,
4H), 0.82 — 0.74 (m, octylCHs, 12H). 'B{*H} NMR ( 128 MHz, CDCI3/CD3CN): § -2.68,
-9.57, -11.27.

n=2,R’=C1gH37725

For [("C18H37)2MeNH][B1:Cl11CCH2CH2CH2CH2CB11Cl11]. 781 mg (94%). tH
NMR (500 MHz, CDCls): 6 7.13 (brs, NH, 2H), 3.02 - 2.85 (m, N-CHz, 8H), 2.72 (d, J =
5.0 Hz, N-CHjs, 6H), 2.16 (vt, J = 8.1 Hz, alphaCH>, 4H), 1.75 — 1.67 (m, betaCH>, 4H),
1.64 — 1.54 (m, NCH2CH>, 8H), 1.26 — 1.17 (m, 120H), 0.79 (t, J = 6.8 Hz, octylCH3,
12H). “B{'*H} NMR ( 128 MHz, CDCI5/CDsCN): § -3.01, -10.12, -11.75.

n=4, R’ = CisHs7 726

For [("CisH37)2MeNH][B11Cl11CCH2CH2CH2CH2CH2CH2CB11Cl11]. 801 mg

(95%). *H NMR (500 MHz, CDCI3/CD3sCN): § 6.90 (brs, NH, 2H), 3.11 - 2.90 (m, N-
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CHa, 8H), 2.73 (s, N-CHs, 6H), 2.11 (vt, J = 8.1 Hz, alphaCH2, 4H), 1.84 — 1.78 (m,
betaCHz, 4H), 1.70 — 1.60 (m, NCH2CHp, 8H), 1.33 — 1.26 (m, 120H), 1.23 — 1.20 (m,
gamaCHa, 4H), 0.91 — 0.81 (m, octylCHs, 12H). *B{*H} NMR ( 128 MHz, CDCl3): § -
2.65,-9.70, -11.31.
B.6 Carborane C-H amination

Synthesis of Na[NH2CB11Cli1] 727. To a 250 mL Schlenk flask, 1.37 g (2.35
mmol) [MesNH][CHB1:Cl11] and 0.25 g (2.35 mmol) Na2CO3 was loaded. 75 mL MeOH
and 25 mL H>0O was added to the mixture. The resulting solution was refluxed at 70 C
oil bath for 3 h. All the volatiles were removed under vacumm to yield NaJCHB11Cl11]
and inorganic sodium salts as white solid, which was dissolved in 50 mL H2O. To the
water solution, 0.40 g NaOH and 0.40 g NH20SOsH was added. The resulting mixture
was stirred for 4 h at r. t. After removing the water under vacumm, 60 mL was used to
abstract the Na[NH2CB11Cli1]. The THF was removed under vacuum to afford
Na[NH2CB11Cl11] as white solid, which was further dried at 100 <C to yield 1.20 g white
solid. 'H NMR (400 MHz, CDsCN,): & 2.60 (brs, NH,). "B{*H} NMR ( 128 MHz,

CD3CN): 6 -5.20 (brs, 1B), -11.33 (brs, 10B).
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APPENDIX C
(PBP)IRPHCL CATALYZED DEHYDROGENATIVE SILYLATION OF TERMINAL
ALKENES

C.1 General considerations

Unless otherwise specified, all reactions and manipulations were carried out under
an argon atmosphere using glove box or Schlenk line techniques. Solvents were dried and
deoxygenated via the solvent purification system and stored over molecular sieves in the
glove box filled with argon. CsDe were dried over NaK /Ph,CO/18-crown-6, distilled and
stored over molecular sieves in an Ar-filled glove box. (PBP)IrPhCI, (PBP)IrH4, and
(PBP)IrHCI were prepared by published procedure.?” Other reagents were purchased from
commercial suppliers and used without further purification. NMR spectra were recorded
on a Varian iNova 300 spectrometer (*H NMR, 299.951 MHz, C NMR, 75.413 MHz,
3P NMR, and 121.425 MHz), Varian Inova 400 (*H NMR, 399.535 MHz; !B NMR,
128.185 MHz) and NMRS 500 (*H NMR, 499.703 MHz; *C NMR, 125.697 MHz)
spectrometer. Chemical shifts are given in & (ppm). *!P NMR spectra were referenced
externally with 85% phosphoric acid at § 0. 'H NMR and *C NMR spectra were

referenced using the solvent signals.

C.2 (PBP)Ir catalyzed dehydrogenative silylation of terminal alkene

Reaction of tert-butylethylene (728) with bis-(trimethylsiloxyl)methylsilane
catalyzed by (PBP)IrPhCI. To aJ. Young tube, 54 uL bis-(trimethylsiloxyl)methylsilane
(0.20 mol), 100 pL stock solution of (PBP)IrPhCI (0.10 M in CgDs, 0.010 mol), 26 uL

tert-butylethylene (0.20 mmol) and 500 pL 0.08 M 1,4-dioxane (internal standard) in CsDe
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was added was loaded. The resulting mixture was heated in 130 <C for 8 h. 42% of
silylated product 729 was formed: *H NMR (500 MHz, CsDg) & 6.35 (d, J = 19.0 Hz,

vinylH, 1H), 5.63 (d, J = 19.0 Hz, vinylH, 1H), 0.98 (s, 'BuH, 9H), 0.19 (s, SiMeH, 18H).

Reaction of 1-hexene (730) with bis-(trimethylsiloxyl)methylsilane catalyzed
by (PBP)IrPhCIl. To a J. Young tube, 54 uL bis-(trimethylsiloxyl)methylsilane (0.20
mol), 100 uL stock solution of (PBP)IrPhCI (0.10 M in CgDs, 0.010 mol), 25 pL 1-hexene
(0.20 mmol) and 500 pL 0.08 M 1,4-dioxane (internal standard) in CeDs was added was
loaded. The resulting mixture was heated in 130 <C for 8 h. 47% of silylated product 731
was formed: 'H NMR (500 MHz, C¢Ds) & 6.29 (dt, J = 18.7, 6.3 Hz, vinylH, 1H), 5.69 (d,
J = 18.7 Hz, vinylH, 1H), resonances of "Bu were overlapped with olefins and hexane,

0.19 (s, SiMeH, 18H).
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