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ABSTRACT

Pincer ligands are commonly utilized in the design of transition metal catalysts.
Our group recently reported the synthesis of diarylboryl-based Ir and Rh complexes,
which feature an X-type boryl ligand that is Lewis acidic. Herein, we explored the
properties and reactivity of Ag, Ir and Rh metal complexes that feature boryl or borane
ligand.

In Chapter 11, silver halide complexes of a borane/bis(phosphine) ligand were
prepared and characterized. With AgF, the borane abstracts fluoride, resulting in a
zwitterionic complex. With AgClI, AgBr, and Agl, the halide stays coordinated to Ag, with
little to no Ag-B interaction.

In Chapter 111, H-X bond addition across the Ir-B unit of the previously reported
(PBP)Ir(CO), were examined. Water, methanol, ethanol, cyclohexanol, phenols, benzoic
acid, and triethylamine trihydrofluoride added the O—-H and F-H units across the Ir-B
bond, resulting in dicarbonyl complexes with Ir-H and B-O/F bonds. Thermolysis of
(PBP)Ir(CO), with n-butylamine resulted in a monocarbonyl product of N-H addition.
Two possible mechanisms were proposed, and mechanistic experiments were conducted
to study this system.

In Chapter 1V, reactions of (PBP)Ir complexes with ethylene were examined.
(PBP)IrHs4, (PBP)IrH2(CO), and (PBP)Ir(CO). activated the C—H bond in ethylene to form
unique products that have the elements of ethylene incorporated into the molecules and

resulted in B—C bonds. These reactions demonstrate that the boryl donor is not merely an



electronically unique central donor with Lewis acidic properties. It also participates in the
activation of C—H bonds by the metal center and forms B—C bond in the product.

In Chapter V, we examined selective C—H activation of pyridines with (PBP)Rh
and (PBP)Ir complexes. We observed the isomerism derived from the 2-pyridyl fragment
connecting either via B-N/C-M bonds or via B-C/N-M bonds. This M-C/M-N isomerism
was systematically examined for four structural Types, totaling 16 compounds. Several of
these compounds were isolated or observed in solution by experimental methods, in
addition to a few 2-quinolyl variants. The DFT predictions concerning the thermodynamic
preference within each M-C/M-N isomeric match the experimental findings very well.

In Chapter VI, we utilized (PBP)Rh complexes synthesized in Chapter V to
catalyze norbornylation of substrates containing pyridyl groups. For substrates such as
pyridine, quinoline, 4-tert-butylpyridine, 4-dimethylaminopyridine, and 3-ethylpyridine,
the norbornylation happened at the pyridine ortho position. However, for 2-tolylpyridine,

the norbornylation happened on the tolyl group.
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NOMENCLATURE

COD 1,5-Cyclooctadiene

COE Cyclooctene

‘Bu tert-Butyl

'Pr isopropyl

Mes Mesityl

Me Methyl

Et Ethyl

Ph Phenyl

L Ligand

NCS N-Chlorosuccinimide

NBS N-Bromosuccinimide

NMR Nuclear Magnetic Resonance
OAc Acetate

OPiv Pivalate

OTf Triflate

Py pyridine

nbd 2,5-norbornadiene

DMAP 4-Dimethylaminopyridine
DME 1,2-Dimethoxyethane

BArF, tetrakis[3,5-bis(trifluoromethyl)phenyl]borate)
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TPB

DPB

mt

NLMO

THF

NaHMDS

TBE

borane/tris(phosphine) ligand
borane/bis(phosphine) ligand
2-sulfanyl-1-methylimidazole
Natural localized molecular orbital
Tetrahydrofuran

Sodium bis(trimethylsilyl)amide

Tert-Butylethylene
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

1.1 General Introduction for Pincer Ligands

Transition metal catalysts have broad applications in organic synthesis. Their
reactivity could be affected by the supporting ligands, thus synthesizing different types of
ligands to adjust the property of metal centers for catalyzing different reactions attracts s
lot of attention.r The pincer-type ligands, defined as tridentate chelating agents binding
to metal center in a meridional configuration, are widely utilized as supporting ligands.>®
They are usually abbreviated using the donor atoms binding to the metal. In 1976, Shaw
reported the first design of a PCP-type pincer ligand with two bulky phosphine side arms
and an aryl center donor (Figure 1-1, 1A).” In his case, two tertiary di-t-butylphosphines
of the diphosphine ligand bind to Ni metal center, and the resulting product was stable
under 240 °C. In general, pincer-type metal complexes have great thermal-stability and

show applications in bond activation, organic transformations, and catalysis.>5 &14

PBu,
/ 'l- L, L" = side arm
Ni—Cl L'—M L' = center atom
\ ||_ M = metal
PBu,

1A

Figure I-1. General design of pincer type metal complexes and the first reported
(PCP)NICI
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Figure 1-3. Pincer complexes with different center atoms and phosphine outer donors



Pincer ligands with different center atoms and sidearms were synthesized.® The
three ligands coordinated to metal center can be L-type, X-type or Z-type (Figure 1-2).
Among them, complexes with phosphine outer donors (L-type) and different center atoms
(L-type, X-type or Z-type) have been broadly studied. Some representative examples are
showed in Figure I-3. For group 16 elements, oxygen and sulfur center atoms could bind
to the metal as L-type ligands (1B°, 1C%). For group 15 elements, nitrogen and
phosphorus center atoms could bind to the metal as L-type ligands or X-type ligands
(1D — 1H17:18:19.20.21y "Eor group 14 elements, carbon and silicon center atoms could also
bind to the metal as L-type ligands or X-type ligands (11 — 1L2% 2324 25) For group 13
elements, boron and aluminum center atoms could bind to the metal center as Z-type
ligands or X-type ligands (1M — 1P%:27.28.29) Besides the scaffolds mentioned above, the
center atom also includes Zn®, Ga®, In®, Ge*, Sb3, etc.

1.2 Versatile Binding Modes of Boron for Borane/tris(phosphine) TPB and
Borane/bis(phosphine) DPB Ligands.
1.2.1 General Considerations on Metal Boron Interactions

As a group 13 element, boron could bind to the metal center as an anionic borate
ligand through zwitterionic interaction, a 2e acceptor Z-type borane ligand, a 1e donor X-
type boryl ligand, a 2e donor borylene ligand or a 3e donor boride ligand (Figure 1-4).353
The first two binding modes have pyramidalized boron centers, while the others feature a
boron center with p empty orbital, which could react with Lewis basic substrates. The M-
B distances varied significantly for complexes with different metals and boron with

different substituents, but the general trend can be concluded that M—B distance of borate

3



> borane > boryl > borylene and boride. The coordination of Lewis base to the boron

elongated the M-B distances in the metal boryl complexes and metal borylene

complexes.36-3
i LB
oo R R,
B... M Rznn;B<— M 8_'\/'
R\\‘\l R4 Rs R3/
3
Zwitterionic interaction Z-type borane ligand X-type boryl ligand
anionic borate 2e acceptor 1e donor
:LB 1LB 1B I LB
\ ¥ ¥ ¥
M M
Rym-B=M  Of R1_g< M—gzM or M—%(
M M
borylene ligand boride ligand
2e donor 3e donor

Figure 1-4. Interaction between boron and metal center

The reversible interconversion between anionic borate complex, Z-type borane
complex and X-type boryl ligand was observed in metal complexes featuring polydentate
borane ligand (Scheme I-1). Thus, the study of polydentate borane ligand and their binding

modes with the metal center is intriguing.
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e

B ®M—R, <—I\|/I = B—
R N R N | \_ I,
borate ligand borane ligand boryl ligand
pyramidalized boron less pyramidalized boron planar boron

Scheme I-1. The interconversion between anionic borate complex, Z-type borane
complex and X-type boryl ligand

In 1999, Hill reported the first solid-state of a borane complex (2).3 At room
temperature, the treatment of ruthenium precursor 3 with Na[HB(mt)3] (mt = 2-sulfanyl-
1-methylimidazole) in CH2Cl; resulted in an intramolecular activation of the bridging B—
H bond to form 2, which has a Ru-B distance of 2.161(5) A and a tetrahedral B that has a
chemical shift at 17.1 ppm (Scheme 1-1). Since then, different polydentate ligands
containing borane centers were synthesized to study the Z-type B—M bonds and their

reactivity.®

PhaP | (CI AB{m0| /%\N\B/ )
|

oc”  “PPh ~KCl \ R 7/
3 e S// u\é
— OC pph,
3

mt = 2-sulfanyl-1-methylimidazole

Scheme 1-2. Synthesis of the first example of metallaboratrane complexes



Among them, borane/tris(phosphine) TPB 4, 5, and borane/bis(phosphine) DPB 6,
7, 8 were widely used to form Z-type B—M bonds for the analysis of B-M bonds
with/without an extra phosphine sidearm (Figure 1-5). The metallaboratranes synthesized
based on TBP and DBP were summarized in section 1.2.2 and section 1.2.3. Tetradentate
TPB ligand is quite rigid and the resulting metallaboratranes featuring borane ligand with
no metal insertion reported (details in section 1.2.2). However, DPB ligands with a labile
B—Ph group introduce more binding modes with the metal center and the interconversion
between borate/borane/boryl ligand were also reported for (DPB)M (details in section

1.2.3).

R,P PR, PR,
PR, PR2
TPB DPB

R ='Pry (4) R=Ph(5) R=Pr,(6) R=Ph(7) R=Cy(8)

Figure 1-5. TPB 4,5and DPB 6, 7, 8

1.2.2 Metallaboratranes with Borane/tris(phosphine) Ligand
Since 2007, after Bourissou reported the synthesis of 4% different
metallaboratranes were synthesized based on this ligand. Group 11%°4?, group 10*, and
group 934 metallaboratranes all feature Z-type M-B bonds (Figure 1-6). The M-B
coordination for group 8 metallaboratranes include regular Z-type bonds and n*-B,Ph,P

coordination (Figure 1-5: 9, 10).47-°7
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R =Pr, Ph

Figure 1-6. Metallaboratranes synthesized based on 4 and 5

Z-type M-B coordination strength could be characterized by a combined analysis
of boron pyramidalizations, M-B bond distances, and boron chemical shifts. In most
cases, a shorter bond distance comes together with more pyramidalized boron and an
upfield boron chemical shift, indicating a stronger Z-type M-B bond. It can be rationalized
that as the metal boron interaction getting stronger, the boron changes from an sp?

hybridized boron to an sp® hybridized boron. However, four reported cases (11, 12, 13,

14) do not follow this trend due to the distortion of the metal center (Figure 1-7).44-45:4°
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Figure 1-7. Reported structures given unusual M-B distance and boron

pyramidalization.

The TPB ligand is so ridged that no metal insertion into the supporting ligand to
generate boryl ligand was observed in (TPB)M complexes. The generation of borate
ligand was reported for some (TPB)Fe complexes (Scheme 1-3, 16-18).

Ar —®‘

N H H2

CHs ®
C/

P
PrZP'\Fe PPr; AC=CH Przpl\Fe PiPr, Pre '\Fe PiPr,
Pr i Propi”” H PF I
\f;B ' / ——B
Ar = Ph (16)
Ar =Tol (17)

Scheme 1-3. The generation of borate ligand from (TPB)Fe.
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1.2.3 Metallaboratranes with Borane/bis(phosphine) Ligand

With a labile B-Ph group, metal complexes with DPB ligands feature more
binding modes. Metallaboratranes bearing DPB ligand were synthesized with different
metals as summarized in Figure 1-9. n"-B,Ph (n =2, 3, 6, 7) bonds are more common when
DPB was used as ligand. Ag(DPB) complex has the longest M—B distance (2.742 A),
indicating no Ag-B interaction, and the details will be discussed in section 11.%® Z-type
coordination was observed in Au°%®l, pd?. 6265 pt66 Rnpb2 6769 |70 ang Fe’t
metallaboratranes, characterized by a short M-B bond length, a pyramidalized boron
center, and a long M—Cipso distance. The M—B distances in the (DPB)M complexes
featuring Z-type M-B bonds are longer than the corresponding (TPB)M complexes. n?-
B,C coordination was observed in Cu’?, Ni"* ", Co”, Rh®":®° and Fe’® metallaboratranes,
characterized by a short M—B bond length, a planar boron center, and a short M—Cipso
distance. n3-B,C,C coordination was observed in Ni”® and Fe’>’® metallaboratranes,
characterized by a short M—B bond length, a planar boron center, and short M—Cipso and
M-Corno distances. n°®-Ph coordination was observed in Ru metallaboratranes’’,
characterized by a significant M-B distance, a pyramidalized boron center, and equal
distances between the metal center and all the phenyl carbons. n’-B,Ph coordination was
observed in Fe’® and Ru’’ metallaboratranes, characterized by a short M—B bond length,
a planar boron center, and equal distances between the metal center and all the phenyl

carbons.
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Figure 1-8. Metallaboratranes bearing DPB ligand

Due to the lability of B—Ph, the metal center can be better accessed for bond
activation reactions such as H; activation by (DPB)Ni (19)"*7* and H-Si activation by
(DPB)Co (21) and (DPB)Fe (25)" resulted in M—H-B bridging hydride (Scheme I-4, 20,
24). The metal center was also available for binding to another Lewis basic site and
facilitated the N-H activation of 8-amino quinoline and C-H activation of 7,8-

benzoquinoline (Scheme 1-4, 22, 23, 26, 27)."
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Scheme I-4. H2 and H-E (E = C, Si, N) bond activation by (DPB)M (M = Ni, Co, Fe)

The transformations between borate/borane/boryl were reported for many
(DPB)M, and some are reversible, indicating that DPB is a promising ligand precursor for
the synthesis of metal complexes bearing different types of boron ligand.

The activation of allyl acetates by (PBP)Pd (28) resulted in reversible

transformation into allyl complex 29/30/31 featuring borate ligand®® (Scheme 1-3).
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Ph—B——Pd—N = Ph—BO Pd_>>
\_/ N
N
PPh, | F’F’hz
/
R = Ac (29)
28 R = Bz (30)

R = C(O)CF; (31)

Scheme I-5. Activation of allyl acetates by (PBP)Pd

The activation of B-Ph bonds was observed in (DPB)Pd’8, (DPB)Rh?" % and
(DPB)Ir?’, resulted in (PBP)M (M = Pd, Rh, Ir) with X-type boryl ligands.

In 2016, Tauchert group reported that, for (DPB)Pd, after activation of Ar—I bond
by 32, 33-36 were generated with no Pd-B interaction. After heating, the C—C cross-
coupling products and 37, a pincer Pd complex with an X-type boryl center donor, were
generated (Scheme 1-6).7®

Q150 Q30 QT g

Ph—B——Pd—N B—Pd—I +
/ \
PPh, Pth PPh, J
32 = H (33), OMe (34) 37

CF3(35), NO, (36)

Scheme 1-6. Activation of B-Ph bond by (DPB)Pd

Reversible phenyl migration between the metal center and the supporting ligand was

observed on a series of (DPB)Rh complexes with oxygenous ligands reported by Ozerov
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group in 2017, indicating reversible conversion between boryl ligand and borane ligand

(Scheme 1-7).%°

i KOAC CsOPlv
\%P(P~Rh/o>>—R rP*Rh
/ ~0
’Pr2 "PrQ
R = Me (41a) =Bu (42a)

‘ ‘ Ph
B—RHK~
S \
\P%rz

R\
O

|

P Iy

R = Me (41b) = Bu (42b)

Scheme 1-7. Reversible phenyl migration between Rh and boron of (DPB)Rh
complexes

Ir insertion into B—Ph bond of 6 was achieved by treating Ir precursor (Ir(coe).Cl)2
with 6 at 100 °C, which was reported by Ozerov group. B—Ph insertion happened to form

45 with X-type boryl center donor?” (Scheme 1-8).
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P! PFZ

PPr, (Ir(coe 2CI ‘ Ph

X © o
PiPr, PP

45

Scheme 1-8. Ir insertion into B—Ph bond of 6 to generate 45

In addition, as some of these conversions are reversible, they provide unique reactivity
for metal complexes featuring diaryl-based boryl ligand, which will be discussed in
section 1.3 and chapter 111-V.

1.3 Pincer Complexes with Boryl Center Donor
As discussed in the previous section, after activation of the B—Ph bond of DPB

ligand by the metal center, a pincer complex with X-type boryl center donor was

generated.
Diaminoboryl PBP Diaryl-based PBP Carborane-based PBP
Ln
I
/‘PRZ PR, R.E M ER,
N \ Ela /
(s _ B—ML
R “\ /B ML, n C/ \C
N
\_ PR,
PR,

Figure 1-9. Pincer metal complexes with a central boryl X-type donor

Besides diaryl-based (PBP)M complexes, the pincer complexes with boryl-type

center donors have other scaffolds as summarized in Figure 1-10. The diamino-based PBP
14



complexes have a similar structure as diaryl-based PBP, and the reactivity of this type of
(PBP)M complexes were more explored, which will be discussed in the following section
to compare with the reactivity of diaryl-based PBP metal complexes. The carborane-based
PBP"982 will not be discussed here because its empty orbital on boron is tied up in the
carborane cage. The diaryl-based PBP pincer possessed a boryl donor with a more
accessible empty orbital than the diamino-based ligand (stabilized by n-donation from the
amino groups).

1.3.1 Diaminoboryl PBP Complexes

PBu, PBu,
PR, tBu2 tBu2
N < >
R = Ph (46), fBu
(47), Cy (48),
'Pr (49) 50 51

Figure 1-10. Diaminoboryl-based Pincer Ligands

The synthesis of diaminoboryl PBP pincer ligand was reported by Yamashita and
Nozaki in 2009.28% The formation of boryl pincer complexes by this ligand was
accomplished by metal insertion to B-H bond of 46-51 (Figure 1-11). A variety of
diamino-based (PBP)M (M = Ni®88 pd8 pt® Co® 9 Rn9%93 |r8293-96 Fed% Ry
0s*) complexes were reported. In addition, diamino-based (PBP)Ir complexes 52 and 53
featuring longer sidearms were also reported (Figure 1-12).199-11 The X-type M—B bonds
are significantly shorter than the Z-type M—-B bonds with the same metal. The summary

of all the M—B—N and N—-B—N angles are 360 °, agrees with an sp? hybridized boron center.
15



However, based on the reported reactivity, this diamino-based boryl ligand features a boryl

center with weak Lewis acidity.

PR, —PBU, w3_PtBU2
(| O \

\—PR2 ?‘-)—P’Buz }‘-)3—P’Bu2

M = Ni, Pd, Pt, Co, Rh, 52 53
Ir, Fe, Ru, Os
R = Ph, Bu, Cy, 'Pr

Figure I-11. Diamino-based (PBP)M complexes

Reported reactivity of diamino-based (PBP)M with boryl participation include H>
activation by diamino-based (PBP)Ni® (54) and (PBP)Co® (56), and the activation of

secondary alcohol 59 and 60 with strained C—C bond by 58 to generate 61 or 62° (Scheme

1-9).
/_ tBUz tBUZ
N \ / \ /
B— N|—B
/ / \ / \
\_PtBU2
54 55
PBu, PBu,
+H, \
N H
N \ N, VAV
B—Co—N, — B8
N / -Ho N H / H
+N
gy 2 by,
56 57
OH
PBu,
/—P'Buz N H
N/ N\
N B—Rh—0
\ X /
JB—Rh} ———— N /
[H N X = CPh, (59) \ L.
. X = NTs (60) 2
58 | Bu2 X = CPh, (61)
X = NTs (62)

Scheme 1-9. Reactivity of diamino-based (PBP)M with boryl participation
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Even the activation of PhOH by 58 resulted in the formation of 63, featuring an
intact X-type boryl ligand, indicating a boryl center with poor Lewis acidity (Scheme I-
10). Complex 58 also mediated C—C bond cleavage of cyclobutane 64 to form 65. No
reductive elimination to form B—C bond was observed. Ethylene binds to diamino-based
(PBP)Rh (66) and (PBP)Ir (67) as L-type ligands and no activation or bory! participations

were reported, which is quite different from the reactivity of diaryl-based (PBP)Ir (See

section V).
0
t \
/—P’Bu2 [ RBuz t5u2
N \H \
L L
B—Rh ~— _— > —Rh
AR =
N /OPh H \_/
BBy 58 PBu t
63 2 PBu, O
C2H4
/—P’Buz
4
\
@[ o]
/
N
66\—P’Bu2
/—P LiTMP /_PRz
\ \ ethylene N\ \
—+ —
/ /B Ir
A (|
P \—PR2
R = Cy (67a), 'Pr (67b) 68

Scheme 1-10. Reactivity of diamino-based (PBP)M with no boryl participation

1.3.2 Diarylboryl PBP Complexes
The synthesis of some diarylboryl (PBP)M complexes were discussed in section

1.2.2 (Figure 1-13). Compared to diamino-based (PBP)M complexes, diaryl-based
17



(PBP)M complexes possess Lewis acidic boryl groups that actively participate in bond

cleavage reactions mediated by the complexes.

Qpphz QPiPrg Qp Pr,
| o

B—Pd—I B—Rh_ B—RH~
. ‘ Ph vk
PPh, PPr, C}i

37 R = Me (41b)

PPrZ PPI'2 PPI'Z PPr2
‘ Ph ‘ Ph ‘ Ph
‘ “OC(0)CF; ‘ ~oTf ‘ cl
\P‘Erz PPr, PPr, PPr,

= Bu (42b) 43b 44b 45

Figure 1-12. Boryl pincer complexes generated by B—Ph insertion

The synthesis of diaryl-based (PBP)Rh 69 was accomplished by treating the resulting
product of 6 and [(COD)RhCI]. with hydrogen gas at 100 °C, which was reported by
Ozerov group.?” The synthesis of a variety of diaryl-based (PBP)Ir precursors was also
reported by Ozerov group.®® The reaction of 45 with dihydrogen result in 70, which was
the precursor for 72 and 73. The chloride of 45 was replaced with hydride by NaEtz:BH.
Under CO atmosphere, the phenyl group was transferred to boron and generate 71. After
heating under CO, benzene was eliminated to form 74. Treatment of 70 with NaEt:BH
under CO atmosphere result in 73, which, after heating, also generated 74 (Scheme I-

11)_102
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[(COD)RNCI], P Pr,
2.H,

P! Pr2
‘ ~Cl
P! Pr2
=4 PI'2
69
(Ir coe),Cl),
P'Pr, P Pr, PH Pr,
‘ Ph NaEtsBH /
‘ Cl ‘ C| H2 \ /‘
PPr, PiPr, PiPr,
70 72
45
NaEt3BH NaEtaBH
P Pr, PPr, PPr,
‘ co _Co /H\‘
L0 _co B Ir—Co
A /‘ 120°C ‘ ~co \ ‘
PiPr, PiPr, PiPr,
4 74 73

Scheme I-11. Diarylboryl (PBP)Ir and (PBP)Rh complexes and their reactivity

The diaryl-based (PBP)Pd and (PBP)Ir complexes feature Lewis acidic X-type
boryl ligands. (PBP)Pd (37) reacted with pyridines to form 75a and 75b. (PBP)Ir (74)
reacted with pyridines to form 77 reversibly, followed by a selective ortho C—H activation
of pyridines to generate 78. In addition, reductive elimination between boryl and the non-
pincer ligand on the metal center was observed for (PBP)Pd complexes. For instance,
reacting 37 with anionic carbon groups (Ph, Me, Bn, CH>Me3) afforded Pd(0) complexes

76a—76d with Z-type borane ligand (Scheme 1-12).”® More reactivity of (PBP)Rh and

(PBP)Ir will be discussed in chapter I11-chapter V1.
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PPh, N

‘ R,Mg/PMe; PPh: | e
or PhLi/Pyridine N Ro__
R=B—Fd—L . B—Pd—I - { N—B—Pd—
R
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= = idi 7

R = Ph, L = pyridine (76a) 37 R = H (75a), Me (75b)

R = Me, L = PMe; (76b)
R =Bn, L = PMes (76c)
R = CH,SiMes, L = PMe; (76d)

P Pr, [/ QP Pry PPr
Z | |
_\ co _H

- = B—Ir—CO

‘ 0]6) /
P Pr, P'Pr, PPr,
74 77 78

Scheme 1-12. Diarylboryl (PBP)Pd complexes and their reactivity

1.4 Rhodium Catalyzed Alkylation of Pyridines with Inactivated Alkenes

The addition reaction is an atom economic way to generate desired C—C coupling
product with no side product. It attracts people’s attention if functionalization of aromatic
C—H bond can be achieved by adding a C—H bond to alkenes to generate the alkylated
product. This kind of reactivity can be achieved by using a transition metal catalyst,0% 104
The hydroarylation catalyzed by rhodium complexes usually initiated by a C—H activation,
followed by the aryl insertion into the alkene. Thus, the substrate could be arene with
phosphorous or heterocyclic directing groups, aromatic ketones/ketimines, or
phenols/anilines.1%>1% Here, hydroarylation of olefins with substrates containing pyridyl

groups catalyzed by Rh complexes was summarized.
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1.4.1 Pyridyl as An Intact Directing Group

In 1994, Kim and co-workers reported the alkylation of 2-phenylpyridines with
olefins by [Rh(coe).Cl]2/PCys (Scheme 1-13, equation a).1%” Olefin added selectively to
the aromatic C—H ortho to the pyridyl group and formed the linear product. The proposed
mechanism attributes this selectivity to the coordination between the pyridyl group and
Rh (Scheme 1-13, 79a-79c). The substituent on the C3 position of pyridine added steric
hindrance, resulting in only the mono alkylated product.’?” 1% \When chiral phosphine
ligand (80) was used instead of PCys, this reactivity introduced axial chirality to rotation
restricted biaryl compounds (Scheme 1-13, equation b). 1% In 2012, Shibata and co-
workers reported an intramolecular cyclization of 2-aryl-3-vinylpyridines with Rh(lll)-
catalyst and Cu(OAC): as a catalytic additive (Scheme 1-13, equation c).11° Besides phenyl
alkylation with olefins, the pyridyl group was also introduced as a directing group for
thienyl alkylation!'* or C3 pyridyl alkylation'?. Introducing a pyridyl group for selective

C—H alkylation of 1-naphthylamide was also reported.'*3
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o R' [Rh(coe),Cl],

\ ) )

N PCys
X R'= By, "Bu, 120 °C,48h

Si(OMe)3, "Pr

R=H, Me

/ |
Cp*RhCI
N - [Cp 22
Cu(OAc),
120 °C, 48 h

Scheme 1-13. Hydroarylation of inactivated olefins with 2-phenylpyridines

1.4.2 C-H Alkylation of the Pyridyl Groups
In 2007, Ellman and co-workers reported the ortho alkylation of pyridines
catalyzed by Rh(l) catalyst (Scheme 1-14, equation a).}'* Based on their research, no

reactivity was observed when no additive or Lewis acids such as MgBr, were added to the
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Rh/PCyz system. However, using a Brgnsted acid, such as 2,6-lutidine hydrobromide as
an additive, provided the desired ortho alkylated pyridines. Thus, the best condition was
the combination of RhCl(coe). and PCy3HCI. The substrate scope was limited to pyridines
with ortho substituents and increased steric hindrance led to an increase in both alkylation
rate and isolated yield of alkylated product. Consistent with the findings of Carmona and
Esteruelas in 20061°116 substituents at the 2- and 5-positions introduce steric interactions
that either promote or attenuate, respectively, the propensity of forming the C-bound Rh
complex necessary for C—H functionalization relative to the N-bound form. Thus, pyridine
and 2,5-disubstituted pyridines were alkylated in less than 5% yield. With different olefin,
both linear and branched products were observed. In 2010, they reported that cyclization
of tethered pyridines and quinolines were accomplished with Rh/PCyz system (Scheme I-
14, equation b).}Y" Alkene isomerization was observed in this reaction (Scheme 1-14,
equation c).In 2018, Nakao and co-workers reported pyridine ortho-alkylation catalyzed

by Rh complex 81 featuring an aluminyl type pincer ligand (Scheme 1-14, equation d).?°
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R4 N [RhCl(coe),]
= R4 (coe)zl> R, N R,
| + PCy3HCI =
\/ R3 / R | (a)

165 °C

Ry YA
Ro
N
[RhCl(cod)];  Rix
PCy3 |
R 165 °C ~ 0 R
[RhCI(cod)], X 0, CRy
PCy3
T 1e5°C

X

| + /\R
= / L R (d)
N AN /
R = Ph, Al—Rh R = Ph, CgH13, SiMe
C6H13, SiMe N/ /
81 \/PiPrg

L = Norbornadiene

Scheme I-14. Rh(l) catalyzed pyridine ortho alkylation
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CHAPTER II

SILVER HALIDE COMPLEXES OF A BORANE/BIS(PHOSPHINE) LIGAND*

2.1 Introduction

Incorporation of Z-type, Lewis-acidic sites into polydentate ligands has become
one of the widely used tools to influence reactivity at the metal centers.®> 118119 | jgands
containing borane sites connected to flanking phosphine donors via an ortho-phenylene
linkage have been especially prominent (Figure 11-1).3> 11 Borane/bis(phosphine) DPB>®
67 and borane/tris(phosphine) TPB are closely related and have been used to analyze the
fundamentals of the M-Z bonding*®#2 4":% and in applications such as hydrogenation’
and dinitrogen reduction'®, Our group recently became interested in 6 as a precursor to
boryl/bis(phosphine) pincer complexes of Rh and Ir, which are obtained via insertion of
the transition metal into the B-Ph bond.?” 3" % Tauchert et al. disclosed the related work

with Pd.564 78

* Reproduced in whole from “Silver Halide Complexes of a Borane/Bis(Phosphine)
Ligand” by Cao, Y.; Shih, W.-C.; Bhuvanesh, N.; Ozerov, O. V. Dalton Trans. 2019, 48,
9959-9961. Copyright [2019] by Royal Society of Chemistry. The synthesis and crystal
structure of 201 has been developed and solved by our former group members Dr. Wei-
Chun Shih. The crystal structure of 204 was solved by crystallographer Dr. Nattamai
Bhuvanesh.
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- 2
RoP—M—p PR,
n R2
R = Pr, (BPPTy)ML, R = Pr, (PBPPPIP)ML,,

R = Ph, (PBP"PPR)ML,,

Figure 11-1. Generic depiction of complexes of borane/tris(phosphine) and
borane/bis(phosphine) ligands emphasizing the Z-type interactions of the metal with
the central borane unit

The binding of TPB was studied with Cu, Ag, and Au monochlorides.*! Bourissou
and coworkers examined the CuCl adduct with 6’2and AuCl adducts with both 6 and 7.7
Building on Bourissou’s work, Inagaki, Mukai and coworkers utilized cationic (DPB)Au
complexes for the catalysis of cyclization reactions.?%-%% 12 The lack of studies of the
complexes of silver with bis(phosphine)/borane ligands moved us to examine the nature
of the complexes of 6 with silver monohalides, and specifically whether the borane moiety
would show interactions with either the silver center or with the halide.

2.2 Result and Discussion
2.2.1 Synthesis of Silver Complexes with Borane Ligand

Stirring AgF with 5 in a 1:1 ratio in toluene overnight resulted in the formation of
201, which was isolated in 89% yield upon workup (Scheme 1I-1). The other AgX
complexes were prepared by treatment of pure 201 with 2-20 equiv. of the corresponding
MesSiX reagent (Scheme 11-1).  These reactions resulted in the formation of MesSiF (*H

NMR: 0.020 ppm) and new complexes 202/203/204. We were able to isolate a 68%
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yield of an analytically pure solid of the iodo complex 204. The bromide and chloride
analogs 203 and 202 were the dominant products as indicated by NMR spectroscopy, but
persistently contained ca. 2-3% of an impurity that we were not able to identify or
completely remove. We cannot rule out that these impurities are isomers of 202 or 203,

but they do not appear to possess the structure of 204.

| 4
ij " Toluene Q’P—Ag P‘Q

|

Ph  + AgF Ph—B—F F—B—Ph
RT, overnight
PPr, /(I}ZAQ—PW\
6 201
|s0°C _|50°C _|50°C
Me3SiCll oyernight Me3SiBr| overnight MesSil overnight
Y
RPry R'Pr, Q—P’Prz
A o\ o\
B 7g-CI B 7g-Br B ?g—l
@—P’Pr2 <j>—|vipr2 <j>—|vipr2
202 203 204

Scheme 11-1. Syntheses of AgX adducts of 6

2.2.2 Spectroscopic Characterization
The NMR spectra of the 202/203/204 complexes were very similar to each other
and starkly different from the spectra of 201, which presented an especially complex
pattern in the 3'P NMR spectrum. This pattern was analyzed as arising from a pair of

inequivalent 3P nuclei attached to each Ag atom. The two 3'P nuclei at the same Ag are
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coupled to each other, in addition to each being coupled (with its own coupling constants)
to one F nucleus and one silver nucleus.  Since silver is composed of two S = %2 isotopes
(1’Ag and ®Ag) in a ca. 52:48 ratio, each type of the 3!P nucleus gives rise to a

concentric, overlapping pair of ddd resonances (Figure 11-2).

OO O~NONLOW® -0 |
DONTANDINTOAN~N~O© e

"""" ~NWWWIWWW ST T P—A ‘,p, NOOOOOOWITIITITITONNND D

‘ ' / )

Ph-B—F F—-B-Ph
—P—Ag—P—

Pg (couple to 7Ag) Pa (couple to 77Ag)

Pa: 25.2 (ddd, Jr-» = 134 Hz, Jr.r = 81 Hz, Jags = 530 and 459 Hz)

Pg (couplefto %°Ag) Pe: 36.6 (ddd, Jo» = 134 Hz, Jpr = 103 Hz, Jag» = 579 and 502 H2) P, (couplé to °Ag)

Wwﬂu w \JMM
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Figure 11-2. 3'P{*H} NMR spectrum of 201 in CsDs at RT measured on a 500 MHz
Varian NMR

The °F NMR resonance of 201 is relatively broad, consistent with fluorine being
attached to a quadrupolar boron nucleus. In addition, 201 displayed an !B NMR resonance
at 7.7 ppm, indicating an sp®-hybridized, four-coordinate boron. On the other hand,

202/203/204 gave rise to a !B NMR resonance in the 61-64 ppm range, contained
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equivalent phosphines and time-averaged Cs symmetry overall in its NMR spectra. The
magnitude of the Jag-r values in 202/203/204 was about 20% smaller than in 201.

Table 11-1. *B{*H} NMR, 3!P{*H} NMR chemical shifts and J Values (in Hz) of Ag
Complexes

118{1H} NMR 31P{1H} NMR J107Ag-P JlogAg-P
201 7.7 25.2; 36.6 459; 502 530; 579
202 61.5 36.8 372 430
203 61.8 35.8 367 424
204 63.6 32.7 354 410

Taken together, these spectroscopic data suggested that the boron of PBP"PP"
abstracted the fluoride from AgF, but the heavier halides in the complexes 202/203/204
remained bound to silver.

2.2.3 X-ray Diffraction Studies

The X-ray diffraction studies on 201 (Figure 11-3) and 204 (Figure 11-4)
corroborated this conclusion. 201 was found to be a dimeric molecule where each of the
newly formed fluoroborate/bis(phosphine) ligands bridges two silver centers. Although
the solid-state structure does not possess a crystallographic 2-fold axis of symmetry, it can
be viewed as nearing the C> symmetry it displays in solution on the NMR time scale.
The two phosphorus atoms in each PBP ligand (and the two phosphorus atoms attached
to each silver) are made different by virtue of the conformation the ligand adopts. For
example, although the two phosphorus atoms are separated by similar distances from the
fluoride in the same ligand, one is positioned much farther from the B-Ph group than the
other. The geometry about Ag deviates from linearity (P-Ag-P angles of ca. 151-153°),
with the Ag atom being drawn slightly into the center of the dimer, towards the borate

moieties. After the Ag-P bonds, the next four closest non-hydrogen contacts are with the
29



two fluorides (Ag-F distances in the 2.66-2.96 A range) and the Cipso/Cortho carbons of the
B-Ph group' (Ag-C distances in the ca. 2.7-2.9 A range). These distances are quite long
(cf. Ag-P bond distances of ca. 2.42-2.44 A), but the geometry clearly points to the
presence of an interaction between the cationic Ag centers and the anionic fluoroborate
centers in this zwitterionic molecule. Each Ag atom shows close contact with only one
Ph group, again underlining the pairwise inequivalence of the P atoms in 201. It is
interesting that NMR spectra of 201 show lack of fluxionality, indicating the persistence

of this inequivalence on the NMR timescale.
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Figure 11-3. Top: POV-Ray rendition of the ORTEP drawing (50% thermal
ellipsoids) of 201 showing selected atom labelling. Hydrogen atoms and isopropyl
groups are omitted for clarity. Selected bond distances (A) and angles (°) for 201:
Agl-P1, 2.4342(6); Agl-P3, 2.4425(8); Ag2-P2, 2.4323(8); Ag2-P4, 2.4255(7); Ag681,
2.928(1); Ag682, 2.667(1); Ag2-F1, 2.735(1); Ag2-F2, 2.960(1); Agl-C48, 2.901(2);
Agl-C43, 2.850(2); Ag2-C18, 2.720(2); Ag2-C13, 2.820(2); F1-B1, 1.464(2); F2-B2,
1.463(2); P1-Agl-P3, 153.03(2); P2-Ag2-P4, 151.12(2). Bottom: POV-Ray rendition
of the ORTEP drawing (50% thermal ellipsoids) of truncated 201 showing selected
atom labelling and selected interatomic distances rounded to 0.01 A



The structure of 204 is best described as approximately trigonal planar about the
Ag center, with ostensibly little if any interaction between Ag and B. The angles in the
P2Agl plane are within the 112-128° range, adding up to ca. 356.5°. Likewise, the sum
of the C-B-C angles about the boron center is ca. 357°. The Ag-B distance of ca. 2.74 A
is ca. 0.2 A longer than the Ag-B distance in (TPB)AgCI.*

Interestingly, the very weak interaction between Ag and the borane moiety in 204
is in contrast to the analogous (DPB)AUCI®® and (DPB)CuCI’? complexes (Figure 11-4).
For Au, a meaningful Au->B bond was established, which results in a near-square-planar
environment about Au with a short Au-B bond distance of 2.309(9) A. For Cu, the solid-
state structure contained four independent molecules with a varying degree of interaction
between Cu and the B-Cpn bond, with closest approach of the B and C to Cu in one of
them of ca. 2.4 A. The PoCuCl fragment in these structures is definitively pyramidalized,
with the Cu atom displaced from the P>ClI plane towards the B-C bond. Qualitatively, it is
possible to conclude that the order of the strength of interaction of the borane moiety in 6
with MHal follows the order of Au > Cu > Ag, even if different structural modes are
observed. With the TPB ligand, the metallatrane cage enforces the same structural motif
for all three coinage metal-monochloride complexes, but the strength of interaction was

also determined to be in the Au > Cu > Ag order.*
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Figure 11-4. POV-Ray rendition of the ORTEP drawing (50% thermal ellipsoids) of
204, (DPB)AUCI and (DPB)CuUCI. Top: Front view showing selected atom labelling
and M-B Distance. Hydrogen atoms and isopropyl groups are omitted for clarity.
Middle: Truncated molecules with metal center and atoms around metal. Bottom:
Truncated molecules with boron center and atoms around boron
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2.3 Conclusion

In summary, we have determined that the ligand 6 readily binds to silver
monohalides. The binding proceeds with abstraction of fluoride, but the heavier halides
remain bound to silver. These latter complexes contain a borane moiety in the same
molecule as the silver center, but the spectroscopic and structural evidence points to a very
weak interaction between B and Ag at best. The weakness of this interaction contrasts
with the observations in the analogous AuCl and CuCIl complexes reported by Bourissou
et al. earlier,>® "2 but the Au > Cu > Ag trend for the strength of interaction with a Z-type
borane among the coinage metals appears to be general.

2.4 Experimental Section
2.4.1 General Considerations

Unless specified otherwise, all manipulations were performed under an Ar
atmosphere using standard Schlenk line or glovebox techniques. Toluene, diethyl ether,
pentane, and isooctane were dried and deoxygenated (by purging) using a solvent
purification system (Innovative Technology Pure Solv MD-5 Solvent Purification System)
and stored over molecular sieves in an Ar-filled glove box. Ce¢Ds was dried over
NaK/Ph,CO/18-crown-6, distilled or vacuum transferred and stored over molecular sieves
in an Ar-filled glovebox. CH.Cl>, CDClI3, cyclohexane, and CsD12 were dried over CaHz,
distilled or vacuum transferred and stored over molecular sieves in an Ar-filled glove box.

All other chemicals were used as received from commercial vendors.
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2.4.2 Physical Methods

NMR spectra were recorded on a Varian Inova 400 (*H NMR, 399.535 MHz; 1'B
NMR, 128.185 MHz; 3'P NMR, 161.734 MHz) and Varian Inova 500 (*H NMR, 499.703
MHz; 3C NMR, 125.697 MHz; 3P NMR, 202.265 MHz; F NMR, 470.106 Hz)
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 CeDs, 7.24
for CDCls; 3C NMR: & 128.62 for CsDs, 77.16 for CDCls). !B NMR spectra were
referenced externally with BF; etherate at & 0. 3P NMR spectra were referenced externally
with 85% phosphoric acid at & 0. 1°F NMR spectra were referenced with pure trifluoro
acetic acid to 6 -78.5 ppm. Elemental analyses were performed by CALI Labs, Inc.
(Highland Park, NJ).

2.4.3 Synthesis and Characterization of Silver Complexes

201. To a solution of 5 (71 mg, 0.15 mmol) in

\L>/ \L k@ toluene (1 mL) was added silver fluoride (19 mg,

P—Ag—P

Ph_B_F F—B_ph 0.15 mmol), and the resulting suspension was

stirred at room temperature overnight. The solution

P—Ag—R
/(>\ /<>\ was filtered through Celite, and the volatiles were

removed under vacuum. The resulting solid was recrystallized in toluene layer pentane

(1:3), yielding a white solid (80 mg, 89%). 3P{*H} NMR (202 MHz, CsDs): & 25.2 (ddd,
Jp-p = 134 Hz, Jp-r = 81 Hz, J*% pg.p = 459 Hz, J*%®a¢.p = 530 Hz), 36.6 (ddd, Jp-p = 134 Hz,
Jpr = 103 Hz, J17a0p = 502 Hz, J*®qp = 579 Hz). L'B{*H} NMR (128 MHz, CeDs): 5

7.7 (br). °F NMR (470 MHz, CsDs) & -181.7 (br). 'H NMR (500 MHz, CsDs) & 8.78 (d,
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Jn-n = 5.2 Hz, 1H), 7.49 (m, 1H), 7.36 (m, 2H), 7.12 (m, 5H), 7.03 (t, Jn-n = 7.1 Hz, 1H),
6.97 (d, Jn-n = 7.4 Hz, 1H), 6.83 (t, Ju-rs = 7.3 Hz, 1H), 6.07 (t, Jun = 7.1 Hz, 1H), 2.80
(m, 1H, CHMey), 2.27 (m, 1H, CHMey), 2.14 (m, 1H, CHMey), 2.08 (m, 1H, CHMe),
1.28 (m, 6H, CHMey), 1.17 (dd, Ju-n = 18.1 Hz, Ju-p = 7.6 Hz, 3H, CHMey), 1.01 (m, 6H,
CHMe), 0.94 (dd, Jn-+ = 16.8 Hz, Jup = 6.7 Hz, 3H, CHMez), 0.78 (dd, Jn-+ = 8.9 Hz, Jn-
p = 7.5 Hz, 3H, CHMey), 0.74 (dd, Ju-n = 15.2 Hz, Ju-p = 7.0 Hz, 3H, CHMe,). BC{H}
NMR (126 MHz, CsDs) 6 167.5 (s), 162.9 (s), 158.9 (s), 139.1 (dd, Jpc = 12.4 Hz, Jp-c =
7.7 Hz), 137.0 (d, Jp-c = 14.4 Hz), 135.4 (s), 133.9 (m), 132.1 (s), 129.9 (d, Jp.c = 3.5 H2),
129.4 (s), 129.0 (s), 128.4 (s), 128.2 (d, Jp-c = 1.9 Hz), 127.7 (s), 127.1 (s), 125.5 (s), 124.9
(d, Jp-c = 4.6 Hz), 124.4 (d, Jp-c = 5.8 Hz), 27.8 (dd, Jp-c = 12.4 Hz, Jp-c = 3.8 Hz), 25.9
(dd, Jpc = 13.1 Hz, Jp.c = 5.0 Hz), 24.6 (dd, Jp.c = 11.7 Hz, Jp.c = 5.5 Hz), 23.5 (d, Jp-c =
12.6 Hz), 23.2 (d, Jp.c = 13.1 Hz), 22.1 (d, Jp-c = 6.7 Hz), 22.0 (d, Jp.c = 6.1 HZz), 21.2 (t,
Jp.c =10.9 Hz), 21.0 (t, Jp-c = 9.4 Hz), 16.3 (dd, Jp-c = 7.8, 4.7 Hz). Elem. Anal. Calcd.

for CeoHs2AQ2B2F2P4: C, 59.93; H, 6.87. Found: C, 60.04; H, 6.89

204. To a solution of 201 (60 mg, 0.050 mmol) in toluene (4
Ph PKP r2 mL) was added iodotrimethylsilane (20 puL, 0.10 mmol), and the
v

B---/Ag—l resulting mixture was stirred at 55 °C overnight. Large amounts

C}/Piprz of solid crashed out gradually during the heating. The volatiles

were removed under vacuum, and the resulting solid was

recrystallized in THF layer pentane (1:2), yielding a fluorescent green solid (48 mg, 68
%). 31P{*H} NMR (121 MHz, CsDs): & 32.7 (d, J*®ag.p = 410 Hz), 36.8 (d, J*%"ag-r = 354

Hz). “B{*H} NMR (128 MHz, CsDs): 5 63.5 (br). 'H NMR (500 MHz, CeDs) & 7.38 (dd,

36



Jun=T7.0, 2.4 Hz, 2H), 7.21 (d, Ju.+ = 7.5 Hz, 2H), 7.16 (m, 3H), 7.09 (m, 4H), 7.02 (td,
Jun = 7.5, 0.7 Hz, 2H), 2.39 (m, 2H, CHMey), 2.13 (m, 2H, CHMey), 1.31 (m, 12H,
CHMey), 1.09 (dvt, 6H, CHMey), 0.78 (dvt, 6H, CHMey). 3C{*H} NMR (126 MHz,
CDCls): § 155.8 (m), 144.4 (s), 135.6 (s), 135.4 (td, Jpc = 13.3 Hz, Jo.ag = 3.9 Hz), 132.2
(s), 131.7 (m), 131.5 (t, Jp-c = 10.3 Hz),129.6(s), 128.3 (s), 127.9 (s), 26.5 (t, Jr.c = 8.3
Hz), 24.8 (m), 20.6 (t, Jp.c =4.0 Hz), 20.2 (t, Jp.c = 4.4 Hz), 19.5 (s), 17.9 (S). Elem. Anal.
Calcd. for C3oHs1AgBIP2: C, 50.81; H, 5.83. Found: C, 50.57; H, 5.63.

NMR tube reaction to generate 202. To a solution of 201 (12 mg, 0.010 mmol)
in CsDe (400 pL) was added chlorotrimethylsilane (5.0 uL, 0.040 mmol), and the resulting
mixture was heated at 55 °C overnight. The in situ *H NMR (500 MHz, CsDs) spectrum
indicated the generation of TMSF (0.020 ppm, singlet). The volatiles were removed under
vacuum, and the resulting solid was redissolved in Ce¢Ds for spectroscopic analysis,
showing 97% 202 in solution according to *:P{*H} NMR spectrum, and the spectroscopic
details are similar to 204. 31P{*H} NMR (121 MHz, CsDs): & 36.8 (d, J*®aq-r = 430 Hz),
36.8 (d, 3197 ag.p = 372 Hz). !B NMR (128 MHz, CeDs): 5 61.4 (br). *H NMR (500 MHz,
CeDs) & 7.39 (m, 2H), 7.26 (d, Jun = 7.5 Hz, 2H), 7.16 (m, 3H), 7.08 (m, 4H), 7.03 (t, I
w= 7.1 Hz, 2H), 2.30 (m, 2H, CHMe), 2.12 (m, 2H, CHMey), 1.34 (dvt, 6H, CHMe),
1.28 (dvt, 6H, CHMey), 1.08 (dvt, 6H, CHMey), 0.81 (dvt, 6H, CHMey).

NMR tube reaction to generate 203. To a solution of 201 (12 mg, 0.010 mmol)
in CsDe (400 pL) was added bromotrimethylsilane (5.0 uL, 0.040 mmol), and the resulting
mixture was heated at 55 °C overnight. The in situ *H NMR (500 MHz, CsDs) spectrum

indicated the generation of TMSF (0.020 ppm, singlet). The volatiles were removed under
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vacuum, and the resulting solid was redissolved in Ce¢Ds for spectroscopic analysis,
showing at least 98% 203 in solution (*H NMR evidence), which has similar spectroscopic
details to 204. 3'P{*H} NMR (202 MHz, CeDs): & 35.8 (d, J'%aq-r = 424 Hz), 35.8 (d,
JH7pg-p = 367 Hz). 1B NMR (128 MHz, CsDs): & 61.8 (br). 'H NMR (500 MHz, CeDs) &
7.39 (m, 2H), 7.24 (d, Ju.s = 7.5 Hz, 2H), 7.16 (m, 3H), 7.05 (m, 4H), 7.03 (t, Jhn= 7.4
Hz, 2H). 2.33 (m, 2H, CHMey), 2.11 (m, 2H, CHMe>), 1.31 (m, 12H, CHMe>), 1.08 (dwvt,

6H, CHMe;), 0.80 (dvt, 6H, CHMey).
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Figure 11-5. 'H NMR stacked spectrum (500 MHz, CeDs) of 204/203/202 in CeDe. Red,
204; Green, 203; Blue, 202
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2.4.4 X-Ray Structural Determination Details.

The X-ray crystal data (cifs) could be obtained by the follow link:
https://doi.org/10.1039/C9DT02100K.

X-Ray data collection, solution, and refinement for [(PBP"FP)Ag]. (201,
CCDC 1874148). A colorless, multi-faceted block of suitable size (0.52 x 0.29 x 0.28
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.'?2 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). 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.*?
The SQUEEZE protocol included in PLATON was used to account for disordered solvent
molecules found in the crystal lattice that could not be satisfactorily modeled.*?

X-Ray data collection, solution, and refinement for (PBP"P)Agl (204, CCDC

1874150). A Leica MZ 75 microscope was used to identify a suitable colorless block with
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well-defined faces with dimensions 0.467 x 0.372 x 0.304 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. A BRUKER APEX 2 Duo X-ray
(three-circle) diffractometer was employed for crystal screening, unit cell determination,
and data collection. The goniometer was controlled using the APEX2 software suite,
v2008-6.0.122 The sample was optically centered with the aid of a video camera such that
no translations were observed as the crystal was rotated through all positions. The detector
was set at 6.0 cm from the crystal sample (APEX2, 512x512 pixel). The X-ray radiation
employed was generated from a Mo sealed X-ray tube (Ko = 0.71073A with a potential of
40 kV and a current of 40 mA). 45 data frames were taken at widths of 1.0°. These
reflections were used in the auto-indexing procedure to determine the unit cell. A suitable
cell was found and refined by nonlinear least squares and Bravais lattice procedures. The
unit cell was verified by examination of the h k | overlays on several frames of data. No
super-cell or erroneous reflections were observed. After careful examination of the unit
cell, an extended data collection procedure (15 sets) was initiated using omega scans.
Integrated intensity information for each reflection was obtained by reduction of the data
frames with the program APEX2.!?2 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'?3 was employed
to correct the data for absorption effects. Systematic reflection conditions and statistical
tests of the data suggested the space group P2:/n. A solution was obtained readily using
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XT/XS in APEX2.122: 124127129 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. Absence of additional symmetry and voids were
confirmed using PLATON (ADDSY M). The structure was refined (weighted least squares
refinement on F?) to convergence.l?* 1277130 Qlex2 was employed for the final data

presentation.*°
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CHAPTER IlI

ADDITION OF O-H, N-H AND F-H BONDS ACROSS A BORYL-IRIDIUM UNIT¥

3.1 Introduction

Cleavage of chemical bonds by means of metal-ligand cooperation is a burgeoning
area of chemistry.131"132 The most common general motif involves the splitting of H-H and
other H-X bonds utilizing a basic ligand site to accept a proton and a Lewis-acidic site at
the transition metal center to accept a hydride or another X" anion.  These transformations
are critical in many designs for the catalytic hydrogenation and dehydrogenation of polar
C-O bond-containing substrates (Scheme 111-1).133-13¢ The combination of a basic site on
the ligand and a Lewis acidic site on the metal can be viewed as a transition metal-based

frustrated Lewis pair.t37-13

. ; H
F|>'Pr2 H/P‘Prz Fl>'Pr2 HoX }\I/X\\

— H _ /) U H —>- i
it o A e e
O co W ér \x (| co ProP™ | ~CO
PiPr, X=H, OH 2 PPry x= H, formate H
301 302 303 304

Scheme 111-1. Selected H-X splitting examples relevant to hydrogenation catalysis

We recently became interested in the chemistry of metal complexes supported by

a boryl/bis(phosphine) PBP pincer ligand and reported on the synthesis of complex 74.1%

1 Reproduced in whole from “Addition of O-H, N-H and F-H Bonds across a Boryl-
Iridium Unit” by Cao, Y.; Shih, W.-C.; Ozerov, O. V. Organometallics, 2019, 38, 4076-
4081. Copyright [2019] by American Chemical Society. The synthesis and crystal
structure of 307a and 316b has been developed and solved by our former group members
Dr. Wei-Chun Shih.
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74 contains an electron-rich monovalent Ir center and a Lewis acidic boryl ligand,
representing an inverse electronic situation from addition to PNP complexes'*° in Scheme
I11-2. Supporting ligands that contain an element directly bound to the metal that in
addition acts as a non-innocent Lewis acid as opposed to a base are generally much less
common.?® 118 141-142 The | ewis acids in the chelating ligands typically interact with the
metal or the substrate, but not both.}43-1%° We surmised that 74 should undergo cleavage
of H-X bonds, depositing the proton on the basic Ir and the X" anion on the boron center.

Herein we present the results of this investigation with polar H-X bonds.

F
P'Pr, ’
N—Pt® —H }\1
AN t/PIPr2
P'Pr, ProP” @ “Ph
F 305 306

Scheme 111-2. C-H activation utilizing Lewis-basic PNP unit in Pd complex 305

We recently reported that 74 mediates selective ortho-CH activation of pyridine
derivatives (Scheme I11-3) whereby the pyridine nitrogen is captured by the Lewis acidic
boryl and the electron-rich Ir undergoes oxidative addition (after loss of CO) of an ortho-
CH bond.*” A closely related transformation was reported by Nakao et al. with a Lewis
acidic aluminyl ligand on Rh.?® Although the pyridine chemistry also involves the Lewis
acidic non-innocence of the boryl, it is different from the presently reported findings in
that the cleavage of the H-X (ortho-CH in pyridine) deposits both the H and the X on Ir

and in that the heteroatom binding to B is not part of the X-H bond being cleaved.
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Scheme 111-3. C-H activation utilizing Lewis-acidic (PBP or PAIP) non-innocent
pincer ligand and H-X cleavage utilizing Lewis-acidic PBP
3.2 Result and Discussion
3.2.1 O-H and F-H Cleavage Reactions

First, we investigated reactions with substrates containing O-H bonds, summarized
in Scheme I11-4. Reactions of 74 with water, methanol, ethanol, cyclohexanol and p-
XC6H40H (X = H, CF3, or OMe) proceeded to completion at ambient temperature or at
50 °C (for PhOH), generating pale-yellow compounds 307a-313a. Compounds 307a,
309a and 311a were isolated and fully characterized, whereas 308a, 310a, 312a, and 313a
were only observed in situ. On the other hand, thermolysis of 74 with '‘BuOH for 2 d at
50 °C did not form an analogous product (94% 74 remained unreacted). Reactions of 74
with 1.1 equiv of benzoic acid or 0.44 equiv. Et3N<3HF resulted in immediate color
change and were judged to be complete in <5 min at ambient temperature based on NMR
evidence. The reaction with PhCOOH produced a 95:5 mixture of 314a and 314b.
Addition of 1 atm of CO to this mixture permitted formation of pure 314a, whereas

subjecting a similar mixture to dynamic vacuum and isolation by recrystallization yielded
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pure 314b (See section 3.4.3 for details). The reaction with Et3N<3HF yielded only a
single product 315a. It is interesting to note that under the conditions of the experiments
in Scheme I11-4, the diarylboryl moiety appears to be resistant to protolysis of the boron-

carbon bonds, in contrast to metal boryls with heteroatom substituents. 146147

PPr,
€0
QTIPFZ HO—B—/ir—CO |
Hl P'Pr
cO i 2
F-B—Ir“CO GPH Pr2 : | co
H 3154 2072 MeO—B—Ir=CO
PP, Wl
P’Pr2
0.44 equiv. 15 equiv. H,O
PiPr, 3HF-NEt, RT 3h 308a
|/CO RT 5 mi 10 equiv. MeOH
Ph(0)CO—B—Ir—CO ;o min RT, 12 h
o
PPr, 314a .
1.1 equiv. P/Pr, PP(r)zo
+co| -CO PhCOOH | co 15 5 equiv. EtOH EtOH |/
- _|r CO EtO—B—Ir—CO
i RT, 5 min RT 12h o
P Prz i
H| P Pr, PPra
Nr—
74 309a
5 equiv. CyOH
'BuOH RT, a week
)( PIPr2
co
CyO—B—Ir=CO
! |
XCgH,0—B—Ir—CO H
/| X =H, 311a NR P'Pr,
pipr, X =CFj3 312a
> X=MeO, 313a 310a

Scheme 111-4. Addition of O-H, and F-H bonds across iridium-boryl unit of 74

3.2.2 N-H Cleavage Studies.
Probing the potential N-H addition, it was determined (NMR evidence) that no

reaction took place after diethylamine, t-butylamine, aniline, p-anisidine or pyrrole (1-7
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equiv.) were individually added to CsDs solutions of 74 and heated at 50 °C for 12 h
(Scheme 111-5). In contrast, addition of 2.5 equiv. of n-butylamine to the dark-red
solution of 74 resulted in an immediate lightening of the color. The 3P{*H} NMR spectra
taken within 5 min of mixing show two signals. One was tentatively identified as 316a
(7%) based on the similarity of the NMR spectroscopic features with 307a-315a (vide
infra). The other was interpreted as a time- and weight-averaged signal for 74 and 316¢
in rapid equilibrium. IR spectroscopy of this mixture (the signals of 316a were obscured)
indicated the presence of two pairs of overlapping bands, one of which belongs to 74 and
the other we assign to 316c. 316¢ possesses CO stretching frequencies quite similar to the
DMAP adduct of 74 we characterized previously.®” The fraction of 316¢ increased with a
higher concentration of "BuNH> added as evidenced by the relative increase in intensity
of the IR bands of 316¢ and the more upfield shift of the average !B NMR resonance
(details in section 3.4.3.3). Following thermolysis of the mixture resulting from the

treatment of 74 with "BuNH> and workup, 316b was isolated in a pure form.
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Scheme 111-5. Addition of O-H, N-H, F-H bonds across iridium-boryl unit of 74

3.2.3 Spectroscopic Characterization

Products 307a-315a show spectroscopic characteristics consistent with possessing
analogous structures resulting from the addition of an X—H bond across the B—Ir unit
(Table I11-1). Each displays an Ir—H resonance in the narrow -11.2 to -11.5 ppm region
of their *H NMR spectra, and a *'P NMR resonance in the likewise narrow 50.1-55.4 ppm
range. The presence of a signal between 12.6-22.9 ppm in the 'B{*H} NMR spectra
indicates sp® hybridization for the boron in 307a-316a. These compounds also display two
CO stretching bands of approximately equal intensity in their IR spectra, consistent with
the cis-dicarbonyl nature.  The hydride is thus disposed trans to one of the CO ligands in
307a-316a. In principle, both syn- and anti-isomers are conceivable with respect to the

orientation of Ir-H vs B-X. Based on the very high degree of similarity of the
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spectroscopic data, we assume that all of 307a-316a are anti-isomers based on the
structural determination for 309a (vide infra).

Table I11-1. Spectral data for all the products

Compound | 'HNMR (Ir-H) B NMR 3P NMR (ppm)  vco(cm™)
number (ppm) (ppm)

307a -11.24 19.7 54.4 2001; 1957
308a -11.50 23.5 53.9 2006; 1961
309a -11.50 22.9 53.6 2004; 1958
310a -11.56 25.0 50.1 2007; 1976
31la -11.35 15.7 53.9 2021; 1976
312a -11.35 15.7 53.9 2030; 1985
313a -11.34 16.6 53.9 2027; 1981
314a -11.24 12.6 53.6 2028; 1981
314b -22.44 26.5 60.0 1953

315a -11.36 18.6 55.4 2019; 1979
316a -11.31 21.0 54.0 -a

316b -17.68 9.6 56.0; 48.6 1927

316¢ NA See section® See section® 1922¢: 1881
317a -11.11 95.0 55.2 2078; 2032

2 Only 7% 316a generated in situ, IR bands not detected. P At ambient temperature, a
weighted average of the equilibrium mixture 74 and 316¢ was observed. ¢ This band
overlaps with one of the bands for 74,

A single *H NMR Ir-H signal at a higher field than for 307a-316a was detected for
each of 314b (-22.44 ppm) and 316b (-17.68 ppm). We interpret this as supportive of a
hydride trans to a donor (O or N) of weaker trans influence compared to CO. Resonances
at 26.5 ppm for 314b and 9.6 ppm for 316b in the 1'B{*H} NMR spectrum substantiate a
four-coordinate boron center. The presence of only a single CO stretch in the IR spectra
of 314b or 316b confirms their monocarbonyl structure. In addition, the C; symmetry of
the NMR spectra of 316b is consistent with the presence of a four-coordinate nitrogen as

a chiral center.
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3.2.4 X-ray Diffraction Studies

Figure I111-1. POV-Ray rendition of the ORTEP drawing (50% thermal ellipsoids) of
309a and 316b showing selected atom labeling. Hydrogen atoms are omitted except
Ir-H for clarity. Selected bond distances (A) and angles (°) for 309a: Ir-C1, 1.978(8);
Ir-C2, 1.883(7); Ir-B1, 2.479(8); Ir-P1, 2.330(2); Ir-P2, 2.307(2); Ir-H1, 1.4350(8); B1-
03, 1.466(8); C1-0O1, 1.15(1); P1-Ir-P2, 150.04(6); C3-B1-Ir, 108.0(4); C3-B1-C4,
114.9(5); C4-B1-Ir, 104.2(4). Selected bond distances (A) and angles (°) for 316b: Ir-
C1, 1.906(4); Ir-P1, 2.2907(8); Ir-P2, 2.2714(8); Ir-H1, 1.31(3); Ir-B1, 2.272(4); Ir-
N1, 2.176(2); C1-O1, 1.146(5); B1-N1, 1.516(4); P1-1r-P2, 138.47(3); Ir-B1-C3,
115.8(13); Ir-B1-C4, 113.4(2); C3-B1-C4, 122.0(3)

Solid-state structures of 309a and 316b were determined by X-ray diffractometry
on suitable single crystals (Figure I11-1). Both structures can be viewed as distorted
octahedral about Ir, with the N donor in 316b taking the place of the “missing” carbonyl.
The structure of 309a can be analyzed as arising from the Ir->B interaction of the IrXLa
fragment with a Z-type borane. The Ir-B distance of 2.479(8) A in 309a is expectedly
longer than the Ir-Bpory distance in 74 (2.137(3) A)'% or the typical Ir-Bpin (pin =

pinacolate) distances of 2.02-2.07 A.248-1%0 However, it is also considerably longer than is

typical for Ir->BR3 (or Rh->BR3) interactions recorded in related complexes with the Z-
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type borane being a part of a chelating ligand.*® 57-"% Nonetheless, other considerations
strongly support the presence of an Ir->B interaction in 309a. The !B NMR chemical
shift of 22.9 ppm is upfield of that for Ph,BOEt (45.1 ppm)**! as a reference for a free
diarylalkoxyborane. The B-O distance in 309a (1.466(8) A) is similar to the B-O distance
in 3B (1.4542(16) A, Figure 111-2)!%2, an amine adduct of a diarylalkoxyborane and
considerably longer than that in ferrocenyl boronate 3A (1.365(2) A)'*® with an sp?
hybridized boron. The sum of non-iridium angles about the boron center in 309a is ca.

332.8°, in line with the values in related Z-type borane complexes. 6 70 143, 151

B @) \ / Q—PiPI’Z

| : N Cco
O Ph\ / |
e \&O B ) Eto—B—Ir’—co
V(G Ph o {

O H
>0 GPiPrz
3A 3B 309a
1.365(2) A 1.4542(16) A 1.466(8) A

Figure 111-2. Comparison of B-O bond distances

For the structure of 316b, three idealized arrow representations can be conceived
(Figure I11-4): 1) the amido-Ir fragment donating to a boryl-Ir Lewis acid (3F), 2) the
aminoborane as a Z-type acceptor at B and an L donor via N (3G), and 3) a complex of
the B=N z-bond or aminoborane (3H), i.e., a “borataimmonium.”***1% These are not
isomers but rather different “dramatizations” of a description of the same structure.™’ In
addition, representation 3G may be viewed as a dramatization of the necessarily

dissymmetric bonding/back-bonding interaction depicted in the representation 3H. The

1B NMR chemical shift of 316b (9.6 ppm) indicates a sp>-hybridized boron. The Ir-B
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distance (2.272(4) A) is squarely in the range of Ir>B Z-type complexes. The Ir-N
distance in 316b (2.176(2) A) is considerably longer than the typical Ir-Namido distances'*®
198161 hyt is in the range for Ir-Namine Structures. For example, Ir-N distances in the
complexes of the [(‘BuzPCH2CH,):NH] ligand are ca. 2.2 A.162164 The B-N distance in
316b (1.516(4) A) is notably shorter than the B-N distances in 3C (1.613(3) A)*" or 3D
(1.582(3) A)!%, even though 316b contains a sp°, not a sp? nitrogen. While it is longer
than the B-N bond in a pyrrolyl-substituted three-coordinate boron in 3E (1.472(7) A)6,
the B-N, Ir-N, and the Ir-B distances appear to be more consistent with the representation
3G. Onthe other hand, consideration of the pyramidalization at B is less clear cut. The
sum of non-Ir angles about B is ca. 348.4°, whereas the sum of non-nitrogen angles about
B is similar at 351.2°. Both values suggest low pyramidalization but undoubtedly, in part

this is a geometric consequence of the acute B/Ir/N triangle.

R
N
\ Ar\ —
[\II/ NH /B—N _
N\ ! S
B\I _~PPr B\lr/P'Pr2 Ar d
. r i ~
’PrzP/|_'| CcoO IPrZP l \CO Ar = Mes
H R = Thienyl!
3C 316b 3E
1.613(3) A 1.582(3) A 1.516(4) A 1.472(7) A

Figure 111-3. Comparison of B-N bond distances
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Figure I11-4. Plausible representations of the structure of 316b

3.2.5 Mechanistic Considerations

The faster apparent reactions with PhnCOOH vs phenol or alcohols, and the lack of
reaction with the weakest O-H acid tested (‘BuOH) suggested the Bransted acidity of ROH
is important for the rate of the reaction. Confirming this notion, in separate comparative
experiments, it was observed that 1) the reaction of 74 with EtOH was faster than with
cyclohexanol 2) the reaction with p-F3CCsH4OH was faster than with PhOH, which was
faster than with p-MeOC¢H4OH. We surmised that the reaction with ROH substrates
might be initiated via the initial protonation of the Ir center in 74 by ROH (pathway 1 in
Scheme 111-6). This seemed plausible based on the studies by Brookhart et al.’®” that
showed that protonation of a (POCOP)IrCO (another neutral, monovalent Ir
pincer/carbonyl complex) by water or lower alcohols was kinetically relevant. In support
of this proposal, we prepared compound 317a by protonation of 74 with
[(Et20)2H][B(CsFs)s]. It displays a *H NMR Ir-H resonance at a similar frequency to
307a-316a, and a pair of CO stretching bands in the IR spectrum. However, in contrast
to 307a-316a, 317a gives rise to a !B NMR chemical shift (95 ppm) indicative of a sp?
hybridization at B and to IR CO stretching bands at considerably higher energies. The

1B NMR chemical shift was unchanged upon dissolution of 317a in THF. These data
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show that protonation of Ir in 74 is not accompanied by coordination of either the anion
or the ethereal solvents to 317a.

In order to estimate the acidity of 317a and thus the basicity of 74, 317a was
treated with ca. 2 equiv. of EtsN or 'ProNEt in THF. This resulted in partial deprotonation
(2% and 5%, respectively) to 74, suggesting that 74 is more basic than trialkylamines by
about an order of magnitude of Kg. Such basicity is very much in line with a proposal of

rate-limiting protonation of 74 by ROH in the reactions of O-H cleavage.

P'Pr,
/H
\ B—/Ire—CO
\) > © %' pip
i A\ r
/ F|’Pr2 ° % PiPr, / o
co /
B—i_ +HX B—Ir—=CO
~

Scheme 111-6. Proposed mechanisms for the X-H splitting

We further surmised that if 317a is an intermediate in the reactions of 74 with
ROH, then it may also serve as a catalyst for these reactions. Indeed, we discovered that
reaction of 74 with 5 equiv. of cyclohexanol was accelerated by the addition of 0.075
equiv. of 317a (67% vs 33% conversion after 15 h at RT). Similarly, when 74 was
allowed to react with 10 equiv. of 'BUOH in the presence 0.075 equiv. of 317a, after 1
week at RT, 11% conversion to a new product was observed. However, the observed

selected NMR resonances did not match those of 307a-316a closely enough, and the low
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content prevent a more complete identification for a confident assignment. Thermolysis
of this mixture at 50 °C or higher, and/or using pure tert-butyl alcohol as solvent led to the
generation of complex mixtures of unidentified compounds, and thus we were unable to
achieve full conversion to, or isolation of the new product.

It must be concluded that pathway | (Scheme 111-6) is not a plausible mechanism
for the formation of N-H cleavage products tested in this study because the N-H acidity
of these substrates is clearly insufficient. We propose that cleavage of the N-H bond in
"BuNH: instead takes place via initial coordination of the nitrogen lone pair to B (pathway
I1) and subsequent proton transfer to Ir. The nature of the proton transfer step is not clear
at this point — it may proceed intramolecularly, or with assistance from an external base.
We cannot rule out a concerted splitting of the N-H bond across B-Ir but given the
observation of 316¢ and the great disparity in N-H and B-Ir bond lengths, it seems rather
unlikely. The lack of reactivity with the N-H substrates other than "BuNH. can be ascribed
to the lower favorability of their coordination to B — either because of lower basicity (e.g.,
anilines and pyrrole) or the apparently prohibitive steric encumbrance (‘BuNH: or EtzNH).

317a as an intermediate in O-H cleavage means that the reaction is not concerted
and Kinetic selectivity for the syn-geometry for 307a-316a should not be expected. Thus,
the anti-geometry in the solid-state structure of 309a and presumably all of 307a-316a is
not surprising. In addition, we determined that 317a undergoes ready exchange with free
CD30D (leading to the formation of 317a-d1 with an Ir-D), and with 308-d4 derived from
the addition of CD30D to 74 (leading to the observation of 317a-d; and CD3OH). These

experiments suggest that the O-H cleavage products under the reaction conditions may
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exchange protons (from Ir-H) and/or RO groups (from B-OR), potentially providing a path
to the equilibration of the putative syn- and anti-isomers of 307a-316a. With regard to the
formation of 316¢, it is possible that the proton transfer (Scheme I11-6) is not
intramolecular, and thus there may also be no reason to expect kinetic selectivity for the
syn- isomer. It is also possible that syn-/anti- equilibration pathways are available to 316c.
The anti-monocarbonyl final product of N-H cleavage (316b) clearly forms via a sequence
of multiple events which we have not established in full detail. It is thus not clear
whether the anti-geometry of 316b is a consequence of the initial anti-selective formation

of 316¢ or follows from some other considerations.

/PR /—PR,
N | ROH N | H
B-Rh — @E B-RF
/ ~N,
NM' N | OR
PR MPRz

Scheme 111-7. Reactivity of the Yamashita/Nozaki diaminoboryl (PBP)Rh fragment
with certain alcohols and phenols

The reactivity of 74 with O-H bonds contrasts with that observed by Yamashita
and Nozaki in the reactions of their (PB*P)Rh fragment (Scheme 111-7). Yamashita and
Nozaki observed or proposed®? oxidative addition of the O-H bond to the Rh center (i.e.,
O binding to Rh) in reactions with alcohols and phenols instead of the 1,2-addition
described in the present paper, with O binding to boron. The difference presumably arises
from the saturated nature of the Ir center in 74 contrasted with the unsaturated Rh center
in the (PB*P)Rh fragment. The boron of the boryl ligand is a relatively weak Lewis acid

and the Ir center in 74 can only function as a base, but not as a Lewis acid.
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3.3 Conclusion

In summary, we have demonstrated that polar X-H (X = F, O, N) bonds can be
split across the boryl-iridium unit in the pincer complex 74. Mechanistic studies suggest
that for O-H bonds, the reaction proceeds via initial protonation of 74 by ROH, with
subsequent capture of the RO™ anion.  Among the tested amines, only the small "BuNH:
gave products of N-H cleavage. This reaction is ostensibly initiated by the binding of the
neutral amine to the Lewis acidic boron of the Ir boryl complex.

3.4 Experimental Section
3.4.1 General Considerations

Unless specified otherwise, all manipulations were performed under an Ar
atmosphere using standard Schlenk line or glovebox techniques. Toluene, tetrahydrofuran
(THF), and pentane were dried and deoxygenated (by purging) using a solvent purification
system (Innovative Technology Pure Solv MD-5 Solvent Purification System) and stored
over molecular sieves in an Ar-filled glove box. CsDs was dried over NaK/Ph,CO/18-
crown-6, distilled and stored over molecular sieves in an Ar-filled glovebox. C¢DsBr and
fluorobenzene were dried over CaH», vacuum transferred and stored over molecular sieves
in an Ar-filled glove box. Alcohols and amines were vacuum transferred and stored over
molecular sieves in an Ar-filled glove box. 74 and 70 were prepared via literature
procedures.?” 192 All other chemicals were used as received from commercial vendors.

3.4.2 Physical Methods
NMR spectra were recorded on Varian Inova 400 (*!B NMR, 128.185 MHz),

Bruker 400MHz (3B NMR, 128.185 MHz, *H NMR, 399.535 MHz; *'P NMR, 161.734
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MHz) and Varian Inova 500 (*H NMR, 499.703 MHz; 13C NMR, 125.697 MHz; 3P NMR,
202.265 MHz, 1B NMR, 160.231 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 CsDeg, 7.28 for C¢DsBr meta proton; 1*C NMR: § 128.62
for CeDs, 122.4 for CsDsBr ipso carbon). !B NMR spectra were referenced externally
with BF3 etherate at § 0. 3'P NMR spectra were referenced externally with 85% phosphoric
acid at § 0. 1°F NMR spectra were referenced with pure trifluoro acetic acid to & -78.5
ppm. Elemental analyses were performed by CALI Labs, Inc. (Highland Park, NJ)
3.4.3 Synthesis and Characterization of Iridium Complexes

3.4.3.1 O—H Cleavage

(PB®HP)Ir(H)(CO)2 (307a). In a 25 mL Schlenk flask, water (27
PPr
Czo uL, 1.5 mmol) was added to a THF solution (1.0 mL) of 74 (65 mg,
/
HO-B—Ir=CO
H lipr 0.10 mmol). After stirring at room temperature for 3 h, the solution
2

color changed from dark red to pale yellow. The volatiles were

removed under vacuum, and yellow solid was obtained. The sample was recrystallized in
toluene/pentane mixture (1/10) in a -35 °C freezer overnight, yielding yellow crystals (62
mg, 93%). ATR-IR: vco 2001, 1957 cm™ vir_y 2113 cm™. *H NMR (500 MHz, CeDs) &
7.88 (d, Jnn = 7.4 Hz, 2H), 7.24 (m, 2H), 7.10 (m, 2H), 7.05 (m, 2H), 2.69 (m, 2H,
CHMe), 2.19 (m, 2H, CHMe3), 1.88 (s, 1H, OH), 1.07 (m, 12H, CHMey), 0.98 (dvt, J.+
= Ju-p = 6.9 Hz, 6H, CHMey), 0.66 (dvt, Ju-H= Jur = 7.1 Hz, 6H, CHMey), -11.24 (t, Ju-p
= 15.6 Hz, 1H, Ir-H). 3'P{*H} NMR (202 MHz, CsD¢): & 54.4. “"B{*H} NMR (128 MHz,

CsDe): & 19.7. BC{*H} NMR (126 MHz, CeDs) & 182.3 (s, CO), 171.6 (s, CO), 169.7 (br
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s, C-B), 143.0 (vt, Jp.c = 28.7 Hz), 132.3 (vt, Jo.c = 10.9 Hz), 130.1 (s), 128.7 (m), 126.0

(vt, Jp-c = 3.9 Hz), 30.6 (vt, Jr.c = 14.0 Hz, CHMey), 27.9 (vt, Jp.c = 17.7 Hz, CHMey),

20.7 (s, CHMey), 20.6 (s, CHMe), 20.1 (s, CHMey), 19.0 (s, CHMe).

H

PPr,

| co

MeO—B—/Ilr—CO

PPr,

(PBOMeP)|r(H)(CO)2 (308a). In a J. Young tube, methanol (16 pL,
0.40 mmol) was added to a THF solution (2.0 mL) of 74 (26 mg,
0.040 mmol). After stirring at room temperature for 12 h, the

solution color changed from dark red to pale yellow. The volatiles

were removed under vacuum, and yellow solid was obtained. The sample was dissolved

in CsDs for spectral characterization. ATR-IR: vco 2006, 1961 cm™. *H NMR (400 MHz,

CsDs): & 7.84 (d, Jun = 7.5 Hz, 2H), 7.24 (t, Juw = 7.3 Hz, 2H), 7.13 (m, 2H), 7.05 (m,

2H), 3.47 (s, 3H, OCHs), 2.67 (m, 2H, CHMe), 2.23 (M, 2H, CHMey), 1.14 (m, 12H,

CHMe), 1.00 (dvt, JH-H~ Jn-p = 7.1 Hz, 6H, CHMey), 0.66 (dvt, JH-H~ Ju-p = 7.1 Hz, 6H,

CHMey), -11.50 (t, Jnp = 15.1 Hz, 1H, Ir-H). *IP{"H} NMR (202 MHz, CsDs): & 53.9.

LB{IH} NMR (160 MHz, CeDe): & 23.5. *C{*H} NMR (101 MHz, CsDs): & 181.0 (s,

CO), 170.9 (s, CO), 143.9 (vt, Jp.c = 28.9 Hz), 132.4 (vt, Jo.c = 10.9 Hz), 129.7 (), 125.6

(Vt, Jp.c = 3.9 Hz), 55.3 (5, OCHs3), 30.9 (vt, Jp.c = 14.0 Hz, CHMey), 28.0 (vt, Jp.c = 17.6

Hz), 20.8 (s, CHMez), 20.6 (s, CHMey), 20.0 (s, CHMe), 19.4 (s, CHMey).

H

PPr,

| Jee

EtO—B—/Ilr—CO

PPr,

(PBCEP)Ir(H)(CO)2 (309a). In a 25 mL Teflon screw-capped
round-bottomed flask, ethanol (70 mg, 1.6 mmol) was added to a
toluene solution (2.0 mL) of 74 (65 mg, 0.10 mmol). After stirring

at room temperature overnight, the solution color changed from dark

red to pale yellow. The volatiles were removed under vacuum, and yellow solid was
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obtained. The sample was recrystallized in toluene/pentane mixture (1/3) in a -35 °C
freezer overnight, yielding orange crystals (60 mg, 87%). ATR-IR: vco 2004, 1958 cm™.
IH NMR (500 MHz, CsDs): 6 7.86 (d, Jun = 7.5 Hz, 2H), 7.24 (t, Ju.n = 7.1 Hz, 2H), 7.13
(m, 2H), 7.05 (m, 2H), 3.62 (q, J1-H = 6.9 Hz, 2H, OCH,CH3), 2.75 (m, 2H, CHMey), 2.24
(m, 2H, CHMey), 1.29 (t, Ju.n = 6.9 Hz, 3H, OCH>CHs), 1.17 (m, 12H, CHMe3), 1.00 (dvt,
Jhn= Jup = 7.1 Hz, 6H, CHMey), 0.66 (dvt, Jun= Jup = 7.1 Hz, 6H, CHMey), -11.50 (t,
Jnp = 15.2 Hz, 1H, Ir-H). 3P{"H} NMR (202 MHz, C¢Ds): & 53.6. 'B{'H} NMR (128
MHz, CsDg): & 22.9. BC{*H} NMR (101 MHz, C¢Ds): & 180.8 (s, CO), 170.5 (s, CO),
167.0 (br), 143.4 (vt, Jo.c = 29.2 Hz), 131.9 (vt, Jp.c = 10.8 Hz), 129.0 (s), 128.6 (s), 125.0
(vt, Jpc = 3.9 Hz), 61.7 (5, OCH2CHa), 30.3 (vt, Jp.c = 14.0 Hz, CHMey), 27.5 (Vt, Jp-c =
17.5 Hz), 20.2 (s, CHMez), 20.0 (s, CHMez), 19.5 (s, CHMey), 18.8 (s, CHMe2), 18.4 (s,

OCH,CHz3). Elem. Anal. Calcd for C2sH42BIrOsP2: C, 48.63; H, 6.12. Found: C, 49.15; H,

6.12.
' In situ observation of cyclohexanol addition product
P’Pr2
<:>_ |/H (310a). In a J. Young tube was added 74 (0.020 mmol, 0.20
O-B—Ir—CO
ocC
Fl”Pr2 mL, 0.10 M in C¢Ds), cyclohexanol (0.10 mmol, 0.20 mL, 0.50

M in CeDs), and 1,4 dioxane (0.020 mmol, 0.10 mL, 0.20 M in
CeDs). The reaction mixture was stirred at room temperature for 5 days to completion,
which was monitored by 3!P{*H} NMR spectroscopy. 310a. ATR-IR: vco 2007, 1976 cm’
1 31p£1H} NMR (162 MHz, CsDs): & 50.1. *B{*H} NMR (160 MHz, CsDe): & 25.0. *H
NMR (400 MHz, CeDs): & 8.04 (d, Juni = 7.5 Hz, 2H), 7.23 (t, Jun = 7.3 Hz, 2H), 7.13

(m, 2H), 7.02 (t, 1. = 7.4 Hz, 2H), , 3.67 (m, 1H, B-O-CH), 2.63 (m, 2H, CHMey), 2.27
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(m, 2H, CHMey), 0.99 (dvt, JH.n = 8.6 Hz, Ju.p = 7.0 Hz, 6H, CHMe>), 0.69 (dvt, Ju-H =
8.8 Hz, Ju-r = 7.0 Hz, 6H, CHMey), -11.56 (t, J4-p= 15.2 Hz, 1H), Peaks overlap with free

cyclohexanol.

5 days ;
|
1 )
4 days L4
l
1 A
3 days L,
1. J. HL
2 days Jt ,
| | J
12h 74 310a
./ 307a N ,1
u
L 1 J L

T T T T T T . T T T T T T T T T
64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46
f1 (ppm)

Figure 111-5. 3'P{*H} NMR spectra recorded for 74 (0.040 M), cyclohexanol (0.20 M),
and 1,4 dioxane (0.040 M) mixture after a certain period of time at room temperature

Attempted reaction of 74 with tert-butyl alcohol. In a J. Young tube, to a
solution of 74 (51 mg, 0.080 mmol) in 0.40 mL CeDs was added tert-butyl alcohol (8.0
uL, 0.083 mmol). After 12 h at room temperature, no color change was observed, and no
change was observed by 3'P{*H} NMR spectroscopy. The mixture was heated at 50 °C
for 48 h. No color change was observed, and 94% of the starting material was intact (room
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temperature 3!P{*H} NMR evidence). The same mixture was further heated at 100 °C for
12 h, multiple compounds were generated, and none of them show similarity of NMR

spectroscopic features to 307a—315a.

100 °C,
12 h B

50 °C, 74, 94%
48 h

Y

3073, 3% ) 3%

» ¥

rt,12h |74,97%

",

307a, 3%

",

T T T T T r T T T T T T
65 60 55 50 45 40 35 30 25 20 15 10 5 0
1 (ppm)

Figure 111-6. In situ **P{*H} NMR spectra of 74 and tert-butyl alcohol mixture

(PB®PPP)Ir(H)(CO)2 (311a). In a 25 mL Teflon screw-capped
PiPr,
|/CO round-bottomed flask, to a solution of 74 (50 mg, 0.077 mmol) in

PhO-B—Ir=CO

H I|3’Pr 1.0 mL toluene was added phenol solution (90 puL, 1.0 M in CeDs,
2

0.090 mmol). After stirring at 50 °C for 12 h, the solution color

changed from dark red to yellow. The volatiles were removed under vacuum, and the

resulting solid was recrystallized in toluene/pentane (1/3) in -35 °C overnight to yield
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yellow solid (46 mg, 81%). ATR-IR: vco 2021, 1976 cm™, virn 2143 cm™. *H NMR (500
MHz, CeéDs) & 7.74 (d, Ju-n = 7.5Hz, 2H), 7.14 (m, 4H), 7.04 (m, 4H), 6.74 (m, 1H), 6.60
(m, 2H), 2.75 (m, 2H, CHMey), 2.20 (m, 2H, CHMey), 1.16 (m, 12H, CHMe), 0.95 (dwvt,
I~ Jup = 6.9 Hz, 6H, CHMey), 0.64 (dt, Ju-n= Jup = 6.9 Hz, 6H, CHMe), -11.35 (t,
Jup = 15.2 Hz, 1H, Ir-H). 3P{*H} NMR (202 MHz, C¢Ds): & 53.9. 'B{*H} NMR (128
MHz, CsDe): & 15.7. BC{*H} NMR (126 MHz, CsDs) & 177.3 (s, CO), 170.0 (s, CO),
161.8 (s), 142.7 (t, Jp-c = 29.7 Hz), 133.1 (t, Jp-c = 10.9 Hz), 129.9 (s), 129.3 (s), 125.6 (t,
Jp-c = 4.0 Hz), 121.8 (s), 118.7 (5), 30.4 (vt, Jp-c = 13.8 Hz, CHMey), 28.1 (Vt, Jp-c = 17.4

Hz, CHMey), 20.8 (s, CHMe>), 20.5 (s, CHMe2), 19.9 (s, CHMe2), 19.3 (s, CHMey).

In situ observation of 4-(trifluoromethyl)phenol
P'Pr,

|/CO addition product (312a). InaJ. Young tube, to a solution
F3C—©—O—B—Ir—CO

/
@iP,Pr of 74 (0.020 mmol, 0.20 mL, 0.10 M in CsDs) was added
2

4-(trifluoromethyl)phenol solution (0.020 mmol, 40 pL,

0.50 M in CgDs), dioxane (0.020 mmol, 0.10 mL, 0.20 M in C¢Ds) and 0.16 mL CsDe.
After stirring at room temperature for 12 h, the solution color changed from dark red to
light orange. ATR-IR: vco 2030, 1985 cm™. *H NMR (400 MHz, C¢Ds) & 7.68 (d, Ju-n =
7.5Hz, 2H), 7.26 (d, Ju.n = 8.6Hz, 2H), 7.11 (m, 4H), 7.02 (m, 2H), 6.46 (d, Ju.n = 8.5Hz,
2H), 2.62 (m, 2H, CHMe), 2.17 (m, 2H, CHMey), 1.10 (m, 12H, CHMe2), 0.91 (dvt, Ju.
W~ Jup = 7.9 Hz, 6H, CHMey), 0.60 (dvt, Jrn = Jup = 8.0 Hz, 6H, CHMey), -11.36 (t, Ju.
p=15.2 Hz, 1H, Ir-H). 3*P{*H} NMR (202 MHz, C¢De): & 53.9. 1B{*H} NMR (160 MHz,
CeDs): & 15.7. BC{"H} NMR (101 MHz, CeDsg) 5 177.1 (s, CO), 174.0 (s, CO), 164.4 (s),

159.3 (s), 142.6 (t, Jp-c = 29.6 Hz), 132.9 (t, Jp-c = 10.9 Hz), 130.1 (), 129.2 (m), 127.8
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(0, Jo.r = 3.8 Hz, CFa), 125.9 (t, Jp.c = 4.1 Hz), 121.1 (s), 116.1 (s), 30.4 (Vt, Jp.c = 13.7

Hz, CHMe»), 28.2 (vt, Jp.c = 17.4 Hz, CHMe), 20.6 (s, CHMe), 20.3 (s, CHMey), 19.8

(s, CHMe), 19.3 (s, CHMez). F{*H} NMR (470 MHz, CsD¢) 8 95.5 (s). (*C{*H} NMR

and F{*H} NMR was recorded by reacting 0.040 mmol 74 with 0.070 mmol 4-

(trifluoromethyl)phenol in CsDe at room temperature for 6 h)

PPr,

: | Co
MeOOO—B—Ir—CO
%
:< H |

P'Pr,

In situ observation of 4-methoxyphenol addition
product (313a). In a J. Young tube, to a solution of 74
(0.020 mmol, 0.20 mL, 0.10 M in CsDs) was added 4-

methoxyphenol solution (0.020 mmol, 40 pL, 0.50 M in

CeDs), dioxane (0.020 mmol, 0.10 mL, 0.20 M in C¢Ds) and 0.16 mL CeDs. After stirring

at room temperature for 19 h, the solution color changed from dark red to orange. ATR-

IR: vco 2027, 1981 cm™. *H NMR (400 MHz, CeDs) & 7.74 (d, Jun = 7.7 Hz, 2H), 7.14

(m, 4H), 7.03 (d, Jn-v = 7.3 Hz, 2H), 6.67 (d, J1-1 = 9.0 Hz, 2H), 6.46 (d, Ju-x = 9.0 Hz,

2H), 3.30 (s, 3H, OMe), 2.77 (m, 2H, CHMey), 2.22 (m, 2H, CHMey), 1.17 (m, 12H,

CHMey), 0.96 (dvt, Ju.n = Jup = 7.8 Hz, 6H, CHMey), 0.65 (dvt, Jn-n =~ Jup = 8.0 Hz, 6H,

CHMey), -11.34 (t, Jne = 15.1 Hz, 1H, Ir-H). 3P{"H} NMR (202 MHz, CeDs): & 53.9.

LB{IH} NMR (160 MHz, CsDs): & 16.7. *C{*H} NMR (101 MHz, CsDs) 5 177.4 (s,

CO), 170.1 (m), 155.8 (s), 153.2 (s), 142.8 (t, Joc = 29.9 Hz), 133.2 (t, Jp.c = 11.1 Hz),

129.8 (s), 125.6 (t, Jp.c = 4.1 Hz), 122.2 (s), 114.8 (s), 5.7 (5, OMe), 30.4 (vt, Jp.c = 13.9

Hz, CHMey), 28.0 (vt, Jp.c = 17.5 Hz, CHMey), 20.8 (s, CHMey), 20.5 (s, CHMey), 19.9

(s, CHMe), 19.2 (s, CHMe). (**C{*H} NMR was recorded by reacting 0.040 mmol 74

with 0.10 mmol 4-methoxyphenol in CsDe at room temperature for 6 h)
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In situ observation of 314a/314b. In a J. Young tube, to a solution of 74 (13 mg, 0.020
mmol) in 0.40 mL CeDs was added a benzoic acid solution (20 puL, 1.0 M in CsDs, 0.020
mmol). The color of the mixture changed from dark red to clear immediately. The room
temperature solution after 5 min of mixing was composed of 95:5 314a:314b (*!P{'H}
NMR evidence). After heating at 50 °C for 12 h, 3!P{*H} NMR spectrum was taken at
room temperature, and the ratio shifted to 72:28 314a:314b. After heating at 110 °C for
12 h, 3P{*H} NMR spectrum was taken at room temperature, and the ratio shifted to 23:77
314a:314b. By cooling the mixture to room temperature for 4 h, the ratio shifted back to

77:23 314a:314b by 3P{*H} NMR.

rt.4h
23:77

110°C. 12 h
77:30 ta

60°C.12h
28:72

r.t, 5 min

5:95

75 70 65 &0 111 50 45 40

Figure 111-7. 31P{*H} NMR spectra of 314a and 314b mixture after certain periods of
time
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(PBOCOPhP)|r(H)(CO)2 (314a). In a J. Young tube, to a
PPr,
|/CO solution of 74 (50 mg, 0.077 mmol) in 0.50 mL Ce¢Ds was

Ph(0)CO—-B—Ir—CO

H I|3’Pr added benzoic acid (11 mg, 0.090 mmol). The color of the
2

solution changed from dark red to clear immediately. Based on

3IP{'H} NMR spectroscopic evidence at room temperature after 5 min of mixing, a
mixture of 95:5 314a:314b formed and no starting material remained. Addition of 1 atm
CO after freeze-pump-thaw resulted in the observation of only 314a via analysis of
spectra. ATR-IR: vco 2028, 1981 cm™, vc=o 1674 cm™, virn 2118 cm™. *H NMR (500
MHz, CeDs) & 7.88 (d, Ju.+ = 7.4 Hz, 2H), 7.24 (m, 2H), 7.10 (m, 2H), 7.05 (m, 2H), 2.69
(m, 2H, CHMey), 2.19 (m, 2H, CHMey), 1.88 (s, 1H, OH), 1.07 (m, 12H, CHMey), 0.98
(dvt, Ju-H= Ju-p = 6.9 Hz, 6H, CHMey), 0.66 (dvt, Ju-+= Jnp = 7.1 Hz, 6H, CHMey), -11.24
(t, Ju-p = 15.6 Hz, 1H, Ir-H). 3'P{*H} NMR (202 MHz, C¢Ds): 5 53.6. 'B{*H} NMR (128
MHz, CsDg): & 12.6. BC{*H} NMR (126 MHz, CsDs) & 177.1 (s, CO), 169.8 (s, CO),
166.6 (s), 141.7 (t, Jp.c = 30.6 Hz), 136.8 (s), 132.8 (t, Jp.c = 11.0 Hz), 131.6 (s), 130.6 (5),
130.3 (s), 125.6 (t, Jp-c = 4.2 Hz), 30.8 (t, Jp-c = 14.0 Hz, CHMey), 27.7 (t, Jp-c = 17.7 Hz,

CHMey), 20.7 (s, CHMe), 19.9 (s, CHMey), 19.5 (s, CHMey).

. (PBOCPMOP)|r(H)(CO) (314b). In a 100 mL Teflon screw-capped
P’Pr2

5 I/HCO round-bottomed flask, a solution of benzoic acid addition product

=ZIr—

00"

(50 mg, 0.065 mmol) in 5 mL toluene was heated at 110 °C for 6 h.

The color of the solution changed from clear to pale yellow.

Dynamic vacuum was applied to the mixture to remove CO in 10 minutes, and the

resulting solid was recrystallized in toluene/pentane (1/10) in -35 °C, to yield pale yellow
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solid (35 mg, 73%). ATR-IR: vco 1953 cm™, virn 2244 cm™. 31P{*H} NMR (202 MHz,
CeDo): 5 60.0. 'B{"H} NMR (128 MHz, CsD¢): & 26.5. *H NMR (500 MHz, CsD¢) &
8.54 (d, Ju.n = 7.5 Hz, 2H), 7.96 (m, 2H), 7.42 (m, 2H), 7.24 (m, 2H), 7.12 (m, 2H), 6.95
(m, 1H), 6.88 (m, 2H), 2.20 (M, 4H, CHMe), 1.25 (dvt, Ju.h= Ju-p = 7.0 Hz, 6H, CHMe),
1.15 (dvt, Ju-n = Ju-p = 6.9 Hz, 6H, CHMey), 0.95 (dvt, Ju-n = Ju-p = 7.3 Hz, 6H, CHMe),
0.72 (dvt, Ju-+= Ju-p = 7.0 Hz, 6H, CHMey), -22.44 (t, Jup = 15.5 Hz, 1H, Ir-H). *C{'H}
NMR (126 MHz, CsDs): 6 184.9 (CO), 179.0 (OCO), 167.4 (br), 145.8 (t, Jcp = 27.9 HZ),
133.6 (t, Jc-p = 10.9 Hz), 132.8 (s), 131.2 (s), 131.0 (s), 130.4 (s), 129.9 (s), 129.8 (t, Jc-p
= 2.4 Hz),126.4 (t, Jcp = 3.8 Hz), 30.5 (t, Jcr = 12.5 Hz, CHMe), 28.3 (t, Jc.p = 17.4 Hz,
CHMey), 21.0 (s, CHMey), 20.3 (s, CHMey), 19.4 (s, CHMez). Elem. Anal. Calcd for
Ca2H43BIrOsP2: C, 51.89; H, 5.85. Found: C, 51.37, H, 6.06.

3.4.3.2 F-H Cleavage

(PBFP)Ir(H)(CO)2 (315a). In a J. Young tube, to a solution of 74

PPr,
|/H (65 mg, 0.10 mmol) in 0.50 mL CeDe was added triethylamine
F—B—Ir—CO
oC
Fl,iprz trihydrofluoride (3HF-NEts, 7.0 uL, 0.044 mmol). The color of the

solution changed from dark red to clear immediately. Based on

$1P{IH} NMR in situ, 315a formed and no starting material remained. The volatiles were
removed under vacuum, and the resulting solid was recrystallized from toluene/pentane
(1/3) in -35 °C to yield white solid (47 mg, 71%). ATR-IR: vco 2019, 1979 cm™, virn
2130 cm™. 3'P{*H} NMR (202 MHz, C¢Ds): & 55.4. 'B{*H} NMR (128 MHz, C¢Ds): &
18.6. F NMR (470 MHz, CsDs): & -120.4. *H NMR (500 MHz, CsDg) &  8.01 (d, Ju-n =

7.3 Hz, 2H), 7.26 (t, Ju.1 = 7.1 Hz, 2H), 7.11 (m, 2H), 7.06 (t, Ju= 7.1 Hz, 2H), 2.52 (m,
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2H, CHMey), 2.18 (m, 2H, CHMey), 1.09 (dvt, Ju.n = Jup = 7.4 Hz, 6H, CHMey), 1.03
(dvt, Jun = Jup = 7.7 Hz, 6H, CHMey), 0.95 (dvt, Jn.+= Jup = 7.1 Hz, 6H, CHMey), 0.65
(dvt, Jn-n= Ju-p = 7.2 Hz, 6H, CHMey), -11.36 (t, Ju-p = 15.4 Hz, 1H, Ir-H). BC{*H} NMR
(126 MHz, CeDs): & 177.6 (s, CO), 170.8 (s, CO), 169.5 (br), 142.4 (t, Jcp = 30.1 Hz),
132.5 (t, Je-p= 11.1 Hz), 130.3 (5), 126.0 (t, Jc-p = 3.6 Hz), 30.6 (t, Jc.p = 13.9 Hz, CHMe),
27.9 (t, Jep=17.7 Hz, CHMe), 20.5 (s, CHMe3), 20.5 (s, CHMe), 20.0 (s, CHMe), 19.3
(s, CHMey).

3.4.3.3 N-H Cleavage

(PBNHNBUP)[r(H)(CO) (316b). In a 100 mL Teflon screw-capped
PPr
/H2 round-bottomed flask, to a solution of 74 (65 mg, 0.10 mmol) in

B—Ir=CO
\/;\{/\Nﬁl 2.0 mL toluene was added "BuNH: (25 pL, 0.25 mmol). After

<\_/)—P’Pr2

to pale yellow. The volatiles were removed under vacuum. The resulting solid was

stirring at 50 °C for 36 h, the solution color changed from dark red

recrystallized in pentane in -35 °C overnight to yield yellow solid (58 mg, 84%). ATR-
IR: vco 1927 cm™, vir 1 2131 cm™. 32P{*H} NMR (202 MHz, CeDs): & 56.0(d, Jp-p =
234.2Hz), 48.6(d, Jp-p = 234.2Hz). 'B{*H} NMR (128 MHz, CsDs): & 9.6. *H NMR (500
MHz, CsD¢) & 8.50 (d, Jun = 7.6Hz, 1H), 8.32 (d, Jn.n = 7.5Hz, 1H), 7.31 (m, 1H), 7.40
(m, 1H), 7.22 (m, 2H), 7.13 (m, 1H), 7.10 (m, 1H), 2.30 (m, 1H, CHMey), 2.17 (m, 1H,
CHMey), 1.98 (m, 3H), 1.83 (m, 1H, CHMey), 1.43 (m, 1H, CHMey), 1.27 (m, 6H,
CHMey), 1.09 (m, 2H, CHzMe), 0.93 (m, 17H), 0.72 (dd, Ju.x = 6.9 Hz, Jup = 15.1 Hz,
3H, CHMey), 0.59 (t, Ju-n = 7.4 Hz, 3H, CHaMe), -17.68 (t, Jup = 9.6, 21.6 Hz, 1H, Ir-

H). 2C{'H} NMR (126 MHz, CsDs) & 185.8 (s, CO), 143.8 (), 143.4 (), 141.7 (), 141.3
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(s), 134.8 (d, Jp.c = 22.8 Hz), 132.8 (d, Jp-c = 22.1 Hz), 131.3 (s), 130.2 (d, Jr-c = 19.1 Hz),
129.5 (s), 128.9 (s), 126.9 (d, Jp-c = 5.6 Hz) 126.3 (d, Jp.c = 5.3 Hz), 55.9 (s, CH2), 36.4
(d, Jr-c = 35.9 Hz, CHMey), 36.3 (s, CH2), 31.0 (d, Jr-c = 32.8 Hz, CHMez), 30.3 (dd, Jrc
= 20.1 Hz, Jr-c = 4.5 Hz, CHMe), 24.4 (dd, Jp.c = 22.8 Hz, Jp.c = 7.1 Hz, CHMey), 20.6
(s, CHz), 20.4 (m), 19.7 (s), 19.1 (m), 18.9 (s), 14.5 (s). Elem. Anal. Calcd for
C20H46BIrNOP2: C, 50.51; H, 6.72; N, 2.03. Found: C, 50.64; H, 6.44; N, 1.87.

Sample 111-1: In situ observation of 74/316a/316¢ 5 min after adding 0.10
mmol "BuNH2 to 0.040 mmol 74. In aJ. Young tube, to a dark red solution of 74 (26 mg,
0.040 mmol) in 400 puL CeDs was added n-butylamine solution (100 uL, 1.0 M in CeDe,
0.10 mmol) to make 500 pL solution with 0.080 M 74, 0.20 M "BuNH> in CsDs. The color
of the solution changed to light red immediately, and after 5 min of mixing, two signals
were observed by 3P{*H} NMR spectrum. One was tentatively identified as 316a (7%)
based on the similarity of the NMR spectroscopic features with 307a-315a. The other
was interpreted as a time- and weight-averaged signal for 74 and 316¢ in rapid
equilibrium. *B{*H} NMR, 'H NMR and ATR-IR spectra were also collected for
characterization. The ratio between 74 and 316c¢ is about 1 : 1 according to ATR-IR
spectrum.

Sample 111-2: In situ observation of 74/316¢ 5 min after adding 0.05 mmol
"BuNH?: to 0.020 mmol 74. In a J. Young tube, to a solution of 74 (13 mg, 0.020 mmol)
in 400 pL CeDs was added "BuNH> (50 uL, 1.0M in CgDs, 0.05 mmol) to make 450 pL of
a solution that was 0.044 M in 74, and 0.11 M in "BuNH.. The color of the solution

changed to light red immediately and after 5 min of mixing, only one signal was observed
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by 3P{*H} NMR spectrum, indicating that the sample contains a mixture of 74/316c.
UB{*H} NMR, 'H NMR and ATR-IR spectra were also recorded. The ratio between 74
and 316c¢ is about 3 : 1 according to ATR-IR spectrum. The mixture was heated at 50 °C
in an oil bath for 16 h, followed by the dynamic vacuum at 50 °C to remove all the
volatiles. The resulting solid was redissolved in C¢Ds, showing 95% conversion to 316b

('P{*H} NMR evidence).

J l 95% 316b

| | Time- and weight- averaged
signal for 74 and 316c in 2
rapid equilibrium

0.044M 74

67 65 63 61 59 57 55 53 51 49 47 45 43 41 39 37
f1 (ppm)

Figure 111-8. Bottom: 3P{*H} NMR spectrum of pure 74 (0.044M, 202 M Hz, CsDs).
Middle: 3P{*H} NMR (202 M Hz, CsDs) spectrum of Sample 111-2 recorded 5 min
after addition of "BuNH2 to 74. Sample contains a mixture of 74/316¢. Top: 3P{*H}

NMR (202 M Hz, CsDs) spectrum of Sample 111-2 recorded after 16 h heating at 50
°C and dynamic vacuum to remove volatiles. Sample contains 95% 316b
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Table 111-2. Spectral details for Sample 111-1 and Sample 111-2 recorded 5 min after
addition of "BuNH: to 74

(128 MHz, CeDe):

Sample 111-1 Sample 111-2
$1p{1H} NMR | 54.0 (s) (7%0),2 54.3 (s) 57.5 (s)
(202 MHz, CgDs):
UB{H} NMR | 26.4 (s), 46.2 (s) 67.3 (S)

IH NMR (500 | 7.77 (d, Jun = 7.5 Hz, 2H), | 7.94 (d, Jun = 7.5 Hz, 2H),

MHz, CeDe): 7.33(m, 2H), 7.21 (t, Ju-v = 7.0 | 7.35 (m, 2H), 7.20 (td, Jnni =
Hz, 2H), 7.08 (t, Ju-+ = 7.2 Hz, | 7.4, 1.0 Hz, 2H), 7.10 (td, Ju-
2H), 2.24 (m, 4H, CHMey), | v=7.4,1.0 Hz, 2H), 2.28 (m,
1.11 (dvt, Jun = Jup = 6.9 Hz, | 4H, CHMey), 1.10 (dvt, Jun=
12H, CHMey), 0.93(dvt, Ju-H=~ | Jnp = 7.0 Hz, 12H, CHMey),
Jup = 7.0 Hz, 12H, CHMey). - | 0.91(dvt, J-H~ Ju-p = 7.0 Hz,
11.31 (t, Jn-p = 15.7 Hz, 1H, | 12H, CHMey)
Ir-H).

ATR-IR: 1957, 1922°, 1880 cm* 1964, 1922°¢, 1881 cm'*

a. Bolded signals belongs to 316a; b. Two pairs of bands were observed (1957, 1922 cm-
! belongs to 74, and 1922, 1880 cm™ belongs to 316¢. The ratio is about 1 : 1). c. Two sets
of bands were observed (1964, 1922 cm™ belongs to 74, and 1922, 1881 cm™ belongs to
316¢. The ratio is about 3 : 1).
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Attempted reaction of 74 with diethylamine. In a J. Young tube, to a solution of
74 (13 mg, 0.020 mmol) in 0.40 mL Ce¢De was added diethylamine solution (20 puL, 1.0 M
in CsDe, 0.020 mmol). After stirring at room temperature for 12 h, no color change was
observed, and no new complex generated (*!P{*H} NMR evidence). The same mixture
was heated at 50 °C for 12 h, no change was observed by the in situ 3P{*H} NMR

spectrum at room temperature.

50°C,12h

r.t,12h

190 18D 170 460 150 14D 13 420 110 10D S0 B2 A G0 50 40 m A 10 0 -0 -2 -30 40 -50
fL {pom)

Figure 111-9. 3'P{*H} NMR spectra of 74 and diethylamine mixture after certain
periods of time
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Attempted reaction of 74 with tert-butylamine. In a J. Young tube, to a solution
of 74 (13 mg, 0.020 mmol) in 0.40 mL CeDs was added tert-butylamine solution (20 pL,
1.0 M in CsDsg, 0.020 mmol). The impurity at 66 ppm was 73 in the starting material.1%2
After stirring at room temperature for 12 h, no color change was observed, and no new
complex generated (*!P{*H} NMR evidence). The same mixture was heated at 50 °C for
12 h, no change was observed by the in situ *!P{*H} NMR spectrum at room temperature.
Heating the mixture further at 100 °C for 12 h, the 3'P{*H} NMR spectrum at room

temperature showing that the starting material still remained intact.

100 °C, 12 h

50°C, 12 h

r..t.;:12:h

110 105 100 9 9% 8 8 75 70 651( 6? 55 50 45 40 35 30 25 20 15
f1 (ppm

Figure 111-10. 3P{*H} NMR spectrum of 74 and tert-butylamine mixture after
certain periods of time
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Attempted reaction of 74 with aniline. Ina J. Young tube, to a solution of 74 (13
mg, 0.020 mmol) in 0.40 mL Ce¢Ds was added aniline solution (20 uL, 1.0 M in CgDe,
0.020 mmol). After stirring at room temperature for 12 h, no color change was observed,
and no new complex generated (*:P{*H} NMR evidence). The same mixture was heated

at 50 °C for 12 h, no change was observed by the in situ 3P{*H} NMR spectrum at room

temperature.
50°C,12 h la
r.t,12h s
r.t., 10 min
ri
Fl‘\:l‘ l l?f:l:ll I l};ﬂl I -J;{ll l l1~l%}l 'rl\il I ISJZI I l13|!|- I:_I.!'ﬂ ‘)ICISE‘.' ?IDlE'l:l S'anclllll;'-ﬂ.}‘lﬂl:lll:l- C-- I Jl:| I IIZ- -

Figure 111-11. 3'P{*H} NMR spectrum of 74 and aniline mixture after certain periods
of time
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Attempted reaction of 74 with p-anisidine. In a J. Young tube, to a solution of
74 (13 mg, 0.020 mmol) in 0.40 mL Ce¢De was added p-anisidine solution (20 pL, 1.0 M
in CsDg, 0.020 mmol). The impurity at 66 ppm was 73 in the starting material.1%2 After
stirring at room temperature for 48 h, no color change was observed, and no new complex
generated (3*P{*H} NMR evidence). The same mixture was heated at 50 °C for 12 h, no

change was observed by the in situ 3!P{*H} NMR spectrum at room temperature.

50°C, 12 h
+3
r.t,48 h
r
. ri
r. t., 10 mimn
------ — T T T T T T T —r———TT
126 120 1% 110 105 100 98 o0 85 &80 75 70 EE &) 113 &0 a5 40 315 i} %

5 7
1t pprm)

Figure 111-12. 3'P{*H} NMR spectrum of 74 and p-anisidine mixture after certain
periods of time
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Attempted reaction of 74 with pyrrole. In a J. Young tube, to a solution of 74
(13 mg, 0.020 mmol) in 0.40 mL Ce¢Ds was added pyrrole (10 pL, 0.14 mmol). After
stirring at room temperature for 12 h, no color change was observed, and no new complex
generated (3*P{*H} NMR evidence). The same mixture was heated at 50 °C for 12 h, no

change was observed by the in situ 3!P{*H} NMR spectrum at room temperature.

50°C, 12 h L

r.t.,12h

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 ; (70 ) 60 50 40 30 20 10 0 -10 -20 -30 -40 -50
1 (ppm

Figure 111-13. 3'P{*H} NMR spectrum of 74 and pyrrole mixture after certain periods
of time
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3.4.3.4 Mechanistic investigations

o [(PBP)Ir(H)(CO):][BArF2](317a).

7/
Q—P Pr, Q Method I: To a solution of 74 (13 mg,

B—Ir—CO 0.020 mmol) in fluorobenzene was
oc’|® / \_7'F;

PPr, @ added H(Et0)2(BAr?% (17 mg, 0.020

mmol). A clear solution was generated

after stirring the mixture at room temperature for 30 min. Method I1: In a 50 mL Teflon
screw-capped round-bottomed flask, to a solution of 70 (0.20 g, 0.32 mmol) in
fluorobenzene was added KBAr™°(0.23 g, 0.32 mmol) and 1 atm of CO. A clear solution
was generated after stirring at room temperature for 30 min. The resulting mixture was
passed through Celite and the volatiles were removed under vacuum. The resulting solid
was dissolved in CsDsBr for NMR spectroscopic characterization. ATR-IR: vco: 2078,
2032 cmL. 3IP{'H} NMR (202 MHz, Ce¢DsBr): & 55.2. "B{'H} NMR (128 MHz,
CeDsBr): 6 95.0, -15.8. 'H NMR (400 MHz, CsDsBr) & 7.83 (d, Ju.1 = 4.2 Hz, 2H), 7.26
(m, 6H), 2.35 (m, 2H, CHMey), 2.05 (m, 2H, CHMey), 0.90 (dvt, Ju.n = 10.4 Hz, Jup =
6.8 Hz, 6H, CHMe), 0.79 (dvt, Ju.ri = 10.0 Hz, Jup = 7.2 Hz, 6H, CHMey), 0.71 (dvt, Jn-
n= 10.8 Hz, Jur = 7.2 Hz, 6H, CHMey), 0.60 (dvt, Ju.1 = 10.0 Hz, Jur = 7.2 Hz, 6H,
CHMey), -11.11 (t, Jup = 14.3 Hz, 1H, Ir-H). 3C{*H} NMR (126 MHz, CsDsBr): & 170.1
(s, CO), 167.9 (s, CO), 156.4 (br), 149.7 (br), 148.1 (m), 139.5 (br), 137.7 (br), 135.7 (br),
133.6 (t, Jc.p = 8.8 Hz), 132.7 (t, Jc-p = 4.2 Hz), 131.9 (s), 130.3 (t, Jc.p = 2.6 Hz), 28.5 (t,
Jep = 16.9 Hz, CHMey), 27.0 (t, Jcp = 14.8 Hz, CHMey), 18.7 (s, CHMey), 18.6 (s,

CHMey), 18.6 (s, CHMey), 17.9 (s, CHMey).
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Deprotonation of 317a.

In a J. Young tube, 317a (0.020 mmol, 27 mg) was dissolved in THF. !B{H}
NMR spectrum was recorded, indicating no coordination between 317a and THF.
In a J. Young tube, to a solution of 317a (0.020 mmol, 27 mg) in THF was added NEts
(5.0 pL, 0.036 mmol) and the mixture was stirred at room temperature for 12 h. 2% of
317a was consumed to generate 74.

In a J. Young tube, to a solution of 317a (0.020 mmol, 27 mg) in THF was added
'ProNEt (7.0 uL, 0.040 mmol) and the mixture was stirred at room temperature for 12 h.

5% of 317a was consumed to generate 74.

—91.221

DU N

130 120 110 100 90 8 70 60 50 40 30 20 10f 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130
1 (ppm)

Figure 111-14. 'B{*H} NMR spectrum of 317a in THF measured on a 500 MHz
Varian NMR
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Figure 111-15. Bottom: 3!P{*H} NMR spectrum of 317a in THF; Middle: 3'P{*H}
NMR spectrum of 317a mixed with NEts after 12 h of stirring. The sample contains
2% of 74 and 98% of 317a; Top: 3'P{*H} NMR spectrum of 317a mixed with 'Pr.NEt3
after 12 h of stirring. The sample contains 5% of 74 and 95% of 317a

78



H, D exchange between CD3OD and 317a. In a Schlenk flask, to 500 uLL. CD30D
and 100 uL CsDe was dissolved 317a (27 mg, 0.020 mmol). The mixture was transferred
to aJ. Young tube to record *H NMR spectra after 1 h and 12 h. Hydride signal integration

decreased after stirring at r. t. for 12 h, indicating H, D exchange between CD30D and

317a.
F F
i Y i ¥y
o L G G
H — D =
B—Ir—CO QB % B—Ir>-co B 2
ocfe” Fi= \_F,  CDLODCiDs AR >
PiPr, 3 5 1 PPr 7
2 —_— V4
Fs . Fs
.
D500 CDZ0H
ta
J‘JL;JLLJ 1 o
A
H-D
Ju“ Exchange
51
L lij

T T T T T T T T T T T
-2 -3 -4 5 -6 7 8 -9 -0 -11 -12 -13 -14 -15
f1 (ppm)

Figure 111-16. Bottom: 'H NMR spectrum of 317a in CD3OD/CeDs (5 : 1) after
stirring at r. t. for 1 h; Top: *H NMR spectrum of 317a in CD3OD/CsDs (5 : 1) after
stirringatr. t. for 12 h
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. In situ observation of CD3OD addition product (308a-ds) and
PIPrz
P exchange between 317a and 308a-da.
D3C-0-B—Ir=CO
oC
Fl,,-Prz (PBOCP3P)IrD(CO)2 (308a-ds). In a J. Young tube was added 74
(13 mg, 0.020 mmol), 0.20 mL CsHe and 0.10 mL of CD30OD. The

mixture was stirred at room temperature for 12 h, and all volatiles were removed. The
resulting solid was dissolved in C¢DsBr. To the solution was added 317a (0.020 mmol, 26
mg). Exchange was observed between 317a and 308a-ds (NMR spectroscopic evidence).
308a-da. 3'P{*H} NMR (202 MHz, C¢DsBr): § 53.8. 1'B{*H} NMR (160 MHz, C¢DsBr):
§22.3, .'H NMR (500 MHz, CsDsBr) & 7.96 (d, Ju-+ = 7.4 Hz, 2H), 7.20 (m, 4H), 7.07 (t,
Jnn = 7.1 Hz, 2H), 2.66 (M, 2H, CHMe), 2.33 (m, 2H, CHMey), 1.11 (m, 12H, CHMe),
1.02 (dvt, Ju-n = 8.2 Hz, Jur = 7.1 Hz, 6H, CHMey), 0.62 (dvt, Ju-H = 8.3 Hz, Jh-r = 6.8

Hz, 6H, CHMey).
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Figure 111-17. A. Top: *H NMR spectrum of 308a-ds4 in CsDsBr. Bottom: 'H NMR
spectrum collected 5 min after the addition of 317a. Signals are broad due to a rapid
exchange between 317a and 308a-ds. B. Top: *H NMR spectrum from -9.6 ppm to -
12.6 ppm of 308a-ds in CsDsBr. Hydride signal (-11.65 ppm, 16%) belongs to the
CD3OH addition product. Bottom: *H NMR spectrum from -9.6 ppm to -12.6 ppm
collected 5 min after the addition of 317a. C. Top: 3P{*H} NMR spectrum of 308a-
ds in CeDsBr. Bottom: 3'P{*H} NMR spectrum collected 5 min after the addition of
317a. D. Top: “B{*H} NMR spectrum of 308a-d4 in CsDsBr. Bottom: *'B{*H} NMR
spectrum collected 5 min after the addition of 317a. 317a and 308a-ds4 signals were
observed distinctly when the acquisition time was set to be 20 ms
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O-H cleavage reaction rate comparison between cyclohexanol and ethanol at
room temperature. Two solutions were prepared in J. Young tubes as described in Table
[11-3. Both J. Young tubes were stirred at room temperature and monitored by NMR
spectroscopy at intervals specified in Table 111-4. Concentration of 74 ([Ir]) was calculated
by 'H NMR spectroscopy with 0.020 mmol 1,4-dioxane as internal standard with a total
volume of 0.50 mL. [Ir]/[Ir]o was calculated by concentration of 74 divided by initial
concentration of 74 in each tube:

Table 111-3. Solution in J. Young tube I111-1 and I11-2 with a total volume of 0.50 mL

Tube 111-1 Tube 111-2
74 (0.10 M in CeDs) 0.020 mmol, 0.20 mL 0.020 mmol, 0.20 mL
1,4-Dioxane (0.20 M in Cg¢Ds) 0.020 mmol, 0.10 mL 0.020 mmol, 0.10 mL
CeDs 0.16 mL 0.16 mL
Substrate (0.50 M in CsDs¢) 0.020 mmol, 40 pL 0.020 mmol, 40 pL
ethanol cyclohexanol

Table 111-4. Data table for 74 consumption in tube I111-1 and tube 111-2 over time for
EtOH-CyOH comparison

Tube I11-1: cyclohexanol Tube 111-2: ethanol

Time/min | [Ir]/M [Ir)/[Irlo | Time/min | [Ir]}/M [Ir)/[1r]o
0 0.042 1.0 0 0.043 1.0

853 0.025 0.59 131 0.032 0.75
1732 0.019 0.45 366 0.022 0.52
2230 0.016 0.38 877 0.012 0.29
3403 0.011 0.27 2406 0.0048 0.11
4220 0.0095 0.23 3250 0.0032 0.075
6788 0.0051 0.12 4243 0.0022 0.051
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Figure _III-18. Consumption of 74 over time for EtOH-CyOH addition rate
comparison

O-H cleavage reaction rate comparison between phenol, 4-
(trifluoromethyl)phenol and 4-methoxyphenol. Three solutions were prepared in J.
Young tubes as described in Table 111-5. All three J. Young tubes were stirred at room
temperature and monitored by NMR spectroscopy at intervals specified in Table I11-6.
Concentration of 74 ([Ir]) was calculated by *H NMR spectroscopy with 0.020 mmol 1,4-
dioxane as internal standard with a total volume of 0.50 mL. [Ir]/[Ir]o was calculated by

concentration of 74 divided by initial concentration of 74 in each tube:
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Table 111-5. Solution in J. Young tube 111-3 - 111-5 with a total volume of 0.50 mL

Tube 111-3 Tube 111-4 Tube 111-5
74 (0.10 M in | 0.020 mmol, 0.20 | 0.020 mmol, 0.20 mL 0.020 mmol, 0.20
CsDs) mL mL
1,4-Dioxane 0.020 mmol, 0.10 | 0.020 mmol, 0.10 mL 0.020 mmol, 0.10
(020 M in|mL mL
CsDs)
CeDs 0.16 mL 0.16 mL 0.16 mL
Substrate 0.020 mmol, 40 puL | 0.020 mmol, 40 uL 0.020 mmol, 40 pL
(050 M in | phenol 4- 4-methoxyphenol
CeDe) (trifluoromethyl)phenol

Table 111-6. Data table for 74 consumption over time for phenol derivatives addition
rate comparison

Tube 111-3: phenol Tube I11-4: Tube I11-5:
4-(trifluoromethyl)phenol 4-methoxyphenol

Time | [Ir}/M [Ir)/[Irlo | Time | [Ir]}/M [Ir)/[Ir] | Time | [Ir}/M | [Ir]/[Ir]
/min /min 0 /min 0

0 0.043 1.0 0 0.040 1.0 0 0.043 1.0

14 0.032 0.74 14 0.0040 |0.10 48 0.038 0.90
28 0.026 0.61 27 0.0028 | 0.070 115 0.035 0.83
59 0.019 0.44 40 0.0024 | 0.060 148 0.034 0.79
84 0.015 0.34 52 0.0020 | 0.050 176 0.032 0.76
127 0.011 0.25 64 0.0016 | 0.040 212 0.031 0.74
170 0.0078 |0.18 83 0.0014 | 0.035 348 0.028 0.65
206 0.0062 |0.14 101 | 0.0012 | 0.030 512 0.025 0.59
243 0.0050 |0.12 138 | 0.0010 | 0.025 1144 | 0.018 0.43
288 0.0038 | 0.088 164 | 0.00080 | 0.020
360 0.0028 | 0.065 252 | 0.00060 | 0.015
871 0.00060 | 0.014 722 | 0.00020 | 0.0050
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Figure 111-19. Consumption of 74 over time for phenol derivatives addition rate
comparison

O-H cleavage acceleration with catalytic amount of 317a. Two solutions were
prepared in J. Young tubes as described in Table I11-7. Both tubes were stirred at room
temperature for 15 h. 3'P{*H} NMR spectra was recorded for tube 111-6 — 11-7 to compare

the reaction rate. Tube I11-7 with 317a reacted faster compared to tube I11-6 without 317a

to form 310a.

Table 111-7. Solution in J. Young tube 111-6 — 111-7 with a total volume of 0.44 mL

Tube I11-6 Tube 111-7

74 (0.10 M in CgDs) 0.020 mmol, 0.20 mL 0.020 mmol, 0.20 mL

1,4-Dioxane (0.20 M in C¢Dg) | 0.020 mmol, 0.10 mL 0.020 mmol, 0.10 mL
Fluorobenzene 0.10 mL 0.10 mL

Cyclohexanol (0.50 M in 0.020 mmol, 40 pL. 0.020 mmol, 40 pL.
CeDs)
317a 0 mg 2.0 mg, 0.0015 mmol
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Figure 111-20. 3*P{*H} NMR spectra of 74 (0.020 mmol), cyclohexanol (0.020 mmol)
mixture (Top: without 317a. Bottom: with 317a (0.0015 mmol)) recorded after 15 h
of stirring at room temperature

Attempted acceleration of 74 reacting with tert-butyl alcohol. In a J. Young
tube, to 74 (0.020 mmol, 0.20 mL, 0.10 M in CeDs) was added 317a (0.0015 mmol, 2.0
mg), tert-butyl alcohol (0.20 mmol, 20 pL) and 0.20 mL CeHsF. The mixture was stirred
at room temperature for a week. Based on in situ **P{*H} NMR spectrum, one new peak
at 44.1 ppm (11%) was observed. Based on in situ *H NMR spectrum, one hydride at -

12.36 (t, Jur = 16.1 Hz, 11%) was observed. With the same reaction mixture, further

heating at 50 °C led to the generation of an unidentified compound. Adding additional
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tert-butyl alcohol (400 pL) as solvent and heat at 50 °C for 24 h lead to the generation of

mixtures with several different unidentified compounds.
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p————
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Figure 111-21. 3'P{*H} NMR spectrum of 74 (0.020 mmol), tert-butyl alcohol (0.20
mmol) and 317a (0.0015 mmol) mixture recorded after a week of stirring at room
temperature. The peak at 44.1 ppm was generated (11%b)
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Figure 111-22. *H NMR spectrum (from -10 ppm to -14 ppm) of 74 (0.020 mmol), tert-
butyl alcohol (0.20 mmol) and 317a (0.0015 mmol) mixture recorded after a week of

stirring at room temperature. The peak at 12.36 ppm (t, Jn-r = 16.1 Hz) was
generated (11%o)
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Figure 111-23. Bottom: 3P{*H} NMR spectrum of 74 (0.020 mmol), tert-butyl alcohol
(0.20 mmol) and 317a (0.0015 mmol) mixture recorded after a week of stirring at
room temperature. Middle: 3P{*H} NMR spectrum of the same mixture recorded
after further heating at 50 °C for 48 h. Top: 3P{!H} NMR spectrum recorded after
the middle mixture was added 400 pL tert-butyl alcohol and further heating at 50 °C
for 24 h

3.4.4 X-Ray Structural Determination Details

The X-ray crystal data (cifs) could be obtained by the follow link:

X-Ray data collection, solution, and refinement for (PB®EP)Ir(H)(CO)2
(3093, CCDC 1858841). A pale yellow, multi-faceted block of suitable size (0.12 x 0.12
x 0.03 mm) was selected from a representative sample of crystals of the same habit using
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an optical microscope and mounted onto a nylon loop. Low temperature (150 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.1% 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 P 21212; space group using XS24 (incorporated in SHELXLE). 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 bound to iridium which was located from the difference map. The structure
was refined (weighted least squares refinement on F?) and the final least-squares
refinement converged. No additional symmetry was found using ADDSY M incorporated
in PLATON program.*6°

X-Ray data collection, solution, and refinement for (PB"B'P)Ir(CO)(H) (316b,
CCDC 1858841). A light yellow, multi-faceted block of suitable size (0.90 x 0.66 x 0.49
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
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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
P 21/c space group using XS?* (incorporated in SHELXLE). 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
bound to iridium which was located from the difference map. The structure was refined
(weighted least squares refinement on F?) and the final least-squares refinement
converged. No additional symmetry was found using ADDSY M incorporated in PLATON

program. 169
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CHAPTER IV
REVERSIBLE ADDITION OF ETHYLENE TO A PINCER-BASED BORYL-

IRIDIUM UNIT WITH THE FORMATION OF A BRIDGING ETHYLIDENE?

4.1 Introduction

The nature of the elementary reactions of binding ethylene and other alkenes to
transition metal centers is of importance to many common and impactful catalytic
processes that utilize alkenes as feedstocks.'%17® The initial interaction between a suitably
unsaturated transition metal complex and an alkene (Scheme IV-1) typically results in a
n-complex (4A)Y7, which may then undergo C-H oxidative addition to yield a vinyl
hydride isomer (4B)'"817°, or isomerization via an initial insertion product 4C to a metal
alkylidene complex (4D)!8%182 or even a hydrido/alkylidyne isomer (4E).183-184 The latter
two isomerizations typically require the presence of hydride ligands in the metal fragment
and proceed by a combination of insertion of the olefin into M-H and subsequent single
or double a-H elimination. Moreover, since isomerization of a free hydrocarbon olefin
into a free alkylidene is unfavourable by >70 kcal/mol,*% only the metal centers with an
enormous preference for binding an alkylidene vs olefin are thermodynamically capable

of it.189-182 Thijs thermodynamic capacity is more or less restricted to highly electron-rich

* Reproduced in whole from “Reversible Addition of Ethylene to a Pincer-Based Boryl-Iridium
Unit with the Formation of a Bridging Ethylidene” by Cao, Y.; Shih, W.-C.; Bhuvanesh, N.;
Ozerov, O. V. Chem. Sci. 2020, 11, 10998-11002. Copyright [2020] by Royal Society of
Chemistry. The synthesis and crystal structure of 401, 403 has been developed and solved by our
former group members Dr. Wei-Chun Shih. The crystal structure of 402 was solved by
crystallographer Dr. Nattamai Bhuvanesh.
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early- to mid-periodic table metals in low oxidation states and with propensity to form
multiple metal-ligand bonds.

/=
M\
D

4B, vinyl hydride complex

4A, p-complex

==
N

— CH;
H H HH
4C, metal alkyl _
4D, metal alkylidene complex  4E, hydrido/alkylidyne complex

Scheme 1V-1. Typical outcomes of a reaction between an olefin (ethylene for
simplicity) and a transition metal complex

In the present work, we report unexpected findings that emerged in the course of
our exploration of the reactivity of Ir complexes of a diarylboryl-containing PBP pincer
ligand.?” 37, 78, 80, 83-84, 96, 100, 102, 186-187 |n narticular, we discovered that ethylene can
reversibly add to the boryl-iridium unit as a bridging ethylidene. Complexes of
monodentate boryl ligands are well established and important intermediates in such
organometallic catalytic processes as hydroboration'® and C-H borylation.'®® Some
variants of aromatic C-H borylation rely on the presence of sacrificial olefin reagents.*%"
18 To the best of our knowledge, formation of alkylidenes bridging a boron and a
transition metal in C-H borylation of arenes or olefins,* or in olefin hydroboration,* has

not been documented or considered.
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Scheme 1V-2. The new reactivity reported in this work

4.2 Result and Discussion
4.2.1 Reaction of Ethylene with (PBP)Ir Complexes

For the reactions with ethylene, we chose the recently disclosed complexes 72, 73,
and 74.1%2 Solutions of 72, 73, and 74 in toluene or benzene were blanketed with an
atmosphere of ethylene and allowed to react with stirring overnight (Scheme 1V-3).
Reactions with 72 and 73 proceeded at ambient temperature, while reaction with 74
required thermolysis at 50 °C for 36 h. Upon removal of volatiles and recrystallization,
the new complexes 401, 402, and 403 were obtained in pure form. NMR spectroscopic
analysis of 401 indicated that it possesses an intact PBP ligand with apparent Cs symmetry,
a sp3-hybridized boron center (*!B NMR: & 20.3 ppm), a single hydride, an Ir-bound
ethylene, and a vinyl group. These data point to the structure depicted in Scheme 2,
which was confirmed by an X-ray diffraction study (vide infra). 401 is the product of
addition of two equivalents of ethylene to the (PBP)Ir fragment. This is atypical for
reactions of (pincer)IrHz or (pincer)lrHs with an olefin, which normally yield either a
(pincer)Ir(n?-olefin) complex or a (pincer)lr(H)(alkenyl) isomer in cases of high steric
congestion,'”® both being products of the reaction of the pincer complex with only one

alkene.
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Scheme 1V-3. Reactions of 72, 73, and 74 with Ethylene

Complexes 402 and 403 both also contained all the expected *H NMR resonances
for the PBP ligand and their !B NMR chemical shifts (17.8 and 20.4 ppm, respectively)
also indicated sp® hybridization at boron. However, there were no resonances in either 402
or 403 that could be ascribed to a m-bound ethylene or a vinyl group. Instead, 402 and
403 each possessed a pair of *H NMR resonances in a 1:3 integral ratio consistent with a
CHCHjs fragment (402: 6 3.37 (m, 1H) and 1.75 (d, Ju-n = 7.0 Hz, 3H) ppm; 6: 62.72
(m, 1H) and 1.39 (dd, Ju-1 = 7.0, Jp.4 = 0.7 Hz, 3H) ppm). 402 displayed resonances for
two inequivalent hydrides (-11.10 and -12.88 ppm), whereas 403 displayed none. These
data were consistent with the presence of an ethylidene (CHCH?3) unit bridging B and Ir.
Furthermore, the observed C: symmetry in the NMR spectra of 402 and 403 was consistent
with the presence of a carbon center with four different substituents (the methine carbon

IR spectroscopic observations suggested the presence of a
95
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single CO ligand in 402 (vco = 1977 cm™) and two CO ligands in 403 (vco = 1987 and
1942 cmY).

Interestingly, addition of ethylene to 74 is partially reversible. Thermolysis of a
solution of 403 at 90 °C led to the appearance of signals for 74 and free ethylene. Traces
of free ethylene were also observed upon thermolysis of 402 at 80 °C for 10 min.

4.2.2 Structural Characterization

Solid-state structures of 401, 402, and 403 were determined by single-crystal X-
ray diffractometry (Figure 1V-1). The structure of 402 contained two independent
molecules in the asymmetric unit. Both molecules displayed disorder, which was
successfully modelled through varying the positions of the atoms in the Ir-CHMe unit, as
well as CO for one of the molecules. The disorder likely involves other atoms in the
molecules, but it was not possible to improve the model via consideration of the other
atom positions. Because of this, while the connectivity of the non-hydrogen atoms was
unambiguously established, the metrics associated with the immediate coordination

sphere of Ir cannot be reliably interpreted.
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403

Figure 1V-1. ORTEP drawings showing selected atom labeling of 401, 402 and 403.
Hydrogen atoms (except Ir-H) are omitted for clarity. 401. Ir1-B1, 2.396(3) A; Ir1-
C1, 2.200(3) A; Ir1-C2, 2.223(3) A; Ir1-C3, 2.213(3) A; 1r1-C4, 2.248(3) A; C1-C2,
1.402(4) A; C3-C4,1.405(4) A; C3-B1, 1.556(4) A; C5-B1-C6, 120.4(2)°; C6-B1-C3,
117.5(2)°; C3-B1-C5, 115.6(2)°. 402. The structure contains two independent
molecules and each is disordered, including the Ir position. One of the independent
molecules is drawn. See section 4.4.5 for additional information. 403. Ir1-B1,
2.475(4) A; 1r1-C3, 2.262(4) A; C3-C4, 1.523(6) A; C3-B1, 1.530(6) A; C1-01,
1.160(5) A; C2-02,1.136(6) A; C1-1r1-C3, 175.7(2)°; P1-Ir1-P2 140.36(4)°; C5-B1-
C6, 122.0(3)°; C6-B1-C3, 118.2(3)°; C3-B1-C5, 114.6(3)°
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In the structure of 401, the coordination sphere of Ir contains a hydride, two
phosphines, two olefin donors, and a relatively distant interaction with a boron center
(2.396(3) A). If the latter were ignored, the molecule could be viewed as a monovalent,
five-coordinate IrXL4 center with a geometry intermediate between square pyramidal and
trigonal planar (t = 0.43).1%° This geometry probably results from a combination of innate
electronic preferences and the constraint imposed by the chelating ligand. The Ir-B
distance in 401 is ca. 0.1 A longer than those recorded for Ir and Rh complexes of BP3 and
PB(Ph)P where the central borane site functioned as a Z-type ligand*® 6”70 and it is ca.
0.25 A longer than the Ir-B(boryl) bond distance in 74.1% The sum of C-B-C angles about
boron (ca. 354°) indicates only modest pyramidalization.  The proximity of B to Ir is also
dictated by the vinyl-Ir interaction. Furthermore, the BCHCH. unit could alternatively
be viewed as a n>borataallyl®™>> 1° fragment bound to Ir (Figure 1V-2). The related n°-
binding of a B-Ph group in boranes coordinating to transition metals has also been
reported.’?73 7576 192 The B1-C3 distance of 1.556(4) A is shorter than the B-Cary

distances in 401 or 403 (ca. 1.59-1.61 A).
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Figure IV-2. ChemDraw interpretations and POV-Ray rendition of the ORTEP
drawing (50% thermal ellipsoids, truncated molecules with boron center and atoms
around boron) of 401 and 403

The structure of 403 contains an even more distant interaction between Ir and B
(2.475(4) A) and the boron center is also only slightly pyramidalized (sum of C-B-C
angles ca. 355°). If the Ir-B interaction were discounted, the molecule could be viewed
as an IrXL4 five-cooordinate (t = 0.60),'%° where X is the boryl-substituted alkyl ligand
connected to Ir via C3.  However, the Ir-C3 distance of 2.261(4) A is considerably longer
than the sum of Ir and C covalent radii (2.17 A).2% In fact, it is even slightly longer than
the Ir-C distances (2.20-2.25 A) to the n-bound olefins in 401. In addition, the B1-C3
distance (1.530(6) A) is shorter than is expected for a single B-C bond (cf. the B-Caryi
distances in 401 and 403). These metrics point to an alternative view of this structure as

an n?-borataalkene> complex of monovalent Ir (Figure IV-2). It is important to
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emphasize that the alternative descriptions of the observed structures for 401 (vinylborane
vs borataallyl complex) and 403 (boryl-substituted alkyl or borataalkene complex) are not
possible isomers but rather idealized or extreme descriptions of the same molecule.

4.2.3 Mechanistic Analysis

We recently reported that 74 can selectively activate the ortho-C-H bonds in
pyridine derivatives. 74 is an 18-electron complex at Ir and thus cannot undergo direct
oxidative addition. Thus, the mechanism of C-H activation of pyridines was proposed
whereby one of the CO ligands in 74 has to dissociate to allow for the C-H oxidative
addition to take place at the monocarbonyl intermediate. It was observed that the C-H
activation of pyridines was retarded by the presence of free CO.

We surmised that the activation of ethylene by 74 may proceed by a related
mechanism*® (Scheme 1V-4). We propose that dissociation of CO creates unsaturation
and permits coordination of the olefin to give intermediate 405 and then oxidative addition
of the vinylic C-H bond to give 406. The resultant vinyl group may then migrate from Ir
to B to give 407, and then insertion into the Ir-H produces 408 and after recapturing CO,
403, with the observed bridging ethylidene structure. We previously observed facile
migration of phenyl between B and Ir (or Rh) in complexes of this PBP ligand.?” The
proposed migration of a vinyl is reasonable by analogy. Alternatively, one could envision
that 405 is converted to 407 via a 2,1-olefin insertion into the Ir-B bond and the subsequent
B-hydrogen elimination from the resultant boroalkyl 409.  Although insertions of olefins

into M-B bonds are well precedented,'®>% it is not clear that the chelate constraint here
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would enable 1,2-insertion or that it should proceed with the regioselectivity needed for

the eventual production of 403°.

P Pr, P Pr2
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7Ir CO
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-CO
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Scheme 1V-4. Proposed mechanism

We tested our mechanistic proposal by examining whether the rate of ethylene
addition to 74 was affected by the presence of free CO. Owing to the practical challenges
in varying the pressures or concentrations of two gaseous reagents (C2Hs and CO) in NMR

tube experiments, we elected to carry out test reactions with 1-hexene instead. First, we
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established that 1-hexene indeed formed the analogous product. (Scheme IV-5) Treatment
74 with 80 equivalents of 1-hexene, after thermolysis at 50 °C for 16 h, resulted in the
formation of a product 403’, whose NMR spectroscopic features closely matched those of
403, except for the presence of a pentyl group in place of a methyl in the bridging
alkylidene (See Table 1VV-1). Interestingly, the reaction of 74 with trans-2-hexene also
gave 403’ as the major product after 5 d at 100 °C (see section 4.4.4). We then examined
the progress of reactions of 74 with 1-hexene under the atmosphere of Ar vs CO but
otherwise identical conditions (Ce¢Ds solution 50 °C, 90 h) and concentrations. NMR
analysis revealed 73% conversion to 403’ under Ar, and no detectable conversion under
CO. Higher concentrations of 1-hexene correlated with faster conversion of 74 to 403.
Thus, the reaction displays positive dependence on [1-hexene] and apparent inverse
dependence on [CO], indicating that reversible dissociative displacement of CO with 1-
hexene constitutes the rate-determining sequence.

NN ‘ co
| 0 /

B—Ir. —_— B——Ir—CO

Scheme 1V-5. Reaction of 74 with 1-hexene

The mechanism proposed in Scheme 1V-4 suggested, by the principle of
microscopic reversibility, that loss of ethylene from 403 should also be retarded by the
presence of free CO. Indeed, thermolysis (100 °C, 2 h) of two identically constituted

CeDs solutions of 403 resulted in diminished conversion to 74 (17% vs 35%) in the
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reaction carried out under 1 atm of CO as opposed to 1 atm of Ar. Overall, the CO
inhibition experiments support the proposed mechanism (Scheme 1V-4) for the reactions
of 74. It is also reasonable to think that the reaction of 73 with ethylene proceeds by a
similar mechanism, initiated by the dissociation of CO or H from 73. The product of
the reaction of 74 with ethylene can be viewed as analogous to the intermediate 407 in
Scheme 1V-4 (with n2-ethylene in place of CO).
4.3 Conclusion

In summary, we have described a series of unusual outcomes in the reactions of
ethylene with simple pincer complexes of Ir.  These reactions demonstrate that the boryl
of the PBP ligand is not merely an electronically special ligand or even a potential Lewis
acid to Lewis basic sites. The presence of the boryl donor in the pincer can also
significantly alter the preferred reactions products when contrasted with pincer complexes
with different central heteroatoms.

4.4 Experimental Section
4.4.1 General Considerations

Unless specified otherwise, all manipulations were performed under an Ar
atmosphere using standard Schlenk line or glovebox techniques. Toluene, diethyl ether,
pentane, and isooctane were dried and deoxygenated (by purging) using a solvent
purification system (Innovative Technology Pure Solv MD-5 Solvent Purification System)
and stored over molecular sieves in an Ar-filled glove box. CsDe was dried over
NaK/PhoCO/18-crown-6, distilled or vacuum transferred and stored over molecular sieves

in an Ar-filled glovebox. CHCl,, CDClIs, cyclohexane, and CsD12 were dried over CaHy,
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distilled or vacuum transferred and stored over molecular sieves in an Ar-filled glove box.

72, 73 and 74 were prepared via literature procedures.'%2 All other chemicals were used as

received from commercial vendors.

4.4.2 Physical Methods

NMR spectra were recorded on a Varian Inova 300, Mercury 300 (*H NMR,

299.952 MHz; 3C NMR, 75.421 MHz; 3P NMR, 121.422 MHz), Varian Inova 400 (*H

NMR, 399.535 MHz; !B NMR, 128.185 MHz; P NMR, 161.734 MHz) and Varian

Inova 500 (*H NMR, 499.703 MHz; *C NMR, 125.697 MHz; 3'P NMR, 202.265 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 C¢Ds, 7.24

for CDCls; 3C NMR: & 128.62 for CsDg, 77.16 for CDCls). !B NMR spectra were

referenced externally with BF; etherate at & 0. 3P NMR spectra were referenced externally

with 85% phosphoric acid at 6 0. Elemental analyses were performed by CALI Labs, Inc.

(Highland Park, NJ)

4.4.3 Synthesis and Characterization of Iridium Complexes

pr Pr,

S

(PBVIWYIP)Ir(H)(C2Ha4) (401). In a 25 mL Teflon screw-capped
round-bottomed flask, 72 (0.10 g, 0.10 mmol) was dissolved in
toluene (2 mL). The solution was degassed twice via freeze-
pump-thaw, and the flask was refilled with ethylene (1 atm). The

reaction was stirred at room temperature overnight. The volatiles

were removed under vacuum, and the resulting solid was recrystallized in toluene/pentane

1:3, yielding a pale orange solid (82 mg, 72%).
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'H NMR (500 MHz, CeDe): 6 8.30 (d, Jun = 7.5 Hz, 1H), 8.09 (d, Ju-n = 7.5 Hz, 1H),
7.32(td, Jun = 7.4 Hz, 1.0 Hz, 1H), 7.24 (m, 2H), 7.14 (m, 1H), 7.03 (m, 1H), 6.97 (m,
1H), 4.45 (m, 1H, B-CH=CH), 2.96-1.89 (br, 6H, CH>=CH> B-CH=CHy), 2.70 (br, 1H,
CHMey), 2.40 (br, 1H, CHMe), 2.28 (br, 1H, CHMey), 1.98 (br, 1H, CHMe), 1.28 (dwt,
Jn = 7.1 Hz, 3H, CHMey), 1.13 (m, 9H, CHMe), 0.83 (dvt, Ju-v = 6.4 Hz, 3H,
CHMey), 0.73 (dvt, Ju-v =6.9 Hz, 3H, CHMey), 0.55 (dvt, Jh-v =7.7 Hz, 3H, CHMe),
0.35 (dvt, Ju 1 = 7.3 Hz, 3H, CHMey), -13.70 (br, 1H, Ir—H). 3:P{*H} NMR (202 MHz,
CeDs): 8 32.3 (br). B{*H} NMR (128 MHz, CsDs): 5 20.3 (br). 3C{*H} NMR (101 MHz,
CsDs): 8 165.2 (br, Cq), 157.5 (br, Cq), 142.3 (br, Cg), 137.2 (br, Cg), 133.6 (t, Jc» =10.0
Hz, CH), 131.4 (t, Jc» = 10.8 Hz, CH), 130.9 (s, CH), 129.9 (s, CH), 129.8 (s, CH),
129.3 (s, CH), 128.9 (s, CH), 125.6 (t, Jc » = 3.0 Hz, CH), 125.5 (br, CH), 74.6 (br, Ir—
CH=CHy), 56.3 (br, CH2=CHy), 35.5 (m, CHMe), 32.0 (t, Jc » =14.1 Hz, CHMey), 27.5
(t, Jop =17.0 Hz, CHMey), 27.1 (t, Jcp = 14.6 Hz, CHMey), 22.1 (s, CH3), 20.7 (s,
CHzs), 20.4 (s, CH3), 19.4 (s, CHs3), 19.0 (s, CHs), 18.7 (s, CHs), 18.6 (s, CH3), 18.5 (s,

CHs). Elem. Anal. Calcd for C2sHasBIrP2: C, 52.09; H, 6.87. Found: C, 52.09; H, 6.58.

(PBCHCH3P)[r(H)2(CO) (402). In a 25 mL Teflon screw-capped

i
: HT Pr; round-bottomed flask, 73 (40 mg, 0.10 mmol) was dissolved in
NS
BYT\CO toluene (2 mL). The solution was degassed twice via freeze-
@ -PPr, pump-thaw, and the flask was refilled with ethylene (1 atm). The

reaction was stirred at room temperature overnight. The volatiles
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were removed under vacuum, and the resulting solid was recrystallized in pure pentane,
yielding a colorless solid (25 mg, 60%).

IH NMR (499 MHz, CsDe) & 8.43 (dd, Jun = 7.5, 2.3 Hz, 1H), 8.34 (d, Ju 1 = 7.6 Hz,
1H), 7.38 (t, Ju-n =7.3Hz, 1H), 7.25 (t, Ju v = 7.4 Hz, 1H), 7.09 (m, 3H), 6.99 (t, 1~
= 7.2 Hz, 1H), 3.37 (m, 1H, B-CH-CH?3), 2.17 (m, 2H, CHMe>), 1.81 (m, 2H, CHMe),
1.75(d, Ju-v =7.0 Hz, 3H, B-CH-CH3), 1.23 (dd, Ju.r =15.1Hz, Ju 1 =6.9 Hz, 3H,
CHMey), 1.14 (dd, Jup =153 Hz, Jun = 7.0 Hz, 3H, CHMep), 1.11 (dd, Jup =14.6
Hz,Jun =7.0Hz 3H, CHMe;), 1.01 (dd, Jup =15.6Hz,Jun =7.2Hz, 3H, CHMey),
0.97 (dd, Jh-p =16.0 Hz, Ju-n = 6.8 Hz, 3H, CHMey), 0.93 (dd, Ju-p = 15.7 Hz, Ju-H
= 6.8 Hz, 3H, CHMey), 0.65 (dd, Jup =14.5Hz, Jun = 6.9 Hz, 3H, CHMey), 0.57 (dd,
Jur =153 Hz, Jhv =6.8 Hz, 3H, CHMe»), -11.10 (ddd, Jh-r = 19.6, 13.3 Hz, Ju-H
= 2.5 Hz, 1H, Ir-H), -12.88 (t, Jur = 14.5 Hz, 1H, Ir-H). 3P{*H} NMR (202 MHz,
CeDs): 5 42.6 (d, Jp-p = 257.4 Hz), 39.3 (d, Jp-p = 257.9 Hz). “B{*H} NMR (128 MHz,
CeDs): & 17.8 (s). BC{'"H} NMR (126 MHz, CsDs) 5 185.5 (dd, Jc » = 14.8, 8.8 Hz, CO),
165.07 (br), 160.17 (br), 141.4 (dd, Jc » = 50.3, 3.9 Hz), 138.4 (dd, Jc p = 52.4, 2.9 Hz),
134.2 (d, Jc p = 16.8 Hz), 131.4(d, Jc p = 15.6 Hz), 131.3 (br), 130.3 (d, Jc p = 2.1 H2),
130.2 (br), 129.5 (d, Jc p = 2.2 Hz), 125.3 (d, Jc p = 7.2 Hz), 1245 (d, Jc » = 7.5 Hz), 56.3
(s, B-CH-CH3),32.4 (dd, Jcp = 37.1, 2.6 Hz, CHMe), 30.0 (dd, Jcp = 22.4, 3.9 Hz,
CHMey), 29.6 (dd, Jc p = 34.5, 3.6 Hz, CHMe), 27.6 (dd, Jc » = 22.6, 4.5 Hz, CHMey),
22.3 (s, CH3), 21.5 (s, CHs), 21.0 (s, CH3), 20.9 (d, Jc = 2.4 Hz, CHMe), 20.7 (d, Jc =

3.2 Hz, CHMey), 20.5 (s, CHa), 20.4 (s, CHa), 19.7 (s, CH3), 19.6 (d, Jc » = 3.6 Hz,
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CHMey). ATR-IR: vco = 1977 cm™. Elem. Anal. Calcd. for C27H42BIrOP2: C, 50.08; H,

6.54. Found: C, 50.05; H, 6.46.

(PBCHCH3P)r(CO)2 (403). In a J. Young tube, 74 (21 mg, 0.030

j
Q7T PC% mmol) was dissolved in CsDs (0.50 mL). The solution was
/
Y | N co degassed twice via freeze-pump-thaw, and the flask was refilled
O‘ —PPry | with ethylene (1 atm). After heating at 50 °C for 36 hours, the

volatiles were removed under vacuum, the resulting solid was

recrystallized in pentane, yielding pale yellow solid (18 mg, 79%).

IH NMR (500 MHz, CeDs): & 8.40 (m, 1H), 8.12 (d, Jun = 7.6 Hz, 1H), 7.40 (m, 1H),
7.28 (m, 1H), 7.18 (m, 1H), 7.05 (m, 2H), 6.92 (t, Ju-+ = 7.4 Hz, 1H), 2.72 (m, 1H,
IrCH(B)Me), 2.31 (m, 1H), 2.21 (m, 3H), 1.39 (dd, Jun = 7.0, Jps = 0.7 Hz, 3H,
IrCH(B)Me), 1.15 (m, 6H, CHMe), 1.08 (dd, Ju-+ = 16.1, Jo.4 = 6.8 Hz, 3H, CHMe3), 0.87
(m, 12H, CHMe), 0.75 (dd, Jn-+ = 16.4, Jp.4 = 7.0 Hz, 3H, CHMey). 3'P{*H} NMR (202
MHz, CsDe): 5 32.6 (d, Jp.p = 184 Hz), 27.6 (d, Jp.p = 184 Hz). 1'B{*H} NMR (128 MHz,
CeDs): 6 20.4. 3C{*H} NMR (101 MHz, C¢Ds) & 182.0 (dd, Jpc = 13.2, Jp.c = 10.9 Hz,
CO), 181.4 (dd, Jpc = 12.1, Jrc = 9.5 Hz, CO), 165.0 (br, B-C), 159.7 (br, B-C), 133.5 (d,
Jp.c = 48.7 Hz), 132.8 (d, Jp.c = 22.7 Hz), 131.3 (d, Jp.c = 48.5 Hz), 130.6 (m, 3C), 129.8
(s), 129.2 (s), 125.2 (d, Jpc = 7.5 Hz), 125.1 (d, Jp.c = 7.7 Hz), 45.4 (br, IrCH(B)Me), 30.4
(d, Jp-c = 32.5 Hz, CHMey), 29.0 (d, Jp-c = 30.4 Hz, CHMey), 27.3 (d, Jrc = 23.7 Hz,
CHMey), 24.1 (dd, Jpc = 25.7, 5.2 Hz, CHMey), 22.4 (d, Jp-c = 4.7 Hz, IrCH(B)Me), 19.9
(s, MeCHMe), 19.5 (s, MeCHMe), 19.2 (s, MeCHMe), 18.5 (s, MeCHMe), 18.3 (s,

MeCHMe), 17.5(s, MeCHMe, 2C), 16.8 (d, Jr.c = 5.0 Hz, MeCHMe). ATR-IR: vco = 1987
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cm?, 1942 cm™. Elem. Anal. Calcd. for CasHaoBIrO2P2: C, 49.93; H, 5.99. Found: C,
50.28; H, 5.97.

In situ observation of (PBCH(CH24CH3P)|r(CO), (403°). To a J. Young tube was added
74 (13 mg, 0.020 mmol) and 1-hexene (0.40 mL, 1.6 mmol). The tube was placed into a
50 °C oil bath for 16 h. Following the thermolysis, all volatiles were removed under
vacuum and the solid was re-dissolved in Ce¢De, *H NMR, 3P{*H} NMR and "B{*H}
NMR spectra were recorded, showing complete consumption of 74 to generate 403°. *H
NMR (500 MHz, CsD¢): 6 8.42 (d, Ju-n = 7.6 Hz, 1H), 8.20 (d, Ju_+ = 7.6 Hz, 1H), 7.38
(tdd, Jun = 7.5, 2.4, 1.0 Hz, 1H), 7.28 (m, 1H), 7.17 (m, 1H), 7.04 (m, 2H), 6.93 (t, Ju +
= 7.4 Hz, 1H), 2.67(m, 1H, B-C-Ir), 2.29 (m, 4H, (CH2)4aMe and CHMe), 1.92 (m, 1H,
CHMey), 1.22 (dd, Ju + = 15.2, 7.1 Hz, 3H, CHMe), 1.18 (dd, Ju 1 = 15.9, 6.8 Hz, 3H,
CHMey), 1.10 (dd, Jnn = 16.1, 6.8 Hz, 3H, CHMey), 1.02 (m, 4H, (CH2)sMe), 0.95 (dd,
Jin = 16.8, 6.8 Hz, 3H, CHMey), 0.87 (m, 6H, CHMey), 0.81 (dd, Ju.n = 16.4, 7.0 Hz,
3H, CHMey), 0.76 (dd, Ju-+ = 16.4, 7.0 Hz, 3H, CHMey), 0.70 (t, Ju.n = 7.0 Hz, 3H,
CH2Me). 3P{*H} NMR (202 MHz, CsDs): & 31.7 (d, Jp-p = 187 Hz), 27.7 (d, Jp-p = 187
Hz). “B{*H} NMR (128 MHz, CsD¢): & 20.5. 3C{*H} NMR (126 MHz, CeDs): & 182.5
(dd, Jc p = 14.1, 10.2 Hz, CO), 181.5 (dd, Jc r = 12.1, 8.5 Hz, CO), 166.0 (br, B—Csp2),
159.8 (br, B~Csp2), 134.2 (d, Jc p = 48.9 Hz, P-Csp), 131.7 (d, Jc = 48.6 Hz, P-Cspo),
131.7 (d, Jcp = 22.5 Hz, Csp2H), 131.7 (d, Jc_p = 48.6 Hz, P-Csp2), 131.1 (d, Jcp = 2.2 Hz,
Csp2H), 131.0 (d, Jc p = 20.6 Hz, CspoH), 130.5 (d, Jc p= 2.2 Hz, CspoH), 130.4 (d, Jc p=
3.0 Hz, Csp2H), 129.5 (d, Jc p = 2.4 Hz, CspoH), 125.8 (d, Jc p = 7.8 Hz, Csp2H), 125.7 (d,

Jo_p= 7.8 Hz, CspzH), 52.6 (br, IrCH(B)Me), 39.0 (d, Jc_p = 5.0 Hz, (CH2)sMe), 35.7 (s,
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(CH2)sMe), 32.9 (s, (CH2)sMe), 30.8 (d, Jc-p= 32.8 Hz, CHMez), 29.7 (d, Jc»= 30.5 Hz,
CHMey), 27.8 (dd, Jc p = 23.8, 4.3 Hz, CHMey), 24.6 (dd, Jc p = 25.8, 5.7 Hz, CHMey),
23.4 (s, (CH2)aMe), 20.6 (s, CHMe), 20.0 (d, Jc-» = 2.3 Hz, CHMey), 19.8 (d, Jc»= 3.3
Hz, CHMez2), 19.0 (d, Jc-p = 4.3 Hz, CHMe), 18.9 (d, Jc-p = 2.9 Hz, CHMe), 18.2 (d, Jc-
p=3.8 Hz, CHMe), 18.0 (d, Jc »= 3.7 Hz, CHMey), 17.4 (d, Jc » = 5.6 Hz, CHMey), 14.9
(s, CH2Me). ATR-IR: vco = 1989 cmt, 1945 cm'?

Table 1V-1. Selected spectral data of 403 and 403’

UB{H} | SP{*H}NMR | BC{*H} |vco
NMR NMR and
for BCHRp
(PBCHCH3P)|r(CO); 204 ppm | 32.6 (d, Jpp =| 45.4ppm | 1987 cm™
(403) 184 Hz) 27.6 (d, 1942 cm™*
Jp-p = 184 Hz)
(PBCHCH4CHIPYI(CO), | 20.5 ppm | 31.7 (d, Jp-p = | 52.6 ppm | 1989 cm™
(403°) 187 Hz) 27.7 (d, 1945 cm!
Jp-p = 187 HZ)

In situ NMR study of the reaction of 74 with trans-3-hexene. To a J. Young tube was
added 74 (13 mg, 0.020 mmol), trans-2-hexene (10 pL, 0.080 mmol) and 0.40 mL CeDe.
The tube was placed into a 100 °C oil bath; it was retrieved four times to collect NMR
spectra at room temperature (Figure VI-3). The major new product after 127 h was
compound 403°. At intermediate times, another product displaying an AB pattern in the
3IP{*H} NMR spectrum was observed (46.7 ppm (d, Jp-p = 163.2 Hz), 44.9 ppm (d, Jpp =
225.2 Hz)). It was not unambiguously identified, but it is likely to be an isomer of 403”

possessing a non-terminal bridging hexylidene.
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Figure 1V-3. 3'P{*H} NMR spectra at room temperature of in situ internal hexene
addition experiment after heating at 100 °C for certain time in CsDs

4.4.4 In Situ NMR Study of Ethylene Addition

Addition of 1-Hexene with and without CO. Two J. Young NMR tubes (1V-1 and IV-

2) were loaded with identical solutions under argon: 74 (0.20 mL 0.10 M in Ce¢Ds, 0.020

mmol), 1-hexene (50 pL 2.0M in CsDg, 0.10 mmol), ‘Bu,PhP=0 (0.10 mL, 0.20 M in

CsDs, 0.020 mmol), and 1,4 dioxane (50 pL 0.20 M in CgDs, 0.010 mmol). ‘BuPhP=0

was added as *!P{*H} NMR internal standard and 1,4 dioxane was added as *H NMR

internal standard, although *H NMR spectra were not useful in analysing the mixture due
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to extensive overlap. Tube IVV-2 was degassed twice using the freeze-pump-thaw method,
followed by introduction of 1 atm of CO. NMR spectra of solutions in both tube 1V-1 and
tube 1'V-2 were recorded, and then both tubes were placed into the same 50 °C oil bath at
the same time.  After 90 h, 73% 403’ was generated in tube 1V-1 while 0% generation of
the desired product was observed in tube 1V-2 (3!*P{*H} NMR evidence). Traces of water
adduct (at 54.6 ppm) was observed in tube 1V-2 due to the reaction of 74 with adventitious

water in CO to form 307a.1%*

90 h 90h

'Bu,PhP=0
‘Bu,PhP=0 403’ I 74 P
74 & X »
J.‘ . ‘ ‘ S A
L Bu,PhP=0 74 'Bu,PhP=0
- Cb

1 {opm)

Figure IV-4. A. 3'P{*H} NMR spectra of the reaction of 1-hexene with 74 under argon
atmosphere. B. ' P{*H} NMR spectra of in situ addition of 1-hexene to 74 experiment
under CO atmosphere.

Reaction rate comparison for 74 reacted with increased amounts of 1-hexene.
To three J. Young tubes was added solutions according to Table IV-2. All tubes were
placed into the same 50 °C oil bath at the same time, and all *'P{*H} NMR spectra were

recorded at room temperature after periodically taking the tubes out of the oil bath

simultaneously. Concentration of 74 was calculated by using 0.020 mmol ‘Bu2PhP=0 as
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internal standard for 3!P{*H} NMR spectra. The reaction rate

dependence on [1-hexene] and [74].

Table IV-2. Constituents in tubes 1V-3, V-4 and 1VV-5

displays positive

74 1-Hexene ‘Bu2PhP=0 CeDs | Total

0.10 M in CeDs 0.20 M in CgDs Volume
Tube [0.20 mL, 0.020 {25 uL, 0.20]0.10 mL, 0.020|75uL |0.40
1IV-3 | mmol, 0.050 M | mmol, 0.50 M mmol, 0.050 M mL
Tube [0.20 mL, 0.020 {50 uL, 0.40|0.10 mL, 0.020|50uL |0.40
IV-4 | mmol, 0.050 M | mmol, 1.0 M mmol, 0.050 M mL
Tube |0.20 mL, 0.020 { 0.10 mL, 0.80|0.10 mL, 0.020|0uL |0.40
IV-5 | mmol, 0.050 M | mmol, 2.0 M mmol, 0.050 M mL

In ([74]/[74],) - Time chart for tube IV-3
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Figure 1V-5. Consumption of 74 over time for 74 (0.050 M) and 1-hexene (0.50 M)
addition reaction showing disappearance of 74 on a log scale
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In ([74]/[74],) - Time chart for tube IV-4

0 0 200 400 600 800 1000 1200
-0.2 .
-04 L

06 Tt y = -1.565E-03x

R? = 9.962E-01
-0.8

In ([74)/[74],)

-12
-14 el e

-16 _
T/min

Figure 1V-6. Consumption of 74 over time for 74 (0.050 M) and 1-hexene (1.0 M)
addition reaction showing disappearance of 74 on a log scale

In ([74]/[74],) - Time chart for tube IV-5
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Figure 1V-7. Consumption of 74 over time for 74 (0.050 M) and 1-hexene (2.0 M)
addition reaction showing disappearance of 74 on a log scale
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Table 1V-3. Results of Tube IV-3, IV-4 and V-5

Tube number 1-hexene concentration/M Kobs * 10%/min~tM*
Tube V-3 0.50 6.0
Tube V-4 1.0 16
Tube V-5 2.0 29

Experimental rate constant - [1-hexene] chart
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N
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Figure 1V-8. Experimental rate constant is positively related to 1-hexene
concentration
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Ethylene observation in the thermolysis of 402. 402 (0.020 mmol, 14 mg) was dissolved
in 0.40 mL CeDs, and heated inside the Varian Inova 500 instrument. The spectra were
recorded after 10 min when the temperature was stabilized at 80 °C. Free ethylene and

hydrides of 73 was observed in the spectra recorded at 80 °C (ca. 1%).

|
25 °C
MW " | \ " o R

80 °C
|

| W,ww L

-1 -2
f1 (ppm)

Figure 1V-9. 'H NMR spectra recorded for the thermolysis of 402
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Ethylene observation in the thermolysis of 403. 403 (0.020 mmol, 14 mg) was dissolved
in 0.40 mL CeDe/toluene-dg, and heated with Varian Inova 400 instrument. The spectra
were recorded after the temperature was stabilized at 75 °C, 90 °C and 100 °C for 10 min.

Free ethylene was observed in the spectra recorded at 90 °C and 100 °C, but not at 75 °C.

100 °C in toluene-D8

J

Ethylene

|
P | x 4 I_J |
90 °C in toluene-D8 i ‘
I Ethylene ' ! ,“
o MU Al / ¥
I | 0 | 3 __'__.,‘\- \.,I-‘__,, . ~ ! (N S ) (= i i . Y U
75 °Cin CeDs

25 °Cin CeDs

o w IL UL»» IL§

9.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0 45

4.0 35 3.0 25 20 1.5 1.0 0.5 0.0 0.5 -1.
1 (ppm)

Figure 1V-10. 'H NMR spectra recorded for the thermolysis of 403

116



74 generation at 100 °C with and without CO. Two J. Young NMR tubes (1V-6 and 1V-
7) were loaded with identical solutions under argon: 403 (12 mg, 0.020 mmol), ‘Bu,PhP=0
(0.10 mL, 0.20 M in Cg¢Ds, 0.020 mmol) and CeDs 0.30 mL. Tube 1V-7 was degassed
twice using the freeze-pump-thaw method, followed by introduction of 1 atm of CO.
‘BuzPhP=0 was used as an internal standard for the 3!P{*H} NMR spectra. NMR spectra
of solutions in both tube 1V-6 and tube IVV-7 were recorded, and then both tubes were
placed into the same 100 °C oil bath at the same time. After 123 min, 35% 74 was

generated in tube 1V-6 while 17% generation of 74 was observed in tube 1V-7.

u,PhP=0 . P .
L
L 74 403 74 403
r 4 s K'|
L NI ¥ N
tBu,PhP=0 ‘Bu,PhP=0
; ) » |
g 403 403
» e
I I

Figure IV-11. A. 3'P{*H} NMR spectra recorded for thermolysis of 403 to generate
74 at 100 °C without CO in tube 1V-6. B. 3P{*H} NMR spectra recorded for
thermolysis of 403 to generate 74 at 100 °C with 1 atm CO in tube V-7

4.4.5 X-Ray Structural Determination Details.

A The X-ray crystal data (cifs) could be obtained by the follow link:

X-Ray data collection, solution, and refinement for (PBV™W'P)Ir(H)(C2Ha)

(401, CCDC 1858843). A yellow, multi-faceted block of suitable size (0.32 x 0.25 x 0.05
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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 (150 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.1?2 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
orthorhombic P bca space group using XS!?” (incorporated in SHELXLE). 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 bound to iridium which was located from the difference map. The structure
was refined (weighted least squares refinement on F?) and the final least-squares
refinement converged. No additional symmetry was found using ADDSY M incorporated

in PLATON program.?®

0000
0000

Figure 1V-12. ORTEP drawings showing selected atom labeling of 402
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X-ray data collection, solution, and refinement for (PBCHCH3P)Ir(H)2(CO)
(402, CCDC 1858844). A Leica MZ 75 microscope was used to identify a suitable
colorless block with very well-defined faces with dimensions (max, intermediate, and
min) 0.395 x 0.299 x 0.098 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. A BRUKER APEX 2 Duo X-ray (three-circle)
diffractometer was employed for crystal screening, unit cell determination, and data
collection. The goniometer was controlled using the APEX3 software suite, v2017.3-0.2%°
The sample was optically centered with the aid of a video camera such that no translations
were observed as the crystal was rotated through all positions. The detector was set at 6.0
cm from the crystal sample (APEX2, 512x512 pixel). The X-ray radiation employed was
generated from a Mo sealed X-ray tube (Ko = 0.70173A with a potential of 40 kV and a
current of 40 mA). 45 data frames were taken at widths of 1.0°. These reflections were
used in the auto-indexing procedure to determine the unit cell. A suitable cell was found
and refined by nonlinear least squares and Bravais lattice procedures. The unit cell was
verified by examination of the h k | overlays on several frames of data. No super-cell or
erroneous reflections were observed. After careful examination of the unit cell, an
extended data collection procedure (5 sets) was initiated using omega scans. Integrated
intensity information for each reflection was obtained by reduction of the data frames with
the program APEX3.1% 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
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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 Pca2:. A solution was obtained readily (with two slightly
different molecules in the asymmetric unit) using XT/XS in APEX2,123-125, 128-129, 200
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.
Elongated ellipsoids and the residual electron densities in both the molecules indicated
disorder. In the molecule with Irl (and Irla) shown above the configuration shown in
Figure IV-12-A was found to be the major component (93 %). Whereas in the molecule
with Ir2 (and Ir2a) the configuration shown in Figure 1VV-12-B was found to be the major
component (70 %). The structure was refined (weighted least squares refinement on F?)
to convergence,123-125128-130, 200 lex2 was employed for the final data presentation and
structure plots.**°

X-Ray data collection, solution, and refinement for (PBHCH3P)1r(CO)2 (403,
CCDC 1858845). A pale yellow, multi-faceted block of suitable size (0.23 x 0.12 x 0.05
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 (150 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
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and refined by full-matrix least squares on F2. The structure was solved in the monoclinic
P 21/c space group using XS*?7 (incorporated in SHELXLE). 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.?*
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CHAPTER V
COOPERATIVE C-H ACTIVATION OF PYRIDINE BY PBP COMPLEXES OF RH
AND IR CAN LEAD TO BRIDGING 2-PYRIDYLS WITH DIFFERENT

CONNECTIVITY TO THE B-M UNIT

5.1 Introduction

Selective C-H activation and functionalization of pyridines and other azines
presents special challenges, in part because these heterocycles can function as good
ligands towards many transition metals.?°22%? Selectivity for the 3- (or meta-) position is
more common with transition metals,}** 293204 pyt studies of selective 2-position
functionalization are also known.?®® 295211 |n many specific cases, the scope may be
limited, and a particular substitution pattern on the azine is often required for selectivity.

In 2017, we reported a new approach to the directed activation of C-H bonds in
pyridine derivatives using an Ir system supported by a boryl/bis(phosphine) PBP pincer
ligand.5: 13 37,78, 80, 83-84,96, 100, 186, 211 The hinding of the pyridine (or quinoline) nitrogen to
the Lewis acidic boryl site directs Ir to the 2-position in the heterocycle. This approach is
distinct from the more classical directed C-H activation, where the directing group donor
binds to the same atom (transition metal) which effects C-H cleavage (Scheme V-1).2*>
216 pyridine derivatives have played a prominent role in the development of classical
directed C-H activation, but they typically direct the metal not to the C-H bonds of the
pyridine ring itself, but to the more remote C-H bonds in a substituent, such as in the 2-
phenyl group. We reasoned that the (PBP)Ir system preferred the C-H activation of the
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pyridine ring because of the favourability of the Ir/C/N/B trapezoidal four-membered ring
formation.®” A similar selectivity was observed by Nakao et al. in the C-H activation of

pyridines with a Rh complex?® supported by a closely related aluminyl/bis(phosphine)

[M] or

Traditional directed C-H activation

PAIP pincer (Scheme V-1).3% 2%

| >
/N
H
\ CeDs

T

h—B” Ir—Co + | Eli
I F 100 °C \I __—PiPr,
! 26 h N A

CI AIk I 78 H
Aryl... yh Ozerov, 2017

Toluene, / \
/ N H HS|Et3 Me
\AI—Rh + 60°C lll /N
“Al—Rh

\/PP N/ / \H
ry .
Nak: 2018 i
L = Norbornadiene arao, N\—PPr;
81 81a

Scheme V-1. Traditional directed C-H activation of 2-phenylpyridine (top) and
boryl- or aluminyl-directed C-H activation of the 2-position of a pyridine ring
Given Nakao’s precedent with Rh, we wished to explore the reactivity with
pyridine using the (PBP)Rh system,?” % as well as the variations of the Rh and Ir systems
with and without the carbonyl ligand. While exploring the analogous reactivity with
(PBP)Rh, we came across an unexpected finding. As with Ir, C-H activation of pyridine
resulted in the formation of a 2-pyridyl that is bridging the B-Rh bond. However, the
connectivity was reversed, with C of the pyridyl attached to B and the N atom of the
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pyridyl attached to Rh. This prompted us to explore this M-C/M-N isomerism in more
systematic detail, as it does not appear to have been considered in the literature. This
report describes our analysis of the isomeric preference of the 2-pyridyl (or 2-quinolyl)
fragment bridging the B-Ir or B-Rh bond in a series of compounds supported by the PBP
pincer.
5.2 Result and Discussion
5.2.1 Compounds under Consideration and Nomenclature

We selected four structural types for analysis (Figure V-1). For each type, we
considered M-C/M-N isomerism for the Rh and for the Ir version, resulting in sixteen 2-
pyridyl compounds that were whose structures were optimized computationally. The
compound labels (Figure V-1) are derived from the general type (hnumeral) and the bond
present between the metal (Rh or Ir) and C or N. Some of these compounds were isolated
or observed experimentally in this (Scheme V-2) or the previous report.®” In addition, we
synthesized a few 2-quinolyl analogs of the 2-pyridyl compounds (Scheme V-2); they are
denoted by adding a “q” to the compound label. The Type V-3 and Type V-4 compounds
are isomeric. We did not attempt the syntheses of the Type V-4 compounds because
DFT calculations indicated that they are considerably higher in energy than the

corresponding Type V-3 isomers (vide infra).
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Type V-1 Type V-2 Type V-3 Type V-4

P'Pr, P'Pr, P'Pr, P'Pr,
H B H co
B—M" B—M— _B—M=CO _B—M=H
xZ-y, X2y, xZ- XLy,

Y,
</ \> </ \>’ </ \>
—/"P'Pr, —=/"P'Pr, —=/"P'Pr, —=/"P'Pr,

M =Rh M = Rh M = Rh M = Rh
X=N,Y=C, V-1RhC X=N,Y =C, V-2RhC X=N,Y =C, V-3RhC X=N,Y =C, V-4RhC
X=C,Y =N, V-1IRhN X=C,Y =N, V-2RhN X=C,Y =N, V-3RhN X =C,Y =N, V-4RhN

M= Ir M=Ir M=Ir M=Ir
X=N,Y=C, V-1IrC X=N,Y=C,V-2IrC X=N,Y=C,V-3IrC (228) X=N,Y=C, V-4IrC
X=C,Y =N, V-1IrN X=C,Y =N, V-2IrN X=C,Y =N, V-3IrN X=C,Y =N, V-4IrN

Figure V-1. The four structural types under study in this work

5.2.2 Synthesis of Rh and Ir Complexes

In order to access a Rh species capable of C-H activation, the previously reported
69 was treated with NaBEtsH followed by the removal of volatiles. Although the
stoichiometry suggests the formation of “(PBP)RhH>”, we have not established the nature
of the resultant species; from the in-situ NMR observations, it appears that a mixture of a
few complexes forms (Figure V-2). Nonetheless, thermolysis of this mixture in the
presence of cyclohexene and either pyridine or quinoline led to the formation of
complexes V-1RhN and V-1RhNg, with an isolated yield of 70% and 59% respectively.
The corresponding Type V-1 Ir compound V-11rCq was prepared by the treatment of 70
with NaN(SiMezs): in the presence of quinoline. Compound V-11rCq exists in equilibrium
with the minor isomer V-11rNg (1.00:0.055 ratio at 25 °C and 1.00:0.095 at 65 °C).
Attempts to prepare V-11rC in a pure form were not successful. Unlike V-1RhN, V-

1IrC appears to bind an extra equivalent of pyridine, which resulted in a mixture of
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products when one equiv. of pyridine was used. Utilization of 3 equiv. of pyridine
permitted observation of the pyridine adduct of V-11rC as the dominant product by NMR

spectroscopy, but we did not pursue its isolation in a pure solid form (compound 501,

l PIP
P2 1 NaEt8H PPr; 2
‘ 2 vacuum ‘ H_NBS NBS ‘

Figure V-3).

3 pyridine, B—RH Th I
“ci cyclohexene N ermolysis NZ ‘
pipr, 00°C.12h PPr2 < § i
&9 V-1RhN V-2RhC
1. NaEtzBH 3. quinoline, yield: 70 % yield: 70 %
cyclohexene CO
2. vacuum 80 °C. 12 h
PPr; P Pr, i,
65 °C, ‘
BRN B— Rh CO —»v-3RhN + B Rh CO
A N
N / \ /
—/ P'Pr, P’Pr2
V-1RhNq V-3RhN V-3RhC

yield: 59 %

P'Pr, P/Pr,
‘ H Qumolme ‘/Br
B— B—Ir
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’Pr2
V-2IrCq
_H yield: 69 %
Ve
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V-1irCq
yield: 72 %

Scheme V-2. Synthesis of (PBP)RN/Ir pyridyl complexes
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Figure V-2.3P{*H} NMR spectrum record on a 500 MHz Varian NMR after 1 equiv.
of NaEtsBH were added to 69 in toluene, showing four or more complexes formed
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Figure V-3. Top: 3P{*H} NMR recorded at room temperature on a 500 MHz Varian
NMR for a mixture of 70 (0.10 mmol), pyridine (0.10 mmol) and sodium
bis(trimethylsilyl)amide (0.10 mmol) in 2 mL toluene after being heated at 45 °C for
12 h. Bottom: *'P{*H} NMR recorded at room temperature on a 500 MHz Varian
NMR for the same mixture after adding additional pyridine (0.20 mmol) and being
heated at 45 °C for another 12 h
The conversion of the hydride complexes V-1RhN and V-11rCq to the bromide
derivatives V-2RhC and V-21rCq was effected by thermolysis with NBS.  Good isolated
yields (70% and 69% respectively) were obtained after workup. No evidence of the
presence of V-2RhN or V-21rNqg was noted.
The carbonyl adduct V-3RhN was prepared by exposure of V-1RhN to carbon

monoxide and characterized in situ in solution after 10 min. After removing carbon
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monoxide under vacuum, thermolysis of the solution of V-3RhN in C¢Ds for 1 h at 65 °C
resulted in the formation of a mixture of V-3RhN and V-3RhC in a 1.0:0.08 ratio.
Extended thermolysis for 24 h at 65 °C led to the formation of multiple complexes along
with V-3RhN and V-3RhC, but in that mixture V-3RhN was still present in a much higher
concentration than V-3RhC. The synthesis of the analogous Ir complex V-3IrC was
previously reported. The synthesis involved extended thermolysis at 100 °C and no
evidence of the presence of V-3IrN was noted.
5.2.3 Spectroscopic Characterization

The compounds explored in this study are rich in NMR active nuclei (*H, *C, 3P,
118, and 1%Rh). All of the compounds possess Cs-symmetry on the NMR time scale.  The
M-C/M-N isomers can be distinguished based on the relative *H NMR chemical shift of
the Rh/Ir-H signal. Since N of pyridyl is less trans-influencing than C of 2-pyridyl, a
hydride trans to N appears at a more upfield frequency vs a hydride trans to C.  For the
Rh compounds V-1RhN, V-1RhNg, and V-3RhN with a hydride trans to N, its tH NMR
chemical shift falls into a narrow range of -15.7 to -17.3 ppm, but for V-3RhC, the hydride
resonates considerably upfield at & -11.04 ppm. The contrast is even greater for the Ir pair
V-11rCq (6 -0.20 ppm) and V-11rNq (6 -17.10 ppm).

The shape of the *C{*H} NMR resonance corresponding to the boron- or metal-
bound carbon of the 2-pyridyl or 2-quinolyl unit is also telling. In compounds V-1RhN,
V-1RhNg, and V-3RhN, this carbon is bound to boron and the corresponding **C NMR

resonances in these compounds possess some broadness. In compounds V-2RhC and V-
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11rCq, this carbon is bound do the metal and displays coupling to the two equivalent 3'P
nuclei, as well as to ®Rh in V-2RhC.

Table V-1. Selected NMR chemical shift data (in ppm, CeDs, solvent) for the
experimentally observed complexes of types V-1 to V-3

Complexes Rh/Ir-H “B{'H} I’/Rh-C  B-C
V-1RhN -17.25 35 / 188.2
V-1RhNg -16.81 45 / 189.5
V-11IrCq -0.20 -8.5 201.3 /
V-1IrNg -17.10 /@ / /9
V-2RhC / 1.7 178.0 /
V-2IrCqe / -6.8 176.9 /
V-3RhN -1569 2 / 193.5
V-3RhC -11.04 /@ /9 /
V-3IrC -14.15 164.9

214 NMR chemical shift of the metal-bound hydride. ° *3C NMR chemical shift of the
metal-bound carbon. ¢ 3C NMR chemical shift of the boron-bound carbon in the
bridging pyridyl or quinolyl. ¢ Resonance was not observed due to low concentration. ©
Spectra of VV-21rCqg were recorded in CDCls.

5.2.4 XRD Structural Characterization

Single crystal X-ray diffractometry permitted the determination of the solid-state
structures of V-1RhN, V-1RhNq, V-1IrCq, V-2RhC, and V-3RhN. The solid-state
structure of V-31rC was reported in 2017.

The Ir-B (2.209 (2) and 2.195 (2) A) and the Ir—C distances (2.034(3) and
2.029(3)A) in the two crystallographically independent molecules of V-11rCq are slightly
shorter than the Ir-B distance of 2.285(2) A and the Ir—C distance of 2.079(2) A in the
previously reported V-3IrC. The B—N and N-C distances in these molecules are very
similar. Comparing the Rh-B distances in V-1RhN (2.229(2) A) and V-3RhN (2.319(1)

A) also shows that the presence of CO is correlated with the elongation of the M-B bond
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(trans to CO) by almost 0.1 A. However, the Rh—N distances (2.163(1) A in V-1RhN and

2.158(1) A in V-3RhN) seem to be unaffected by the presence of the CO ligand.

V-1RhN V-1RhNq

Figure V-4. POV-Ray rendition of the ORTEP drawing (50% thermal ellipsoids) of
V-1RhN, V-1RhNq, V-1IrCq, V-2RhC, and V-3RhN showing selected atom labelling.
Hydrogen atoms, disorders of 'Pr groups in V-11rCq and V-2RhC crystals, and
solvent molecules (toluene) in V-1RhNqg and V-11rCq crystals are omitted for clarity.
Only one of the V-1IrCq in the asymmetric unit is shown in the ORTEP drawing

above.
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The values for the sum of angles that exclude the pyridyl/quinolyl nitrogen about
the boron atom in V-1RhN, V-1RhNq and V-3RhN are in the ca. 339.4°-343.8° range.
The range of the corresponding values (excluding the pyridyl/quinolyl carbon) in V-
11rCq, V-2RhC and V-3IrC is ca. 335.6°-341.9°. Likewise, the P-M-P angles in the six
structures in Figure V-4 all fall within the ca. 151-161° range. Thus. while there are
significant differences in the metrics of the M-C/N-B cycle among the six structures, the
conformation of the (PBP)M fragment is close to constant.

The hydride ligand in V-1RhN, V-1RhNg, V-11rCq, V-3RhN, and V-3IrC is
close to being trans to either C or N of the pyridyl (161-174° angle range). In the
structure of V-2RhC, the C-Rh-Br angle deviates from linearity to a greater extent
(149.57(11) °) and V-2RhC can be viewed as adopting a Y-shaped geometry as opposed
to square-pyramidal for the five-coordinate hydride complexes V-1RhN, V-1RhNq, V-
11rCq.?'8

5.2.5 DFT Studies

The structures of the 16 molecules shown in Figure V-1 were optimized using the
B97D3/LANL2DZ/6-31G(d) method (see details in section 5.4.5).  Figure V-5
summarizes the results of the calculations, showing the Wiberg bond indices (WBI) within
the four-membered rings, as well as the calculated free energies of the isomerization from
the M-C to the M-N isomer. The metric details of the DFT-optimized geometries matched

those from the XRD structures reasonably well.
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the four-membered metallacycle.
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Figure V-5. DFT-calculated Wiberg bond indices shown in blue for the bonds within
AGa2es values (in kcal/mol) are given for the
isomerization from left to right within each box (negative AG value favors the isomer

with the M-N bond).

Calculations indicate that the isomers with the carbon bound to the transition metal
are more favorable for all Ir complexes and for the Rh complexes of Types V-2 and V-4,
For the other Rh complexes, the isomer with the nitrogen bound to Rh is preferred.

Across all four types, the relative free energy preference of Ir for the metal-carbon bonded

isomer is very consistently 5-7 kcal/mol higher than that of Rh.

133



Overall, the calculated thermodynamic parameters are consistent with the
experimental observations we have for the Rh and Ir compounds of Types V-1 to V-3.
Moreover, the calculated free energy preferences for V-11rC (over V-11rN) and for V-
3RhN (over V-3RhC) are <2 kcal/mol, suggesting that both isomers in these two pairs
should be present at observable concentrations.  This is precisely what we observed for
V-11rCg/V-1IrNg and for V-3RhN/V-3RhC (vide supra), with the isomer predicted to
be more favorable by DFT present in a higher proportion.

Type V-3 (CO trans to B) compounds are isomeric to Type V-4 (H trans to B),
and DFT calculations predict that any of the four Type V-3 compounds (V-3IrC, V-3IrN,
V-3RhC, V-3RhN) is lower in free energy than their corresponding Type V-4 analog (V-
41rC, V-41rN, V-4RhC, V-4RhN, respectively) by 13-19 kcal/mol. This is consistent
with the lack of observation of V-4RhC or V-4RhN in the thermolysis of the V-3RhC/V-
3RhN mixture.

The calculated Wiberg bond indices (WBI) allow a way to analyze the changes in
the nature of the bonds in the four-membered cycle for the pairs of isomers. The WBI for
the M-B bond in any Ir compound is 0.08-0.13 higher than for the exact Rh analog. Higher
WBI values in Ir (vs Rh) compounds are also notable for the M-C and M-N bonds (by
0.04-0.08). This is in general expected for a 5d metal (Ir) compared to its 4d congener
(Rh).

Within each M-C/M-N isomeric pair with the same metal, the M-B bond WBI
values differ only by 0.04 or less, except for the V-4RhC/V-4RhN pair (0.08 difference).

The WBI vary even less for the C-B bonds (0.79-0.82 range) and for the N-B bonds (0.57-
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0.59) throughout the whole array of compounds. It can be concluded that the changes in
the M-B, C-B, and N-B bonding contribute little to the thermodynamic preferences for the
M-C vs M-N isomers.

The WBI values for the CN bond vary within a range of 1.22-1.31 for all 16
compounds. Within every M-C/M-N isomeric pair, this value is higher for the N-M bound
isomer, by 0.02-0.08, suggesting that coordination to Ir or Rh strengthens the C-N bond

slightly, but to a similar degree across all four types of compounds.

20
V-2IrCs
15
5 V-2Rhc. - R=095
c 10
< v-airC
g 5 /" =V-3IrC
v-Irc .~
g ¥=V-4RhC
o 0
< 05 06 w07 0.8 0.9
| wrnc, V-3RhC
-10

M-C WBI bond order

Figure V-6. Correlation between the free energy of isomerization and the M—C WBI
values for compounds under study

Considering the M-C bonds, there appears to be a surprisingly linear correlation
(Figure V-6) between the WBI values and the thermodynamic isomeric preference, that
covers both the Rh and the Ir examples. Higher M-C WBI corresponds to higher

preference for the M-C isomer, with ergoneutrality of the isomerization predicted at ca.

135



0.65 M-C WBI. The WBI values of the M-N bonds trend in the same direction.
However, the correlation is more diffuse and not as steep, likely reflecting the intrinsically
weaker nature of the M-N bond and its lesser dependence on the environment about the

metal center (Figure V-7).
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Figure V-7. Correlation between AGisomerization and M—N WBI bond order

These observations lead us to conclude that the main factor controlling the
thermodynamics of the M-C/M-N isomerization is the quality of the M-C bond, or in other
words, the capacity of the metal site for making the strongest M-C bond. This capacity
is always greater for Ir than for Rh, but it is also strongly influenced by the nature of the
ligand trans to C. A hydride trans to C (Types V-1 and V-3) is a maximal trans-
influence conflict, leading to the weakest M-C bonds. A bromide trans to C (type V-2)

is much less trans-influencing than a hydride, leading to the strongest M-C bonds. A
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carbonyl ligand trans to C (Type V-4) represents an intermediate situation. Type V-3
can be viewed as Type V-1 with additional CO ligand coordinated; apparently, CO
coordination increases the M-C bond strength and therefore the preference for the M-C
bound isomer. Notably, the WBI for the Rh-C bond in V-2RhC is higher than the WBI
values for all the Ir complexes except V-2IrC, meaning that the weak trans-influence of
Br (vs H or CO) can strengthen the M-C bond trans to it to a degree that can overcome
the 4d/5d metal handicap.

We have also analyzed the bonding using the extended-transition-state natural
orbitals for chemical valence (ETS-NOCYV) partitioning of the interaction of the closed
shell 2-pyridyl anionic fragment with the formally cationic (PBP)Ir framework (see details
in section 5.4.5). The findings dovetailed the WBI analysis: greater energy of interaction
was calculated for 1) Ir vs Rh, 2) M-C vs M-N isomers, and 3) for Type V-2 vs the other
Types.

5.3 Conclusion

In summary, we have examined the unusual isomerization of a bridging 2-pyridyl
unit in an array of Rh and Ir complexes supported by a PBP pincer ligand. The main
factor governing the thermodynamic preference appears to be the strength of the M-C
bond in the M-C bonded isomer. It was observed that the thermodynamic preference for
the M-N vs M-C bond depends both on the nature of the metal center and on the nature of
the ligand trans to the M-N/M-C bond. The M-C isomer is favored for the 5d metal Ir
vs Rh and by the presence of a more weakly trans-influencing ligand trans to the M-N/M-

C bond. For some of the complexes, both isomers were observed experimentally, in
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close agreement with theoretical analysis. The interconversion between isomers of
similar thermodynamic stability appears to be easily accessible on the experimental
timescale. These findings suggest that the possibility of M-C/M-N isomerization of 2-
pyridyl and other closely related fragments should be taken into account when
investigating C-H bond activation in azines using a combination of a late transition metal
and an embedded main group Lewis acid.
5.4 Experimental Section
5.4.1 General Considerations

Unless specified otherwise, all manipulations were performed under an Ar
atmosphere using standard Schlenk line or glovebox techniques. Toluene and pentane
were dried and deoxygenated (by purging) using a solvent purification system (Innovative
Technology Pure Solv MD-5 Solvent Purification System) and stored over molecular
sieves in an Ar-filled glove box. CsDe and CDCls was dried over NaK/Ph,CO/18-crown-
6, distilled and stored over molecular sieves in an Ar-filled glovebox. Pyridine derivatives
and cyclohexene were dried over CaH», vacuum transferred and stored over molecular
sieves in an Ar-filled glove box. (PBP)RhHCI (69) and (PBP)IrHCI (70) were prepared
via literature procedures.?” All other chemicals were used as received from commercial
vendors.

5.4.2 Physical Methods

NMR spectra were recorded on Mercury 300 (*H NMR, 299.952 MHz; 3P NMR,

121.422 MHz), Bruker 400MHz (*'B NMR, 128.185 MHz, *H NMR, 399.535 MHz; 3P

NMR, 161.734 MHz) and Varian Inova 500 (*H NMR, 499.703 MHz; 13C NMR, 125.697
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MHz; 3P NMR, 202.265 MHz) spectrometer. Chemical shifts are reported in § (ppm). For
'H and 3C NMR spectra, the residual solvent peak was used as an internal reference (*H
NMR: § 7.16 for CeDs, & 7.26 for CDCls, *C NMR: & 128.06 for CsDs, & 77.2 for CDCls).
1B NMR spectra were referenced externally with BF3 etherate at & 0. 3'P NMR spectra
were referenced externally with 85% phosphoric acid at 6 0. FT-IR spectra were recorded
on an Agilent Cary 630 ATR-IR spectrometer in a glovebox. Elemental analyses were
performed by CALI Labs, Inc. (Highland Park, NJ)

5.4.3 Synthesis and Characterization of Rhodium and Iridium Complexes

(PBPYP)Rh(H) (V-1RhN). In a 50 mL PTFE screw-capped reaction
PP :
2 tube, NaEt:BH (0.40 mL, 0.40 mmol, 1.0 M in toluene) was added

,BERh to a toluene solution (5 mL) of 69 (0.22 g, 0.40 mmol). The solution
=A >

UP’PQ changed color from orange to dark red immediately. After stirring at

room temperature for 5 min, a 3P{*H} NMR spectrum was

recorded, showing two or more complexes formed (Figure V-2). Volatiles were removed
under vacuum to remove BEtsz that was generated. The resulting red solid was directly
dissolved in toluene (10 mL), to which were added pyridine (35 pL, 0.44 mmol) and
cyclohexene (44 pL, 0.44 mmol). The reaction mixture was stirred at 80 °C for 12 h, and
gradually changed from dark-red to brown color. The solution was filtered through Celite,
and volatiles were removed under vacuum. The resulting brown solid was recrystallized
in toluene/pentane (1:3), yielding a pale-yellow solid (163 mg, 70%).

IH NMR (300 MHz, CsD¢): & 8.46 (d, Ju 1 = 7.5 Hz, 2H, PB™P-Phenyl), 8.34 (d, Ju 1 =

4.8 Hz, 1H, PB™P-Pyridyl), 7.31 (t, Ju-n = 7.2 Hz, 2H, PB™P-Phenyl), 7.18 (m, 4H,
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PBPYP-Phenyl), 6.68 (m, 2H, PBPYP-Pyridyl), 6.45(m, 1H, PB™P-Pyridyl), 2.29 (m, 2H,
CHMey), 1.92 (m, 2H, CHMey), 1.32 (dvt, Jun = Ju-p = 7.6 Hz, 6H, CHMey), 1.12 (dvt,
Jun=Jup=7.0Hz, 6H, CHMey), 1.04 (dvt, Ju 1 = Jnp = 7.4 Hz, 6H, CHMey), 0.57 (dwt,
JH-H = Jnp = 7.1 Hz, 6H, CHMey), -17.25 (dt, Ju-r = 18.5 Hz, J4rn = 22.9 Hz, 1H, Rh-
H). 31P{*H} NMR (121 MHz, CsDs): & 60.6 (d, Jr_rn = 141.4 Hz). 'B{*H} NMR (128
MHz, CsDs): & 3.5. BC{"H} NMR (126 MHz, C¢Ds) & 188.2 (br, Rh-B-C-N), 165.4 (br,
B—Phenyl), 149.6 (s, Pyridyl), 137.9 (td, Jp_c = 19.8 Hz, Jrh-c = 3.5 Hz, P-Phenyl), 132.8
(s, Pyridyl), 129.9 (t, Jr-c = 9.9 Hz, Phenyl), 129.2 (s, Phenyl), 125.1 (t, J.-c = 3.1 Hz,
Phenyl), 122.2 (s, Pyridyl), 121.0 (s, Pyridyl), 30.0 (t, J»_c = 8.3 Hz, CHMey), 27.7 (t, Jp-
c=14.5 Hz, CHMe), 21.3 (t, Jp_c = 4.8 Hz, CHMey), 20.4 (t, Jp_c = 2.1 Hz, CHMey), 20.1
(s, CHMe), 20.0 (t, Jp-c = 3.6 Hz, CHMe). Anal. Calc. for Co9H41BNP2Rh: C, 60.13; H,

7.13; N, 2.42. Found: C, 60.25; H, 6.97; N, 2.34.

(PBRUP)Rh(H) (V-1RhNg). In a 50 mL PTFE screw-capped

TIP: reaction tube, NaEtsBH (0.52 mL, 0.52 mmol, 1.0 M in toluene)

/J\/ ,\T’R|h/ was added to a toluene solution (5 mL) of 69 (0.27 g, 0.50 mmol).

\ / 2 The solution changed color from orange to dark-red immediately.
After stirring at room temperature for 5 min, volatiles were

removed under vacuum to remove BEts that was generated. The resulting red solid was
dissolved in toluene (10 mL), to which were added quinoline (62 pL, 0.52 mmol) and
cyclohexene (53 pL, 0.52 mmol). The reaction mixture was stirred at 80 °C for 12 h, and

gradually changed from dark-red to brown color. The solution was filtered through Celite,
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and volatiles were removed under vacuum. The resulting brown solid was recrystallized
in toluene/pentane 1:3, yielding a pale-yellow solid (0.19 g, 59%).

IH NMR (400 MHz, CsDe): & 8.52 (d, Ju_1 = 7.5 Hz, 2H, PBPP-Phenyl), 8.08 (d, Ju 1 =
8.3 Hz, 1H, PB®'P-Quinolyl), 7.39 (t, Ju-n = 7.4 Hz, 1H, PB?UP-Quinolyl), 7.33 (t, Js+ =
7.0 Hz, 2H, PB™P-Phenyl), 7.15 (m, 6H, PB™P-Phenyl & Quinolyl), 7.03 (t, Ju.n = 7.4
Hz, 1H, PBRUP-Quinolyl), 6.94 (d, Ju-n = 8.2 Hz, 1H, PB?P-Quinolyl), 2.24 (m, 2H,
CHMey), 1.84 (m, 2H, CHMey), 1.37 (dvt, Ju 1 = Jup = 7.5 Hz, 6H, CHMey), 1.06 (m,
12H, CHMey), 0.19 (dvt, Ju n = Jup = 6.9 Hz, 6H, CHMey), -16.81 (dt, Ju p = 18.5 Hz,
Jn-rh = 23.2 Hz, 1H, Rh-H). 3P{*H} NMR (121 MHz, CeDs): & 60.3 (d, Jp_rh = 141.1
Hz). “B{"H} NMR (128 MHz, CeDs): & 4.5. ¥C{*H} NMR (126 MHz, C¢Ds): & 189.5
(br, Rn—B—C-N), 164.8 (br, B-Phenyl), 148.5 (s, Quinolyl), 138.3 (td, J»-c = 19.5 Hz, Jrn-
c = 3.7 Hz, P-Phenyl), 132.2 (s, Quinolyl), 129.8 (t, Jr-c = 9.7 Hz, Phenyl), 129.4 (s,
Phenyl), 128.7 (s, Quinolyl), 128.6 (s, Quinolyl), 128.5(s, Quinolyl), 125.3 (t, Jp.c = 3.3
Hz, Phenyl), 124.9 (s, Quinolyl), 121.3 (s, Quinolyl), 29.8 (t, J»_c = 8.4 Hz, CHMe), 28.6
(t, Jp-c=14.6 Hz, CHMey), 21.6 (t, Jr-c = 4.6 Hz, CHMe), 20.3 (t, Jp-c = 4.2 Hz, CHMey),
20.1 (s, CHMey), 19.8 (s, CHMey). Anal. Calc. for Cs3sHasBNP2Rh: C, 62.98; H, 6.89; N,

2.23. Found: C, 62.35; H, 6.59; N, 2.25.

141



\ ) | %\
F’F’fz \ 7
V-1irCq V-1IrNq
1 : 0.06

Synthesis of (PBP)Ir(Qu)H/(PBRUP)IrH (V-11rCq/V-11rNq). 70 (0.30 g, 0.48 mmol)
and quinoline (63 pL, 0.53 mmol) was dissolved in 2 mL toluene, to which was added
sodium bis(trimethylsilyl)amide (88 mg, 0.48 mmol). The reaction mixture was stirred at
r. t. for 1 h, and passed through Celite. VVolatiles were removed under vacuum, and the
resulting solid was recrystallized in toluene/pentane 1:10, yielding an orange solid (0.25
g, 72%). The resulting product exists as an equilibrium in solution, and the ratio was
calculated to be V-11rCqg/V-1IrNqg = 1/0.06 by integration of the most downfield PBP-
Phenyl signal in *H NMR spectrum. NMR spectroscopic data for V-11rCq: *H NMR (500
MHz, CsDs) 6 8.80 (d, Ju-H = 7.6 Hz, 2H, PBP-Phenyl), 8.19 (d, J4+-n = 8.4 Hz, 1H,
Quinolyl), 8.00 (d, J4-+ = 8.5 Hz, 1H, Quinolyl), 7.24 (t, Ju-+ = 7.3 Hz, 2H, PBP-Phenyl),
7.20 (m, 2H, PBP-Phenyl), 7.10 (m, 5H, PBP-Phenyl & Quinolyl), 6.78 (t, Ju-+ 7.4 Hz,
1H, Quinolyl), 2.47 (m, 2H, CHMey), 2.17 (m, 2H, CHMey), 1.36 (dvt, Jh-H =JHpPp =75
Hz, 6H, CHMe), 1.14 (dvt, Ju_n = Jup = 7.2 Hz, 6H, CHMey), 1.03 (dvt, Ju w=Jnp=7.1
Hz, 6H, CHMey), 0.61 (dvt, Ju w = Jup = 7.0 Hz, 6H, CHMey), -0.20 (t, Ju p = 23.2 Hz,
1H, Ir-H). 3P NMR (202 MHz, CeDs, with selected range of *H decoupled) § 59.0 (s).
LB{H} NMR (128 MHz, CsDs) & -8.5. BC{*H} NMR (126 MHz, CsDs) & 201.3 (t, Jp ¢

= 6.2 Hz, Ir-C), 159.0 (br, B—Phenyl), 141.6 (s, Quinolyl), 141.0 (t, Jr-c = 23.9 Hz, P-
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Phenyl), 135.6 (s, Quinolyl), 130.2 (s, Phenyl), 130.1 (s, Quinolyl), 129.8 (t, Jr..c = 8.2 Hz,
Phenyl), 129.5 (s, Quinolyl), 129.0 (s, Quinolyl), 126.0 (t, Jr-c = 3.6 Hz, Phenyl), 127.7 (s,
Phenyl), 124.1 (s, Quinolyl), 122.9 (s, Quinolyl), 117.7 (s, Quinolyl), 30.5 (t, Jp.c= 11.7
Hz, CHMey), 29.0 (t, Joc = 18.1 Hz, CHMey), 20.6 (s, CHMey), 20.5 (t, Jpc = 3.5 Hz,
CHMe), 20.3 (m, CHMe), 19.60 (s, CHMe). Selected NMR spectroscopic data for V-
1IrNg. *H NMR (500 MHz, CeDs) & 8.64 (d, Ju_1 = 7.6 Hz, 2H, PBP-Phenyl), 8.14 (d, Ju-
H="7.8 Hz, 1H, Quinolyl), 6.84 (d, Ju-+ = 8.4 Hz, 2H, PBP-Phenyl), 2.00 (m, 2H, CHMey),
0.19 (dvt, Ju1 = Jup = 7.1 Hz, 6H, CHMey), -17.10 (t, Jp-1 = 19.5 Hz, Ir-H). 3P NMR
(202 MHz, CsDs, with selected range of *H decoupled) & 59.0 (d, Jp-n = 19.3 Hz, Ir-H).
Anal. Calc. for Cz3sHa3BIrNP2: C, 55.15; H, 6.03; N, 1.95. Found: C, 55.21; H, 6.23; N,
2.01.

VT-NMR experiment of V-1IrCq/V-1IrNg in CsDs. In a J. Young tube, V-1IrCq/V-
11rNg was dissolved in 0.4 mL CsDs. *H NMR were recorded at different temperature
using a 500 MHz Varian NMR. V-1IrCq/V-1IrNq exists as an equilibrium in solution,
and the ratio was calculated by integration of the most downfield PBP-Phenyl signal in *H

NMR spectrum. (Figure V-8)

143



65 °C Q_ \ o QPJP'Z
R M e e
55 °C

1.0 :  0.085 "
,__JJ MMWJULJ Lnluu v .Jtt
45°C

1.0 : 0075 E
WJJL U;_“ n |hu 1 Jw \JJU‘J
35 °C

1.0 :  0.060 P
,Au,,,,m...,gU_M — JL ”l_ _JJM, ] JMJJ o
25 °C ML

\ 1.0 : 0.055 |,

__“JJ;J _M ! muh

T T T T
.0 9 8 7

T T T T T T T T T T T T T
6 4 3 2 1 0 -1 -2 15 -16 -17 -18 -19
f1 (ppm)

Figure V-8. VT-NMR experiment of V-11rCg/V-11rNqg on a 500 MHz Varian NMR.
(PBP)RhPyBr (V-2RhC)

P'Pr,

Br
h/

B

(PBP)Rh(Py)Br. (V-2RhC). In a J. Young tube, N-
bromosuccinimide (0.17 mmol, 30 mg) was added to a solution of
V-1RhN (100 mg, 0.17 mmol) in 0.40 mL CeDs. This reaction
mixture was stirred at room temperature for 24 h and heated at 100

°C for 12 h until all V-1RhN were consumed. (monitored by

3P{*H} NMR). The resulting mixture was filtered over a pad of silica gel and washed

through with dichloromethane. All volatiles were removed under vacuum and the resulting

solid was recrystallized from toluene/pentane (1:3), yield an orange solid (80 mg, 70%)
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IH NMR (500 MHz, CsD¢) & 8.44 (d, Jun = 7.5 Hz, 2H, PBP-Phenyl), 7.61 (d, Ju 1 = 8.2
Hz, 1H, Pyridyl), 7.32 (t, Ju-+ = 6.8 Hz, 2H, PBP-Phenyl), 7.13 (m, 4H, PBP-Phenyl),
6.62 (d, Ju-n = 5.6 Hz, 1H, Pyridyl), 6.09 (t, Ju-n = 7.7 Hz, 1H, Pyridyl), 5.59 (t, Jh-+ =
6.5 Hz, 1H, Pyridyl), 3.56 (m, 2H, CHMey), 2.14 (m, 2H, CHMey), 1.56 (dvt, Ju 1 = Ju p
= 7.3 Hz, 6H, CHMe), 1.15 (dvt, Ju1 = Jup = 7.5 Hz, 6H, CHMey), 1.08 (dvt, Jnn = Jn-
p = 6.5 Hz, 6H, CHMe), 0.49 (dvt, JH-+ = Jn-p = 7.5 Hz, 6H, CHMez). 3'P{*H} NMR (202
MHz, CsDs): 6 42.8 (d, Jp_rn = 129.2 Hz). *B{*H} NMR (128 MHz, CsDe): & 1.7. 3C{*H}
NMR (126 MHz, CsDe) & 178.0 (dt, Jc rn= 34.8 Hz, Jc p= 10.2 Hz, C-Rh), 160.1 (br, B—
Phenyl), 138.5 (s, Pyridyl), 137.3 (td, Jr-c = 19.0 Hz, Jrh-c = 3.4 Hz, P—Phenyl), 134.0 (s,
Pyridyl), 131.8 (s, Pyridyl), 131.7 (s, Phenyl), 131.2 (t, J»-.c = 9.1 Hz, Phenyl), 129.5 (s,
Phenyl), 127.4 (t, Jo_c = 3.2 Hz, Phenyl), 116.0 (s, Pyridyl), 27.6 (t, Jr-c = 12.3 Hz,
CHMey), 25.6 (t, Jp_c = 10.3 Hz, CHMey), 20.6 (s, CHMey), 19.9 (t, Jpc = 2.3 Hz, CHMe),
19.3 (t, Jr-c = 3.1 Hz, CHMe), 18.4 (s, CHMe>). Anal. Calc. for C29H40BBrNP2Rh: C,

52.92; H, 6.13; N, 2.13. Found: C, 52.40; H, 5.81; N, 1.85.

(PBP)Ir(Qu)Br. (V-2IrCqg). To V-1IrCqg/V-1IrNg (0.14
mmol, 100 mg) in 2 mL toluene was added N-
bromosuccinimide (0.14 mmol, 25 mg). The reaction mixture

Pipr2 was heated at 50 °C for 12 h. The resulting mixture was filtered
\

over a pad of silica gel and washed through with

dichloromethane. All volatiles were removed under vacuum and the resulting solid was
recrystallized from THF/pentane (1:5), yield an orange solid (77 mg, 69%). *H NMR (500

MHz, CsDe) 5 8.86 (d, Jun = 7.7 Hz, 2H, PBP-Phenyl), 7.67 (d, Jun = 8.8 Hz, 1H,
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Quinolyl), 7.64 (d, Ju-+ = 8.3 Hz, 1H, Quinolyl), 7.30 (m, 2H, PBP-Phenyl), 7.07 (m, 4H,
PBP-Phenyl), 6.89 (m, 2H, Quinolyl), 6.65 (t, Ju-+ = 7.5 Hz, 1H, Quinolyl), 6.52 (d, J1-H
= 8.8 Hz, 1H, Quinolyl), 3.79 (m, 2H, CHMe), 2.50 (m, 2H, CHMe), 1.51 (dvt, Ju-H =
Jip = 7.3 Hz, 6H, CHMe), 1.10 (m, 12H, CHMey), 0.44 (dvt, Ju_n = Jup = 7.5 Hz, 6H,
CHMe). 3'P{*H} NMR (202 MHz, CDCl3) § 40.0 (s). *B{*H} NMR (128 MHz, CDCls)
§ -6.8. BC{'H} NMR (126 MHz,CDCls) & 176.9 (s, Ir-C), 157.7 (br, B—Phenyl), 152.0 (t,
Jc-p=6.2 Hz, Quinolyl), 141.0 (s, Quinolyl), 136.1 (t, Jc_p = 24.4 Hz, P-Phenyl), 131.1 (t,
Jc-p = 1.8 Hz, Phenyl), 131.1 (s, Quinolyl), 130.3 (t, Jcr = 8.3 Hz, Phenyl), 129.8 (s,
Quinolyl), 128.7 (s, Quinolyl), 128.4 (s, Phenyl), 126.3 (t, Jcp = 3.8 Hz, Phenyl), 123.7 (s,
Quinolyl), 123.6 (s, Quinolyl), 117.0 (s, Quinolyl), 25.6 (t, Jc-r = 15.9 Hz, CHMe), 25.0
(t, Jcp=12.6 Hz, CHMe), 19.4 (s, CHMe), 18.9 (t, Jc » = 1.6 Hz, CHMey), 18.6 (t, Jc
= 2.8 Hz, CHMey), 17.9 (s, CHMez). Anal. Calc. for C29H40BBrNP2lIr: C, 49.70; H, 5.31;

N, 1.36. Found: C, 48.95; H, 5.06; N, 1.68.

<j%—|3ipr2 QP’PrZ <j%—|3fpr2
H_ 85°C H _H

B-Rh-CO ——> B-RK-CO + B-RH-CO
‘A_N'| 1h "—N_\| ‘4_N'|
Pip i i
F " P (P
0.08 : 1
V-3RhN V-3RhC V-3RhN

In situ generation of (PBPYP)RhH(CO) and observation of the mixture of
(PBPYP)RhH(CO)/(PBP)RhPYH(CO) after heating (V-3RhN/V-3RhC). In a J. Young
tube, 1 atm of CO was added to a solution of V-1RhN (40 mg, 0.086 mmol) in 0.40 mL

CeDs after 3 rounds of freeze-pump-thaw. After stirring at room temperature for 10 min,
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NMR spectra were recorded, showing the generation of V-3RhN. All volatiles were
removed and 0.40 mL Ce¢De was added. ATR-IR spectrum were recorded. The solution
was heated at 65 °C for 1 h. *H NMR and *'P{*H} NMR spectra were recorded at room
temperature after heating, showing a mixture of V-3RhC/V-3RhN (0.08:1). (calculated
by integration of methyl signals in *H NMR spectrum). The mixture was further heated at
65 °C for 24 h. It resulted in a mixture of four different compounds: an unidentified
complex, V-3RhC, V-3RhN, and V-1RhN (1:3:17:1). **P{*H} NMR evidence, Figure
V-9).

Spectroscopic data for V-3RhN under CO atmosphere: *H NMR (500 MHz, CsDs¢) & 8.41
(d, Ju-+ = 7.6 Hz, 2H, PB™P-Phenyl), 7.90 (d, Ju-+ = 5.0 Hz, 1H, PBPYP- Pyridyl), 7.36 (t,
Ju-n = 7.0 Hz, 2H, PB™P-Phenyl), 7.15 (m, 4H, PB™P-Phenyl), 6.67 (t, Ju-n = 7.6 Hz,
1H, PBPYP-Pyridyl), 6.58 (d, Juw = 7.7 Hz, 1H, PBPYP-Pyridyl), 6.28 (dd, Ju + = 7.2, 5.2
Hz, 1H, PBPYP-Pyridyl), 2.17 (m, 2H, CHMey), 2.03 (m, 2H, CHMey), 1.26 (dvt, Ju n =
Jur =7.0 Hz, 6H, CHMey), 1.18 (dvt, Ju-n = Ju-p = 7.2 Hz, 6H, CHMey), 0.86 (dvt, Ju-H
= Jup = 7.1 Hz, 6H, CHMe), 0.58 (dvt, Ju-n = Jup = 7.2 Hz, 6H, CHMe2), -15.69 (br,
1H, Rh—H). #P{*H} NMR (202 MHz, CeDs) & 71.6 (d, Jp-rn = 130.2 Hz). "'B{*H} NMR
(160 MHz, CeDs) & 2.0. *C{*H} NMR (126 MHz, C¢Ds) & 221.6 (s, free CO), 193.5 (br,
Rh-B-C-N), 165.8 (br, B-Phenyl), 150.1 (s, Pyridyl), 141.0 (t, J»_c = 21.7 Hz, P-Phenyl),
132.9 (s, Pyridyl), 132.2 (t, J»-c = 9.1 Hz, Phenyl), 129.3 (s, Phenyl), 129.2 (s, Phenyl),
125.1 (t, Jp-c = 3.2 Hz, Phenyl), 125.0 (s, Pyridyl), 120.4 (s, Pyridyl), 30.1 (t, J.c = 10.1
Hz, CHMey), 29.2 (t, Jpc = 15.1 Hz, CHMey), 20.2 (s, CHMey), 19.9 (t, Jpc = 2.6 Hz,

CHMey), 19.8 (t, Jp-c = 2.9 Hz, CHMe), 19.6 (s, CHMe,). (Rh—CO signals were not
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observed due to broadness). ATR-IR: vco 1968 cm™ Selected spectroscopic data for V-
3RhC: H NMR (500 MHz, CeDs) 6 7.67 (d, Juw = 7.7 Hz, 1H, Pyridyl), 7.32 (t, Jun =
5.6 Hz, 2H, PBP-Phenyl), 6.51 (t, Ju-1 = 7.5 Hz, 1H, Pyridyl), 5.92 (t, Jh-+ = 6.5 Hz, 1H,
Pyridyl), 1.98 (m, 2H, CHMez), 0.93 (dvt, J4-+ = Jur = 7.1 Hz, 6H, CHMey), 0.40 (dvt,
Jh-+ = Jnp = 7.1 Hz, 6H, CHMey). -11.04 (dt, Ju—p = 12.6 Hz, Ju_rnh = 10.4 Hz, 1H, Rh-

H). 31P{*H} NMR (202 MHz, C¢D¢) & 78.8 (d, Jr_rn = 126.1 Hz). Other signals overlapped

with V-3RhN.
RERE A €3
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_B-Rh'—%o
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Figure V-9. 3'P{*H} NMR (202 MHz, CsDs) spectrum recorded at room temperature
after the reaction mixture were heated at 65 °C for 24 h. The sample contains a
mixture of an unidentified complex, V-3RhC, V-3RhN, and V-1RhN at a ratio of
1:3:17:1
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(PBP)Ir(Py)H(Py) (501). To 70 (0.10 mmol, 63 mg) in 2

PPr
2 mL toluene was add pyridine (9.0 pL, 0.10 mmol) and

H —
/\ < >
,{B '|r_N\ /| sodium bis(trimethylsilyl)amide (19 mg, 0.10 mmol). After
=<z \S
UPIPFZ being heated at 45 °C for 12 h, 3'P{*H} NMR spectrum were

recorded, showing a mixture of three unidentified

complexes. Additional pyridine (18 pL, 0.10 mmol) were added, and the mixture was
heated at 45 °C for 12 h. The reaction mixture was filtered through Celite, and volatiles
were removed under vacuum. CeDe were added and NMR spectra were recorded for
characterization. *H NMR (500 MHz, CgDs) & 8.97 (dt, Ju-+ = 1.6 Hz, 4.4 Hz, 2H, PBP-
Phenyl), 8.53 (d, Ju-+ = 7.5 Hz, 2H, Ir-Pyridine), 7.85 (d, Ju-1 = 7.8 Hz, 1H, Pyridyl),
7.30 (m, 5H, PBP-Phenyl & Pyridyl), 7.18 (m, 2H, PBP-Phenyl), 6.94 (tt, J1-1 = 1.8 Hz,
7.6 Hz, 1H, Ir—Pyridine), 6.72 (td, Ju-+ = 1.6 Hz, 7.6 Hz, 1H, Pyridyl), 6.58 (ddd, Ju-+ =
1.5Hz,4.5Hz, 7.6 Hz, 2H, Ir-Pyridine), 5.93 (t, Ju-+ = 6.3 Hz, 1H, Pyridyl), 2.48 (m, 2H,
CHMey), 2.33 (m, 2H, CHMey), 1.24 (dvt, Jun = Ju-p = 7.6 Hz, 6H, CHMey), 1.09 (dvt,
Jun=Jup=6.9Hz, 6H, CHMey), 0.98 (dvt, Ju 1 = Ju_p = 7.0 Hz, 6H, CHMey), 0.62 (dt,
Jun=Jnp=7.1Hz, 6H, CHMey), -7.17 (br, 1H, Ir-H). 31P{*H} NMR (202 MHz, CsD¢)
8 50.0 (s). “B{*H} NMR (128 MHz, CsDg) & -7.4. °C{*H} NMR (126 MHz, C¢Ds) &
153.4 (s), 142.5 (t, Jp_c = 3.2 Hz), 139.3 (5), 136.4 (s), 134.8 (s), 131.7 (s), 129.6 (5), 129.2
(t, Jp.c=8.8 Hz), 125.7 (t, Jp.c = 3.4 Hz), 123.7 (s), 117.9 (s), 113.4 (s), 30.6 (t, Jp c = 11.2

Hz), 30.2 (t, Jo_c = 17.2 Hz), 20.2 (m, 2C), 19.9 (t, Jr_c = 2.8 Hz), 19.6 ().
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5.4.4 X-Ray Structural Determination Details.

V-1RhN, CCDC 2014200. A light yellow, multi-faceted block of suitable size
(0.46*0.22*0.16 mmq) 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, 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 monoaclinic P 21/c space group using XS24 127129 (incorporated in Olex). 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 bound to rhodium which was located from the difference map. The structure
was refined (weighted least squares refinement on F?) and the final least-squares
refinement converged. No additional symmetry was found using ADDSY M incorporated
in PLATON program. ¢

V-1RhNqg, CCDC 2014201. A Leica MZ 75 microscope was used to identify a
suitable yellow block with very well-defined faces with dimensions (max, intermediate,
and min) 0.368 x 0.36 x 0.164 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. A BRUKER APEX 2 X-ray (three-circle) diffractometer
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was employed for crystal screening, unit cell determination, and data collection. The
goniometer was controlled using the APEX2 software suite, v2008-6.0.2° The sample was
optically centered with the aid of a video camera such that no translations were observed
as the crystal was rotated through all positions. The detector was set at 6.0 cm from the
crystal sample (APEX2, 512x512 pixel). The X-ray radiation employed was generated
from a Mo sealed X-ray tube (Ko = 0.70173A with a potential of 40 kV and a current of
40 mA). 60 data frames were taken at widths of 1.0°. These reflections were used in the
auto-indexing procedure to determine the unit cell. A suitable cell was found and refined
by nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed. After careful examination of the unit cell, an extended data
collection procedure (4 sets) was initiated using omega scans. Integrated intensity
information for each reflection was obtained by reduction of the data frames with the
program APEX2.2'® 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
APEX?2.124 127129, 219 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. Absence of additional symmetry and voids were

151



confirmed using PLATON (ADDSYM).' The structure was refined (weighted least
squares refinement on F?) to convergence, 24 127-130

V-11rCq, CCDC 2014205. A Leica MZ 75 microscope was used to identify an
orange plate with very well-defined faces with dimensions (max, intermediate, and min)
0.528 x 0.213 x 0.046 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. A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was
employed for crystal screening, unit cell determination, and data collection. The
goniometer was controlled using the APEX3 software suite, v2017.3-0.2%° The sample was
optically centered with the aid of a video camera such that no translations were observed
as the crystal was rotated through all positions. The detector (Bruker - PHOTON) was set
at 6.0 cm from the crystal sample. The X-ray radiation employed was generated from a
Mo sealed X-ray tube (Ko = 0.71073A with a potential of 40 kV and a current of 40 mA).
45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed. After careful examination of the unit cell, an extended data
collection procedure (16 sets) was initiated using omega scans. Integrated intensity
information for each reflection was obtained by reduction of the data frames with the
program APEX3.2° The integration method employed a three-dimensional profiling
algorithm and all data were corrected for Lorentz and polarization factors, as well as for
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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 (Z=4; Z'=2) using XT/XS
in APEX2.124.127129, 219 A molecule of toluene was found solvated (1/2 a molecule per Ir-
complex). 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. Elongated ellipsoids and nearby residual electron density peaks for C64 — C66
indicated disorder which was modeled between two positions with an occupancy ratio of
0.77:0.23. Appropriate restraints and constraints were added to keep the bond distances,
angles, and thermal ellipsoids meaningful. Absence of additional symmetry and voids
were confirmed using PLATON (ADDSY M).¢° The structure was refined (weighted least
squares refinement on F?) to convergence, 24 127-130

V-2RhC, CCDC 2014203. A Leica MZ 75 microscope was used to identify a
suitable yellow block with very well-defined faces with dimensions (max, intermediate,
and min) 0.222 x 0.19 x 0.182 mm?3 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. A BRUKER APEX 2 X-ray (three-circle) diffractometer
was employed for crystal screening, unit cell determination, and data collection. The
goniometer was controlled using the APEX2 software suite, v2008-6.0.2*° The sample was
optically centered with the aid of a video camera such that no translations were observed

as the crystal was rotated through all positions. The detector was set at 6.0 cm from the
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crystal sample (APEX2, 512x512 pixel). The X-ray radiation employed was generated
from a Mo sealed X-ray tube (Ka = 0.70173A with a potential of 40 kV and a current of
40 mA). 60 data frames were taken at widths of 1.0°. These reflections were used in the
auto-indexing procedure to determine the unit cell. A suitable cell was found and refined
by nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed. After careful examination of the unit cell, an extended data
collection procedure (4 sets) was initiated using omega scans. Integrated intensity
information for each reflection was obtained by reduction of the data frames with the
program APEX2.2*® 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 P43. A solution was obtained readily using XT/XS in
APEX?2.124 127-129. 219 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. Elongated thermal ellipsoids on C27 and C28 suggested
disorder, which was modeled successfully between two positions with an occupancy ratio
of 0.42 to 0.58. Appropriate restraints were added to keep the bond distances, angles and

thermal ellipsoids meaningful. Absence of additional symmetry and voids were confirmed
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using PLATON (ADDSYM).1®® The structure was refined (weighted least squares
refinement on F?) to convergence, 24 127-130

V-3RhN, CCDC 2014204. A Leica MZ 75 microscope was used to identify a
suitable colorless block with very well-defined faces with dimensions (max, intermediate,
and min) 0.774 x 0.706 x 0.429 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. A BRUKER APEX 2 Duo X-ray (three-circle)
diffractometer was employed for crystal screening, unit cell determination, and data
collection. The goniometer was controlled using the APEX3 software suite, v2017.3-0.2%
The sample was optically centered with the aid of a video camera such that no translations
were observed as the crystal was rotated through all positions. The detector was set at 6.0
cm from the crystal sample (APEX2, 512x512 pixel). The X-ray radiation employed was
generated from a Mo sealed X-ray tube (K« = 0.70173A with a potential of 40 kV and a
current of 40 mA). 45 data frames were taken at widths of 1.0°. These reflections were
used in the auto-indexing procedure to determine the unit cell. A suitable cell was found
and refined by nonlinear least squares and Bravais lattice procedures. The unit cell was
verified by examination of the h k | overlays on several frames of data. No super-cell or
erroneous reflections were observed. After careful examination of the unit cell, an
extended data collection procedure (24 sets) was initiated using omega and phi scans.
Integrated intensity information for each reflection was obtained by reduction of the data
frames with the program APEX3.2%° The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
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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 P21/n. A solution was obtained readily using
XT/XS in APEX2.124 127128, 219 Hydrogen atoms were placed in idealized positions (the
one connected to Rh was refined independently) and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).! The structure was refined (weighted least squares refinement on F?) to
convergence, 124 127-130

ORTEP-3 for Windows and POV-Ray were employed for the final data
presentation and structure plots.?%

5.4.5 DFT Calculations.

The Gaussian suite of programs??* was used for the ab initio electronic structure
calculations. All structures were fully optimized by the B97D3?%? functional in the gas
phase, and harmonic vibrational frequency calculations were performed to ensure that
either a minimum was obtained. The Los Alamos basis set and the associated effective
core potential (ECP) was used for Ru and Ir atoms, and an all-electron 6-31G(d) basis set
was used for all the other atoms. Unless otherwise stated, the energies reported in this
paper are Gibbs free energies under 298.15 K and 1 atm with solvent effect corrections.

The more recent natural orbitals for chemical valence (NOCV) analyses®®

implemented as part of the ORCA program??* were applied to study the chemical bonds
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in terms of the electron density rearrangement taking place upon bond formation at the
B97D3/def2-TZVP level using the Extended Transition State (ETS) method of Ziegler.
The figures of NOCV deformation densities are generated by Multiwfn code.

Table V-2. Absolute free energies and enthalpies in the gas phase at 298K and free
energies and enthalpies for the M—-C/M-N isomerizations (negative values favor the

225

M-N isomer) calculated at the B97D3/LANL2DZ/6-31G(d) level in gas phase

Absolute values | Absolute values | AGisomerization | AHisomerization =
of Gibbs free of enthalpy (H) (kcal/mol) (kcal/mol)
energy (G) at (a. u)
298 K (a. u.)
V-1RhC -2000.592744 -2000.486785
V-1RhN -2000.599909 -2000.492665 -4.5 -3.7
V-1IrC -1995.792319 -1995.686313
V-1IrN -1995.789668 -1995.681918 1.7 2.8
V-2RhC -4572.779866 -4572.670542
V-2RhN -4572.762453 -4572.652586 10.9 11.3
V-2IrC -4567.973024 -4567.863829
V-2IrN -4567.946079 -4567.836552 16.9 17.1
V-3RhC -2113.872887 -2113.761183
V-3RhN -2113.875726 -2113.763486 -1.8 -1.4
V-3IrC -2109.088223 -2108.977483
V-3IrN -2109.081008 -2108.969473 4.5 5.0
V-4RhC -2113.847909 -2113.738511
V-4RhN -2113.84592 -2113.73573 1.2 1.7
V-4IrC -2109.06682 -2108.958266
V-41rN -2109.057584 -2108.948267 5.8 6.3
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Table V-3. Wiberg bond indices calculated at the B97D3/LANL2DZ/6-31G(d) level
of theory for Type V-1 to Type V-4 Rh and Ir complexes

Wiberg Bond Index

M-B B-C/N C-N M-N/C
V-1RhC 0.58 0.59 1.23 0.59
V-1RhN 0.56 0.81 1.31 0.28
V-11rC 0.66 0.59 1.22 0.67
V-1IrN 0.65 0.81 1.30 0.32
V-2RhC 0.52 0.58 1.24 0.75
V-2RhN 0.52 0.80 1.29 0.43
V-2IrC 0.60 0.57 1.23 0.83
V-2IrN 0.61 0.79 1.27 0.50
V-3RhC 0.51 0.59 1.26 0.65
V-3RhN 0.48 0.82 1.31 0.38
V-3IrC 0.59 0.59 1.25 0.73
V-3IrN 0.56 0.81 1.29 0.46
V-4RhC 0.49 0.58 1.27 0.68
V-4RhN 0.41 0.81 1.31 0.45
V-4IrC 0.58 0.57 1.27 0.72
V-41rN 0.54 0.80 1.29 0.50
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Table V-4. ETS-NOCYV analysis of the interaction between 2-pyridyl anion and the
formally positive charged rest of the molecule. The two largest decomposed NOCV
contributions (Ap1 and Ap2) constructed with the density isosurface contour value of
0.002 are shown. Blue and red surfaces identify regions of electron density
accumulation and depletion, respectively. It is clear the electrons “flow” from CN
anion to metal cation

Sum of | The Two Major Components
decomposition
energy by ETS-
NOCV (kcal/mol)
V-1RhC | -243.2

Apl =-105 kcal/mol

V-1RhN | -232.0 "

Apl =-153 kcal/mol
V-1IrC | -343.7 -

Ap2 = -117 kcal/mol

Apl = -155 kcal/mol
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Sum of
decomposition
energy by ETS-

The Two Major Components

NOCV (kcal/mol)
V-1IrN | -255.3 1
L
3ok

Apl =-150 kcal/mol
V-2RhC | -310.9
V-2RhN | -271.0

Ap2 = -56 kcal/mol

Apl = -157 kcal/mol P

V-2IrC | -467.0 s .

Apl =-260 kcal/mol

Ap2 =-111 kcal/mol
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Sum of
decomposition
energy by ETS-

The Two Major Components

NOCV (kcal/mol)
V-2IrN | -313.1
Apl =-153 kcal/mol
V-3RhC | -241.0
V-3RhN | -236.3
V-3IrC | -329.8

Apl = -135 kcal/mol

Ap2 =-129 kcal/mol
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Sum of
decomposition
energy by ETS-

The Two Major Components

NOCYV (kcal/mol)

V-3IrN | -259.6

Apl = -148 kcal/mol Ap2 = -58 kcal/mol
V-4RhC | -282.6

Apl = -125 kealfmol | 9% = 97 keal/mol
V-4RhN | -274.6

Ap1 = -159 kcal/mol Ap2 = -65 keal/mol
V-4IrC | -366.9

Apl =-162 kcal/mol

Ap2 =-131 kcal/mol
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Sum of
decomposition
energy by ETS-
NOCV (kcal/mol)

The Two Major Components

V-4IrN

-297.1

Apl = -154 kcal/mol

Ap2 = -82 kcal/mol
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CHAPTER VI

ORTHO-SELECTIVE C-H NORBORNYLATION OF PYRIDINES

6.1 Introduction

Pyridines are common motifs in a lot of materials and pharmaceuticals. Thus, the
development of selective functionalization of pyridines is significant.2%-292 Developing
methods for synthesizing ortho alkylated pyridines has attracted increasing interest
because it could offer synthetic method for later stage functionalization of drug
candidates.?%2%5-211 Olefins hydroarylation is an atom economic way to achieve alkylation
of arene substrates and some transition metal catalyzed C—H alkylation of pyridines were
reported previously??6-22, As the pyridyl group was usually utilized as a directing group
in some casest?” 109110, 230-233 ' the fynctionalization of the ortho position of pyridine was

achieved with early transition metals?34-2% rare earth catalysts?®® 2%, or Rh catalysts?® 14
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Scheme VI-1. Transition metal catalyzed hydroarylation of olefins by substrates with
pyridyl groups
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We previously reported the selective ortho C-H activation by diarylboryl based
(PBP)Ir complexes®, and this reactivity was also observed with our diarylboryl based
(PBP)Rh complexes (See details in section V). This ligand cooperative selective C-H
activation was also mediated by Nakao’s (PAIP)Rh complex, which catalyzed ortho
alkylation of pyridine.?® In their case, only pyridine, 2- and 3-picoline were investigated
as pyridines substrates. Here, we tested the ortho alkylation of pyridines with different
substrate scopes, catalyzed by our (PBP)Rh complexes, resulting in different C—H

selectivity.
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Figure VI-1. C-H activation of pyridine by (PBP)Ir, (PBP)Rh, and (PAIP)Rh.

6.2 Result and Discussion.

We first investigated the ethylation of quinoline catalyzed by our (PBP)Rh
precursor V-1RhNq (20 mol%). After heating at 100 °C for 84 hours, 95% of quinoline
was consumed to form 2-ethylquinoline, indicating a selective ortho alkylation of
quinoline. Ethylene was refilled every 12 h to maintain constant pressure, and the
conversion was monitored by *H NMR spectroscopy. After examining different olefin
substrates (see details in section 6.4), we discovered that ortho alkylation of quinoline by
norbornene catalyzed with V-1RhNq (5 mol%) was accomplished (99% conversion to
exo-2-norbornylquinoline) after heating at 100 °C for 96 h.
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Control experiments were set based on Table VI-1. Rh pincer complexes with aryl
center donor or amino center donor did not catalyze this norbornylation (Trial 1 - 3).
(Rh(COD)CI): itself did not catalyze this reaction, and no reactivity was observed with
NaEt:BH as additive and PPhs as supporting ligand (Trial 4 - 5). Analogous (PBP)Ir
complex V-1rCq does not catalyze this reaction (Trial 6). Besides V-RhNq, (PBP)RhHCI
(69) also result in 73% conversion with "BuL.i additive (Trial 7 - 8).

Table VI-1. Ortho selective norbornylation of quinoline catalyzed by different metals

with additives
(e}
[ j 0.020 mmol
o X

N
SO~ - 7]
=
= | 5 mol % N

Rh complex
0.4 mmol 0.6 mmol Additive 5 mol %
CgDg 100 °C
Rh complex Additive Conversion
1 (POCOP)RhHCI NaEt;BH 0%
2 (PCP)RhHCI NaEt;BH 0%
3 (PNP)RhH: / 0%
4 (Rh(COD)CI)2 / 0%
5 (Rh(COD)CI)2 NaEt;BH + 2PPh3 0%
6 V-IrCq / 0%
7 V-RhNq / 99%*?
8 69 "BuLi 73%"

a. This reaction was heated at 100 °C for 96 h, b. This reaction was heated at 125 °C for
24 h

Next, we tested how the concentration of each substrate would affect the reactivity
(Table VI-2). As the catalyst V-RhNqg would decompose in reactive solvents such as
dichloromethane, DMF and DMSO, only dioxane, methylcyclohexane and toluene were

used as the solvent, and they seem to have little effect on the conversion (Trial 1 - 3).
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Increasing the concentration of norbornene to 2 equiv. resulted in a higher conversion
(Trial 2, 5, 4). However, an increased amount of quinoline inhibited this catalysis (Trial 3,
6). A higher temperature resulted in 99% conversion of quinoline to 2-norborylquinoline,
but the decomposition of catalyst to free ligand and unknown Rh complexes also occurred
faster (Trial 2, 7, 8).

Table VI- 2 Ortho selective norbornylation of quinoline

% V-RhNgq (0.020 mmol) | N
> =
N

(0.020 mmol)
o\)

Quinoline  Norbornene  Temperature Solvent Conversion
(mmol) (mmol) &O) (0.40 mL)

1 0.4 0.8 100 dioxane 47%

2 0.4 0.8 100 methylcyclohexane 65%

3 0.4 0.8 100 toluene 53%

4 0.4 1.6 100 methylcyclohexane 65%

5 0.4 0.4 100 methylcyclohexane 24%

6 0.8 0.8 100 methylcyclohexane 29%

7 0.4 0.8 125 methylcyclohexane 94%

8 0.4 0.8 150 methylcyclohexane 99%a

a. Based on 3!P{*H} NMR spectra, the catalysts were decomposed completely to form free
PBRP ligand and some inactivate Rh complexes.

Next, we move on to examine more substrate scopes (See section 6.4.5 and 6.4.6 for
details). Different olefin substrates were examined. 1-hexene, 2,5 dihydrofuran, result in
the isomerization of olefin. Neohexene, styrene and 2,3,4,5,6-pentafluorostyrene result in
less than 2% conversion to the ortho alkylated product. A norbornene derivative 601

resulted in 60 % conversion to isomers of ortho alkylated products (Scheme VI-2).
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N\ (EtO)Si V-ARhNG - i) =
+ 5 mol% |
/ \
N 100 °C N

601 6 days
60%

Scheme V1-2. Ortho norbornylation of quinoline to generate different isomers

As pyridine was believed to be a challenging substrate since it could easily poison the
metal center, we tested the alkylation of pyridine by our catalysts (Scheme VI-3). Ortho
norbornylation of pyridine happened slower than quinoline, which reach to 79%
conversion after heating at 125 °C for a week. With an increased amount of catalyst
loading, ortho alkylation of pyridine with styrene catalyzed by V-1RhN resulted in 4%
conversion to two isomers (602 : 603 = 1 : 1.5). The generation of 2-ethylpyridine was
catalyzed by 20 mol% V-1RhN. Although only 10% conversion was observed after

heating at 125 C for 48 h, active catalysts was still observed by 3!P{*H} NMR.

\

5 mol%
/
"BulLi

79 %
V-1RhN
[:v:] ’//\Z::iy 10 mol%
Z eoz 603

V-1RhN 4%
| \ . 20mol% \

+ — _— |

F F
10 %

Scheme V1-3. Ortho alkylation of pyridine

Finally, more substrates with pyridyl group were examined (Scheme VI-4). Among
which, 4-tert-butylpyridine, 4-dimethylaminopyridine were norbornylated at C2 position

(604 - 605). Interestingly, the norbornylation of 3-ethylpyridine happened at C6 position
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and the C2 norbornylated product was not observe by *H NMR. The norbornylation of
2,2'-bipyridine at 100 °C for a week resulted 94% conversion into both mono
functionalized product (607, 48%) and bi functionalized product (608, 46%).1'? The
norbornylation of 2-tolylpyridine happened at tolyl group (609) after heating at 100 °C for
16 h, which seems to indicate that a traditional metal directed C—H alkylation occurred

faster than the desired C2 alkylation directed by the PBP supporting ligand.

69

R
SA 5 mol%

| j + Alkylated product
N" NaEt;BH

(OR "BuLi)

Scheme VI1-4. Norbornylation of substrates containing pyridyl group

We also examined ethylation of a more challenged substrate: 610 catalyzed by our
(PBP)Rh system (Scheme VI-5). After heating at 125 °C for 24h, 90% of 610 was
consumed to form 611 and 612 (1 : 1.6), which indicated the ortho ethylation happened

together with isomerization of terminal vinyl group.
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Scheme VI-5. Ortho ethylation of 610 by (PBP)Rh to generate 611 and 612

6.3 Conclusion

In conclusion, (PBP)RhHCI catalyzed C—H alkylation of pyridines. The selectivity
varied from different substrates. For substrates such as pyridine, quinoline, 4-tert-
butylpyridine, 4-dimethylaminopyridine, and 3-ethylpyridine, the norbornylation
happened at the ortho position. However, for 2-tolylpyridine, the norbornylation happened
on the tolyl group. More study will be performed to understand the mechanism and to
modify the catalyst.

6.4 Experimental Section
6.4.1 General Considerations

Unless specified otherwise, all manipulations were performed under an Ar
atmosphere using standard Schlenk line or glovebox techniques. Toluene and pentane
were dried and deoxygenated (by purging) using a solvent purification system (Innovative
Technology Pure Solv MD-5 Solvent Purification System) and stored over molecular
sieves in an Ar-filled glove box. Ce¢Ds and toluene-ds was dried over NaK/Ph,CO/18-
crown-6, distilled and stored over molecular sieves in an Ar-filled glovebox. Pyridine

derivatives and cyclohexene were dried over CaH», vacuum transferred and stored over
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molecular sieves in an Ar-filled glove box. (PBP)RhHCI (69), (PBP)RhQuH (V-RhNQ),
(PBP)RhPYH (V-RhN), (PBP)IrQuH (V-11rCq) were prepared via literature procedures.
All other chemicals were used as received from commercial vendors.
6.4.2 Physical Methods

NMR spectra were recorded on Mercury 300 (*H NMR, 299.952 MHz; 3P NMR,
121.422 MHz), Bruker 400MHz (!B NMR, 128.185 MHz, *H NMR, 399.535 MHz; 3!p
NMR, 161.734 MHz) and Varian Inova 500 (*H NMR, 499.703 MHz; 13C NMR, 125.697
MHz; 3P NMR, 202.265 MHz) spectrometer. Chemical shifts are reported in & (ppm). For
'H and 3C NMR spectra, the residual solvent peak was used as an internal reference (*H
NMR: § 7.16 for CsDs, 1>*C NMR: § 128.06 for CsDs). *'B NMR spectra were referenced
externally with BF; etherate at & 0. 3'P NMR spectra were referenced externally with 85%
phosphoric acid at 6 0.

6.4.3 In Situ Observation of Ortho-selective Quinoline Ethylation and Nobornylation

Ortho C-H ethylation of quinoline to form 2-ethylquinoline. In a J. Young
tube, quinoline (0.10 mmol, 12 pL), (PBP)RhQuUH (V-1RhNQ) (0.020 mmol, 13 mg), 1,4
dioxane (0.020 mmol, 0.10 mL, 0.20 M solution in CeDe) were added to CsDe (0.40 mL).
1 atm of ethylene was introduced to the tube after three times of freeze-pump-thaw. The
reaction mixture was heated at 100 °C, and ethylene was refilled every 12 h to maintain a
constant pressure. After 84 h, 95% of quinoline was consumed to form 2-ethylquinoline.
(calculated by *H NMR spectrum with 1,2 dioxane as internal standard. (The NMR data

for 2-ethylquinoline matched the data that were reported.)?%3
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Figure VI-2. Bottom. *H NMR spectrum for reaction mixture of quinoline, V-1RhNq
ethylene, 1,4-dioxane and before heating. Top. *H NMR spectrum for the same
mixture after heating at 100 °C for 84 h

Ortho C-H alkylation of quinoline to form 2-

| norbornylquinoline. In a J. Young tube, quinoline (0.40

\

mmol, 48 pL), norbornene (0.80 mmol, 76 mg), 1,2 dioxane

(0.020 mmol, 0.10 mL, 0.20 M solution in CsDe) and V-1RhNq (0.020 mmol, 13 mg)
were added to 0.40 mL C¢Ds. The reaction mixture was heated at 100 °C and *H NMR
spectra were record every 48 h. After 96 h, 99% quinoline was consumed to form 2-

norbornylquinoline. The resulting mixture was passed through Celite, followed by
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purification with column chromatography (Ethyl Acetate: Hexane: 1:50), yielding a
colorless liquid (57 mg, 64%). *H NMR (400 MHz, CsDs) & 8.26 (d, Ju-n = 8.4 Hz, 1H),
7.57 (d, Ju-n = 8.5 Hz, 1H), 7.45 (d, Ju = 8.1 Hz, 1H), 7.37 (ddd, Ju n = 8.3 Hz, 7.0 Hz,
1.4 Hz, 1H), 7.17 (m, 1H), 6.92 (d, Ju_n = 8.5 Hz, 1H), 2.89 (dd, Ju 1 = 8.7 Hz, 5.3 Hz,
1H), 2.66 (M, 1H), 2.56 (s, 1H), 2.38 (s, 1H), 1.97 (d, Ju_n = 9.5 Hz, 1H), 1.57 (m, 3H),
1.33 (m, 1H), 1.25 (m, 1H), 1.11 (d, Ju_1 = 9.5 Hz, 1H). 3C{*H} NMR (101 MHz, C¢Ds)
§ 165.7 (s), 148.4 (s), 135.7 (s), 130.1 (s), 129.2 (s), 127.6 (s), 127.1 (s), 125.7 (s), 121.9
(s), 50.5 (s), 43.8 (s), 37.2 (s), 36.0 (s), 36.0 (s), 30.7 (s), 29.7 (s). HR MS (ESI+): Found

224.1429 [M+H]"*, calcd. for CysHisN* : 224.1434.

1,4 dioxane
X
OO f%@

96 h H Ls
99% |

| it

] AL JUU

48 h
67% I

. J“LMHM_MJ‘L_Q AU U | 11 .

Starting
Material u l '
_J‘ '_M_J‘ L\_Ju 4 !-_A_/'\_n_/\_J

Figure VI-3. Bottom. 'H NMR spectrum for reaction mixture of quinoline,
norbornene, 1,4-dioxane and V-1RhNq before heating. Middle. *H NMR spectrum
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for reaction mixture of quinoline, norbornene, 1,4-dioxane and V-1RhNq after
heating at 100 °C for 48 h. Top. *H NMR spectrum for the same mixture after heating
at 100 °C for 96 h
6.4.4 Details for Condition Optimization
Control experiments for ortho selective norbornylation of quinoline. In a J.
Young tube, quinoline (0.40 mmol, 48 pL), norbornene (0.60 mmol, 56 mg), 1,2 dioxane

(0.020 mmol, 0.10 mL, 0.20 M solution in C¢Ds), metal complex, and additive based on

Table VI-1 were added to 0.40 mL CgDs. The reaction mixture was heated at 100 °C for

48 h. Only reaction with (PBP)Rh complexes as catalysts had desired product observed.

Different conditions for ortho selective norbornylation of quinoline. In 8 mL vials,
quinoline, norbornene and V-RhNg (0.020 mmol, 13 mg) were added to 0.40 mL solvent
with stir bars. The vials were capped by PTFE screw caps and the reaction mixtures were
heated at indicated temperature for 24 hours. Volatiles were removed under vacuum and
mesitylene (0.40 mL, 0.050 M in C¢Ds, 0.020 mmol) was added as internal standard to
determine conversion by *H NMR spectra. In general, solvent effect is not obvious for this
reaction. Higher temperature and longer time are required for better conversion. The major
decomposition was the releasing of PBRP ligand from Rh center to form inactive Rh metal
complexes.

6.4.5 Substrate Scopes

Ortho C-H ethylation of pyridine to form 2-ethylpyridine. In a J. Young tube,

(PBP)RhPYH (V-1RhN) (0.020 mmol, 100 pL, 0.20 M in CsDe), pyridine (0.10 mmol,

8.0 uL), 1,4-dioxane (0.020 mmol, 100 pL, 0.20 M in C¢Ds) were added to 0.20 mL CsDe.
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1 atm of ethylene was introduced to the tube after 3 times of freeze-pump-thaw. The

reaction mixture was heated at 125 °C for 48 h, 10% of pyridine was consumed to form

2-ethylpyridine. (Calculated by *H NMR spectrum with 1,2 dioxane as internal standard.

The NMR data for 2-ethylpyridine matched the data that were reported.) 2%
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Figure VI-4. Bottom. 'H NMR spectrum for reaction mixture of pyridine, ethylene,
1,4-dioxane and V-1RhN before heating. Top. 'H NMR spectrum for the same
mixture after heating at 125 °C for 48 h.

Ortho C-H alkylation of pyridine to form 2-(a-methylbenzyl)pyridine and 2-

(2-phenylethyl)pyridine. In a J. Young tube, V-1RhN (0.020 mmol, 100 uL, 0.20 M in

CeDs), pyridine (0.20 mmol, 16 pL), styrene (0.20 mmol, 23 L) and 1,4-dioxane (0.020
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mmol, 100 pL, 0.20 M in CeDe) were added to 0.20 mL CsDs. The reaction mixture was
heated at 100 ° C for 20 h, 4% of pyridine was consumed to form 2-(a-

methylbenzyl)pyridine (602) and 2-(2-phenylethyl)pyridine (603) (1.5 : 1). (Calculated by
'H NMR spectrum with 1,2 dioxane as internal standard. The NMR data for 602 and 603

matched the data that were reported.)?%%-2%

/
/
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)0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
f1 (ppm)

Figure VI-5. Bottom. *H NMR spectrum for reaction mixture of pyridine, styrene,
1,4-dioxane and (PBP)RhPyH before heating. Top. *H NMR spectrum for the same
mixture after heating at 100 °C for 20 h

General procedure 1 for alkylation of quinoline with V-1RhNg. In J. Young tubes, V-

1RhNq (0.020 mmol, 100 uL, 0.20 M in Ce¢Ds), quinoline (0.40 mmol, 48 uL), olefin
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(0.80 mmol) and 1,4-dioxane (0.020 mmol, 100 uL, 0.20 M in CsDe) were added to 0.20

mL CeDs. The reaction mixtures were heated at indicated temperature for indicated time.
The resulting products were analyzed by *H NMR spectrum.

Quinoline + 2,3,4,5,6-pentafluorostyrene. After heating at 100 °C for 20 h, trace

amount of the desired product was observed by *H NMR spectrum.
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Figure VI-6. Bottom. 'H NMR spectrum for reaction mixture of quinoline, 2,3,4,5,6-
pentafluorostyrene, 1,4-dioxane and V-1RhNq before heating. Top. *H NMR
spectrum for the same mixture after heating at 100 °C for 20 h

Quinoline + 5-bicyclo[2.2.1]hept-2-enyl(triethoxy)silane. After heating at 100 °C for

132 h, 60% of quinoline was consumed to form the desired products, which exist as a
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mixture of different isomers. The C—H of the carbon connected to the ortho position of
quinoline has a unique chemical shift (~ 3 ppm) and appears as a doublet of doublet on H
NMR spectrum. Three different signals were observed within that range in the *H NMR
spectrum of the resulting mixture, which indicated that at least three different isomers

were generated.
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Figure VI-7. Bottom. 'H NMR spectrum for reaction mixture of quinoline, 5-
bicyclo[2.2.1]hept-2-enyl(triethoxy)silane, 1,4-dioxane and V-1RhNq before heating.
Top. *H NMR spectrum for the same mixture after heating at 100 °C for 132 h

General procedure 2 for alkylation of quinoline with V-1RhNg. In 8 ml vials, V-

1RhNq (0.020 mmol,12.6 mg), quinoline (0.40 mmol, 48 uL), olefins (0.80 mmol) were

added to 0.40 mL methylcyclohexane. The vials were heated at indicated temperature for
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indicated time. The volatiles were removed and mesitylene (0.020 mmol, 0.40 mL, 0.050
M in CeDs) were added as internal standard to analyze the resulting product by *H NMR
spectrum.

Quinoline + neohexene. After heating at 125 °C for 24 h, less than 1% of quinoline was
consumed to form 2-(3,3-dimethylbutyl)quinoline. Further heating at 150 °C for 24 h lead

to 6% conversion to 2-(3,3-dimethylbutyl)quinoline.

| "

At 150°C24 h, 6%

At125°C24 h,<1%
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f1 (ppm)

Figure VI-8. Bottom. 'H NMR spectrum for the reaction mixture after heating the
reaction at 125 °C for 24 h. Top. 'H NMR spectrum for the reaction mixture after

heating the reaction at 150 °C for 24 h
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Quinoline + styrene. After heating at 125 °C for 24 h, 2% of quinoline was consumed to

form 2-(1-phenylethyl)quinoline.
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Figure VI-9. *H NMR spectrum for the reaction mixture after heating the reaction
at 125 °Cfor 24 h

Ortho C-H ethylation of o-(trimethylsilyl)cinchonine (610). In a 50 mL Teflon

screw-capped round-bottomed Schleck flask, 69 (0.040 mmol, 21 mg) and NaEts:BH

(0.040 mmol, 40 L, 1.0 M in toluene) were added to 1.0 mL of methylcyclohexane. After

stirring at room temperature for 5 min, o-(trimethylsilyl)cinchonine (73 mg, 0.20 mmol)
was added. After 3 times of freeze-pump-thaw, 1 atm of ethylene was added. After heating
at 125 °C for 24 h, volatiles were removed under vacuum and mesitylene (0.40 mL, 0.020
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mmol, 0.050 M in CeDs) was added. *H NMR spectrum was recorded to monitor the
resulting product. 90% 610 were consumed to form the ethylated products 611 and 612.

The terminal vinyl group was isomerized to internal alkenes.

—CH=CH,

~ H
TMSO
= —CH,CH;
\ —CHCH3
N \ 349
 _CHCH3 . B
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Figure VI1-10. Bottom. *H NMR spectrum for the reaction mixture after heating the
at 125 °C for 24 h. Top. *H NMR spectrum for pure o-(trimethylsilyl)cinchonine
General procedure 1 for alkylation of pyridines with 69. In 8 ml vials, 69 (0.02

mmol,11 mg), NaEtzBH (0.020 mmol, 20 uL, 1.0 M in toluene) were mixed. After stirring

at r. t. for 5 min, volatiles were removed under vacuum. Pyridines (0.40 mmol),
norbornene (0.80 mmol, 76 mg) and methylcyclohexane (0.40 mL) were added to the
vials. After heating at 125 °C for 24 h, volatiles were removed and mesitylene (0.020
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mmol, 0.40 mL, 0.050 M in C¢Ds) was added as internal standard to analyze the resulting
product by *H NMR spectrum.

4-tert-butylpyridine + norbornene. After heating at 125 °C for 24 h, 48% of 4-tert-

butylpyridine was converted to the desired product 604.
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Figure VI-11. *H NMR spectrum for the reaction mixture after heating at 125 °C for
24 h

4-dimethylaminopyridine + norbornene. After heating at 125 °C for 24 h, 12 % of 4-

dimethylaminopyridine was converted to the desired product 605.
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Figure VI-12. 'H NMR spectrum for the reaction mixture after heating the at 125 °
Cfor24h

General procedure 2 for alkylation of pyridines with 69. In J. Young tubes, 69 (0.020
mmol, 100 puL, 0.20 M in toluene-ds), "BuLi (8.0 uL, 2.5 M in hexane), pyridines (0.40
mmol) and olefin (0.80 mmol) were added to 0.20 mL toluene-ds. The reaction mixtures
were heated at 125 °C for a week and *H NMR spectra were recorded to monitor the
conversion.

Pyridine + norbornene. After heating at 125 °C for a week, 79% of pyridine was

converted to 2-norbornylpyridine.
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Figure VI-13. *H NMR spectrum for the reaction mixture after heating at 125 °C for
a week

3-ethylpyridine + norbornene. After heating at 125 °C for a week, 41 % of 3-

ethylpyridine was converted to 2-norbornyl-4-ethylpyridine (606).
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Figure VI-14. *H NMR spectrum for the reaction mixture after heating at 125 °C for
a week

6.4.6 Unsuccessful Substrates and Side Reactions Analysis
General procedure for unsuccessful attempts of pyridines alkylation with V-1RhNGq.
In J. Young tubes, V-1RhNq (0.020 mmol, 13 mg), Quinoline (0.40 mmol, 48 uL), olefin
(0.80 mmol), 1,4-dioxane (0.020 mmol, 100 uL, 0.20 M in CsDe) were added to 0.30 mL
CeDs. The reaction mixtures were heated at indicated temperature for indicated time. The
resulting products were analyzed by *H NMR spectra.

Quinoline + 1-hexene. After heating at 100 °C for 40 h, 1-hexene was isomerized to a

mixture of internal hexenes.
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Figure VI-15. Bottom. *H NMR spectrum for quinoline, 1-hexene, 1,4-dioxane and
V-1RhNq in CeDs. Top. *H NMR spectrum for the reaction mixture after heating at
100 °C for 40 h

Quinoline + 2,5-Dihydrofuran. After heating at 100 °C for 20 h, 2,5-dihydrofuran

isomerization happened to form 2,3-dihydrofuran.
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Figure VI-16. Bottom. *H NMR spectrum for quinoline, 2,5-dihydrofuran, 1,4-
dioxane and V-1RhNq in CeDs. Top. 'H NMR spectrum for the reaction mixture
after heating at 100 °C for 20 h

General procedure for unsuccessful attempts of pyridines alkylation with 69. In J.

Young tubes, 69 (0.020 mmol, 11 mg) and NaEt:BH (0.020 mmol, 20 pyL 1.0 M in

toluene) were added in 0.40 mL toluene. After mixing at room temperature for 5 min,
volatiles were removed under vacuum to remove the BEts that was generated. Pyridines

(0.40 mmol), norbornene (0.80 mmol, 76 mg) and 1,4 dioxane (0.020 mmol, 100 uL, 0.20

M in CgDs) and CsDe were added, and the resulting mixture were heated at indicated
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temperature for indicated time. *H NMR were recorded to monitor the generation of
products.

2,2'-bipyridine + norbornene. After heating at 100 °C for a week, 94% of 2,2’-

bipyridine was consumed to form 48% mono functionalized 2,2'-bipyridine (607) and 46%

bi functionalized 2,2'-bipyridine (608).
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Figure VI-17. Bottom. 'H NMR spectrum for 2,2'-bipyridine, norbornene, 1,4-
dioxane and [(PBP)RhH2] in CsDs. Top. *H NMR spectrum for the reaction mixture
after heating at 100 °C for a week

2-tolylpyridine + norbornene. After heating at 100 °C for 16 h, 73% of 2-tolylpyridine

was consumed to form 609.
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Figure VI-18. Bottom. 'H NMR spectrum for 2-tolylpyridine, norbornene, 1,4-
dioxane and [(PBP)RhH2] in CsDs. Top. *H NMR spectrum for the reaction mixture

after heating at 100 °C for 16 h

Other unsuccessful heterocyclic substrates (only starting materials were observed by H

NMR spectra recorded after heating).

& &OOOD
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Other unsuccessful olefin substrates (only starting materials were observed by *H NMR

spectra recorded after heating).

(O DO

Other unsuccessful olefin substrates (Only decompositions of olefins were observed by

'H NMR spectra recorded after heating).

O
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CHAPTER VII

SUMMARY

Silver halide complexes of PP'B"P were prepared and characterized. With AgF, the
borane abstracts fluoride, resulting in a zwitterionic complex, which was characterized by
NMR spectroscopy and X-ray crystallography. With AgCI/Br/l, the halide stays
coordinated to Ag. The resulting complexes contain a borane moiety, but the spectroscopic
and structural evidence points to a weak interaction between B and Ag. This interaction's
weakness contrasts with the observations in the analogous AuCl and CuCl complexes
reported by Bourissou et al. earlier. Still, the Au > Cu > Ag trend for the strength of
interaction with a Z-type borane among the coinage metals appears to be general.

(PBP)Ir complexes were synthesized and reported earlier in 2016. Boryl participated
H-X bond cleavages were examined by reacting the previously reported (PBP)Ir(CO)2
with substrates that possess H-X bond. Water, methanol, ethanol, cyclohexanol, phenols,
benzoic acid, and triethylamine trihydrofluoride added the O—H and F—H units across the
Ir—B bond, resulting in dicarbonyl complexes with Ir-H and B—O/F bond. Thermolysis of
(PBP)Ir(CO)2 with n-butylamine resulted in a monocarbonyl product. Mechanistic
experiments indicated that the reaction with ROH substrates and triethylamine
trihydrofluoride proceeds by initial protonation of Ir. However, for amines, the reaction
appears to require coordination of the Lewis basic nitrogen to Lewis acidic boron center.
We also examined reactions of (PBP)Ir complexes with ethylene. (PBP)IrHa4,

(PBP)IrH2(CO), and (PBP)Ir(CO). activated ethylene C—H bond to form unique products
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that have the elements of ethylene incorporated into the molecules and result in B-C
bonds. This outcome differs from those typical ethylene activations by other pincer Ir
complexes, which formed ethylene adducts or Ir vinyl hydride complexes. (PBP)IrHa
reacted with four equivalents of ethylene to form two equivalents of ethane and a (PBP)Ir
metal complex that possesses an Ir hydride, an Ir-bound ethylene, and a vinyl group that
binds to boron. Both (PBP)IrH2(CO) and (PBP)Ir(CO)2 reacted with ethylene to form a
bridging ethylidene on the Ir-B unit, with no replacement of the original ligands. These
reactions demonstrate that the boryl donor is not merely an electronically unique central
donor with Lewis acidic properties. It also participates in the activation of C—H bonds by
the metal center and forms B—C bond in the product.

Transition metal catalyzed selective C—H functionalization is a promising strategy for
organic synthesis. One efficient method to obtain regioselectivity is utilizing weak
interactions between catalysts and substrates. Previously, we reported that (PBP)Ir(CO)2
activated ortho C-H of pyridines selectively by forming non-covalent bonds between
Lewis acidic boron and Lewis basic pyridines. This reaction resulted in the formation of
(PBP)Ir(Py)H(CO), an iridium pyridyl hydride complex with B—N coordination and Ir—C
bond. To explore pyridine activation by (PBP)Rh system, we obtained the product of
pyridine selective C-H activation reaction by (PBP)Rh. It resulted in the formation of
(PB™P)RhH, a N-Rh coordinated rhodium complex with a borane ligand generated by B—
C bond formation. Compared to the Ir complex with carbonyl ligand, the Rh complex
without carbonyl ligand showed reserve connectivity. To further investigate this

isomerization reaction between C-bound metal complexes and N-bound metal complexes,
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we also synthesized (PBP)IrQuH, (PBPP)RhH(CO), (PBP)IrQuBr, and (PBP)RhPyBT.
With the assistance of DFT calculation, we assumed that the main factor controlling the
thermodynamics of this isomerization reaction should be the quality of the M—C bond.

The synthesized (PBP)Rh complexes catalyzed C-H alkylation of pyridines. The
selectivity varied from different substrates. For substrates such as pyridine, quinoline, 4-
tert-butylpyridine, 4-dimethylaminopyridine, and 3-ethylpyridine, the norbornylation
happened at the ortho position and the exo products formed selectively. However, for 2-
tolylpyridine, norbornylation happened on the tolyl group. Both linear and branched
products were observed, and isomerization was observed. However, a moderate yield was

observed only when norbornene and ethylene were used as alkenes.
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APPENDIX A

OTHER RELATED (PBP)IR AND (PBP)RH COMPLEXES

(PBP)IrQuH2Bpin. In a J. Young tube, (PBP)IrQuH (0.020 mmol, 14 mg) was mixed
with HBpin (0.020 mmol, 20 pL, 1.0 M in Ce¢De) in CeDe, and the NMR spectra of the
resulting product were recorded for characterization. *H NMR (499 MHz, CsDg) & 9.12
(d, J = 8.4 Hz, 1H, Quinolyl), 8.80 (d, J = 7.3 Hz, 2H, Phenyl), 8.51 (d, J = 8.6 Hz, 1H,
Quinolyl), 7.30 (t, J = 7.5 Hz, 2H, Phenyl), 7.27 (m, 2H, Phenyl), 7.12 (t, J = 7.2 Hz, 1H,
Quinolyl), 7.04 (m, 4H, Phenyl & Quinolyl), 6.74 (t, J = 7.4 Hz, 1H, Quinolyl), 2.38 (m,
2H, CHMey), 2.18 (m, 2H, CHMey), 1.47 (dvt, J = 7.4 Hz, 6H, CHMez), 1.25 (br, 12H),
1.08 (dvt, J = 7.3 Hz, 6H, CHMez), 1.01 (s, 1H, H-Bpin), 0.87 (dvt, J = 7.0 Hz, 6H,
CHMey), 0.45 (dvt, J = 7.1 Hz, 6H, CHMey), -6.35 (br, 1H, Ir-H-B). 3*P{*H} NMR (202
MHz, CsDs) & 42.6 (s).

(PBP)IrQuH2z(Phenylacetylenyl). In a J. Young tube, (PBP)IrQuH (0.020 mmol, 14 mg)
was mixed with Phenylacetylene (0.020 mmol, 20 pL, 1.0 M in CgDs) in CsDs, and the
NMR spectra of the resulting product were recorded for characterization. *H NMR (499
MHz, CeDs) 6 9.02 (d, J = 8.4 Hz, 1H, Quinolyl), 8.76 (d, J = 7.5 Hz, 2H, Phenyl), 8.36
(d, J = 8.5 Hz, 1H, Quinolyl), 7.81 (dd, J = 8.0, 1.1 Hz, 2H, Phenyl), 7.28 (m, 4H), 7.13
(m, 2H), 7.08 (m, 3H), 7.01 (m, 3H), 6.75 (t, J = 7.4 Hz, 1H, Quinolyl), 2.22 (m, 2H,
CHMey), 2.10 (m, 2H, CHMey), 1.51 (dvt, J = 7.1 Hz, 6H, CHMey), 1.34 (dvt, J = 7.1 Hz,

6H, CHMey), 0.87 (dvt, J = 7.1 Hz, 6H, CHMey), 0.51 (dvt, J = 7.3 Hz, 6H, CHMey), -
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9.29 (br, 1H, Ir-H-B), -12.66 (t, J = 16.5 Hz, 1H, Ir-H).3P{*H} NMR (202 MHz, CsDs)
§31.3 (s). “B{*H} NMR (128 MHz, CsDs) & 5.9 (br).

(PBP)IrQuH2(Si(OTMS)2Me). In a J. Young tube, (PBP)IrQuH (0.020 mmol, 14 mg)
was mixed with 1,1,1,3,5,5,5-Heptamethyltrisiloxane (0.020 mmol, 20 uL, 1.0 M in C¢Ds)
in CsDs, and the NMR spectra of the resulting product were recorded for characterization.
IH NMR (499 MHz, CsDe) & 8.77 (d, J = 7.5 Hz, 2H, Phenyl), 8.58 (d, J = 8.5 Hz, 1H,
Quinolyl), 8.49 (d, J = 8.7 Hz, 1H, Quinolyl), 7.32 (m, 2H, Phenyl), 7.28 (t, J = 7.4 Hz,
2H, Phenyl), 7.13 (t, J = 7.5 Hz, 1H, Quinolyl), 7.08 (t, J = 8.3 Hz, 2H, Phenyl), 7.02 (t, J
= 7.5 Hz, 2H, Quinolyl), 6.78 (m, t, J = 7.15 Hz, 1H, Quinolyl), 3.05 (m, 2H, CHMey),
2.28 (s, 2H, CHMey), 1.38 (dvt, J = 7.1 Hz, 6H, CHMe), 0.99 (dvt, J = 6.5 Hz, 6H,
CHMey), 0.81 (dvt, J = 7.1 Hz, 6H, CHMej), 0.40 (br, 21H), 0.11 (dvt, J = 7.4 Hz, 6H,
CHMey), -7.25 (br, 1H, Ir—H-B), -14.39 (br, 1H, Ir-H). 3'P{*H} NMR (202 MHz, CsDs)
$32.8. UB{"H} NMR (128 MHz, CsDs) 5 1.5 (br).

(PBP)IrHsBpin. In a J. Young tube, (PBP)IrHCI (0.020 mmol, 13 mg) was mixed with
NaEt:BH (0.020 mmol, 20 uL, 1.0 M in toluene) in toluene, and volatiles were removed
after 5 min stirring. HBpin (0.020 mmol, 20 uL, 1.0 M in CsDs) was added, and the NMR
spectra of the resulting product were recorded for characterization. *H NMR (499 MHz,
CeDs) & 8.66 (d, J = 7.5 Hz, 2H, Phenyl), 7.51 (s, 2H, Phenyl), 7.32 (t, J = 7.4 Hz, 2H,
Phenyl), 7.13 (t, J = 7.4 Hz, 2H, Phenyl), 3.36 (m, 2H, CHMe), 2.31 (m, 2H, CHMey),
1.45 (dvt, J = 7.2 Hz, 6H, CHMey), 1.25 (dvt, J = 6.6 Hz, 6H, CHMe2), 1.17 (s, 12H, Bpin),

0.98 (dvt, J = 7.5 Hz, 6H, CHMey), 0.82 (dvt, J = 7.6 Hz, 6H, CHMey), -4.10 (br, 1H, Ir—
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H-B), -5.65 (br, 1H, Ir-H-B), -13.57 (t, J = 11.3 Hz, 1H, Ir-H). 3'P{*H} NMR (202 MHz,
CeDs) 6 59.4 (s).

(PBP)RhQuUH2(SPh). In aJ. Young tube, (PBP)RhQuH (0.020 mmol, 13 mg) was mixed
with Thiophene (0.020 mmol, 20 uL, 1.0 M in CsDs) in CsDs, and the NMR spectra of the
resulting product were recorded for characterization. 'H NMR (499 MHz, C¢Ds) 5 9.95 (d,
J = 8.7 Hz, 1H, Quinolyl), 8.54 (d, J = 7.5 Hz, 2H, Phenyl), 8.19 (d, J = 7.3 Hz, 2H,
Phenyl), 7.57 (t, J = 7.7 Hz, 1H, Quinolyl), 7.38 (t, J = 7.4 Hz, 2H, Phenyl), 7.17 (m, 5H,
Phenyl & Quinolyl), 7.09 (d, J = 8.1 Hz, 1H, Quinolyl), 7.06 (t, J = 7.5 Hz, 2H, Phenyl),
7.03 (t, J = 7.5 Hz, 1H, Phenyl), 6.96 (t, J = 7.3 Hz, 1H, Quinolyl), 6.80 (d, J = 8.4 Hz,
1H, Quinolyl), 2.41 (s, 2H, CHMe), 2.24 (s, 2H, CHMe3), 1.23 (m, 12H, CHMe), 0.96
(dvt, J = 6.9 Hz, 6H, CHMey), 0.29 (dvt, J = 7.3 Hz, 6H), CHMe, -9.97 (s, OH), -16.63
(q, J = 13.0, 12.6 Hz, 1H). 3P{"H} NMR (202 MHz, CsD¢) & 52.72 (d, J = 99.6 Hz).

LB{1H} NMR (128 MHz, C¢Ds) 5 -8.99.
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APPENDIX B

THIOPHENE BORYLATION REACTIONS AND SOME RELATED TESTS

(PBP)IrH(Thienyl). Method I: (PBP)IrHCI (0.10 g, 0.16

PPr
2 mmol), NaHMDS (0.29 mL, 0.16 mmol, 0.60 M in toluene)

B/ \ and thiophene (13 pL, 0.16 mmol) were mixed in 5 ml

Ir. S
D toluene and stirred for 12 h, resulting in a red solution. The
PP

ra

mixture was passed through Celite, and volatiles were

removed under vacuum. Recrystallization failed in
toluene/pentane or pure pentane. NMR spectroscopic data indicated the generation of
(PBP)IrH(Thienyl) as the major product. Method 11: (PBP)IrHCI (13 mg, 0.020 mmol),
NaEt3BH (20 pL, 0.020 mmol, 1.0 M in toluene) and thiophene (20 pL, 0.020 mmol, 1.0
M in CgDs) were mixed in 0.4 ml C¢Ds and heated at 50 °C for 12 h, resulting in a red
solution. The mixture was passed through Celite, and volatiles were removed under
vacuum. CeDs was added to conform the formation of (PBP)IrH(Thienyl) as the major
product. 'H NMR (400 MHz, CeDs) & 8.45 (d, J = 7.3 Hz, 2H), 7.77 (d, J = 4.7 Hz, 1H),
7.42 (dd, J = 4.6, 3.2 Hz, 1H), 7.35 (m, 2H), 7.21 (t, J = 7.1 Hz, 2H), 7.15 (m, 2H), 6.83
(d, J = 2.7 Hz, 1H), 2.61 (m, 4H), 1.27 (dvt, J = 7.5 Hz, 6H), 1.06 (dvt, J = 7.3 Hz, 6H),
0.96 (dvt, J = 6.7 Hz, 6H), 0.88 (dvt, J = 7.3 Hz, 6H), -12.80 (t, J = 8.4 Hz, 1H). 3P{'H}
NMR (162 MHz, CeDs) & 57.3 (s). "B{*H} NMR (128 MHz, C¢Ds) & 57.8 (br).
Borylation of thiophene. In J. Young tubes, thiophene (80 uL, 1.0 mmol) were mixed

with HBpin (0.31 mL, 2.1 mmol) and the indicated catalyst precursor (0.020 mmmol) with
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hydrogen acceptor (2.0 mmol). After heating at 100 °C for the indicated time, the
conversion was calculated by *H NMR.

Table VII-1. ortho borylation of thiophene and 2-bromo thiophene catalyzed by Ir
metal catalysts

Catalyst Additive Hydrogen Time Conversion®
acceptor

1 (PBP)IrH(Thienyl)? | / Cyclohexene 20 h 100%
2 (PBP)IrH(Thienyl)® | / Cyclohexene 20 h 6%

3 (PBP)IrH3Bpin / Cyclohexene 20 h 3%

4 (PBP)IrH3Bpin HMDS Cyclohexene 20 h 3%

5 (PBP)IrH3Bpin NaHMDS Cyclohexene 20 h 3%

6 (PBP)IrHCI NaHMDS Cyclohexene 6h 97%
7 (PBP)IrHCI NaEt:BH Cyclohexene 20 h 3%

8 (PBP)IrHCI NaHMDS 1-hexene 4 h 7%°
9 (POCOP)Ir(TBE) |/ Cyclohexene 5h 12%
10 | (POCOP)Ir(TBE) |/ 1-hexene 3h 32%°

a. (PBP)IrH(Thienyl) prepared by method I. b. (PBP)IrH(Thienyl) prepared by method II.
c. 2-Thiopheneboronic acid pinacol ester and 2,5-bis-thiopheneboronic acid pinacol ester
were formed, and the conversion was calculated by the consumption of thiophene. d.
HBpin and 1-hexene were consumed completely to form hydroboration products. e.
Borylation of benzene and hydroboration of 1-hexene were also observed in products.

Interactions between NaHMDS and (PBP)IrHCI/Br. In J. Young tubes, (PBP)IrHCI
(13 mg, 0.020 mmol) or (PBP)IrHBr (13 mg, 0.020 mmol) was mixed with NaHMDS (33
pL, 0.020 mmol, 0.60 M in toluene) in 0.4 mL C¢Ds. 'H NMR were recorded (Figure V1I-

1), showing interactions between NaHMDS and (PBP)IrHCI/Br.
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Figure VII-1. Interactions between NaHMDS and (PBP)IrHCI/Br
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APPENDIX C
SYNTHESIS OF BINOL LIGAND AND ATTEMPTED METALATIONS WITH

NIOBIUM AND TANTALUM

BINOL-OMOM. To a suspension of KH (0.28 g, 7.0
O mmol) in THF was added a solution of (R)-(+)-1,1’-bi(2-

OMOM

naphthol) (0.50 g, 1.8 mmol in 20 mL THF) in an ice

OMOM
C bath under argon. After H evolution ceased (stirring for

an hour), large amount of solid was generated.

Chloromethyl methyl ether (0.28 ml, 3.7 mmol) was
added, resulted in light yellow solution. After stirring at room temperature for 12 h, the
mixture become light yellow with white solid. All volatiles were removed under vacuum,
and 45 mL toluene was added. The mixture was filtered through C  elite and toluene
was removed under vacuum to give BINOL-OMOM as a white solid (0.59 g, 91%). H
NMR (400 MHz, CsDg) & 7.75 (d, J = 9.1 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H), 7.62 (d, J =
9.0 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.17 (m, 2H), 7.04 (t, J = 7.6 Hz, 2H), 4.80 (d, J =
6.9 Hz, 2H), 4.72 (d, J = 6.8 Hz, 2H), 2.92 (s, 6H). 3C{*H} NMR (101 MHz, CsDs) 5
154.0 (s), 135.4 (s), 131.0 (s), 130.3 (5), 129.9 (s), 127.3 (s), 126.7 (5), 124.9 (), 122.3 (s),

117.9 (s), 95.6 (s), 56.1 (5)
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BINOL-OMOM-I2. At -78 °C, 0.85 mL nBuLi (25 M

I
O in hexane, 2.1 mmol) was added dropwisely to a solution

OMOM of BINOL-OMOM (0.20 g in 10 ml Et,0, 0.53 mmol)

OMOM
C under argon. The resulting solution was gradually
warmed up to room temperature and kept stirring for 3

hours. Large amount of light brown solid was observed.

The resulting mixture was brought to -78 °C again and 12 (0.60 g, 2.4 mmol) was added
with argon flow. The resulting mixture was stirred at room temperature for 12 hours and
resulted in an orange solution with no solid. It was quenched by NaS20s, extracted by
ethyl acetate. The organic layer was washed with brine and dried over Na,SOs. Volatiles
were removed under vacuum and the crude product was used for the next step without
further purification. 'H NMR (400 MHz, CeDs) & 8.34 (s, 2H), 7.37 (d, J = 7.8 Hz, 2H),
7.16 (M, 2H), 7.06 (t, J = 7.2 Hz 2H), 6.91 (t, J = 7.2 Hz 2H), 4.81 (d, J = 4.7 Hz, 2H),

4.67 (d, J = 4.8 Hz, 2H), 2.46 (s, 6H).

| BINOL-I2. To a BINOL-OMOM-I2 solution (0.20 g in 10

O mL THF, 0.32 mmol) was added HCI (1.3 mL, 2.6 mmol, 2N

OH in ether). The mixture was stirred at 50 °C for 12 h. All

OH
O volatiles were removed under vacuum, and the resulting
product was recrystallized in THF/pentane 1:3, yielding a

white solid (0.13 g,74%). *H NMR (400 MHz, CsDs) & 8.24

(s, 2H), 7.35 (d, J = 7.9 Hz, 2H), 7.04 — 6.94 (m, 4H), 6.88 (t, J = 7.9 Hz, 2H), 5.87 (s,
2H).
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P'Pr,

OMOM
OMOM

PPr,

BINOL-OMOM-P'Pr2. At -35 °C, 2.2 mL nBuLi (2.5
M in hexane, 5.4 mmol) was added dropwisely to a
BINOL-OMOM solution (1.0 g in 20 mL Et0, 2.7
mmol). After stirring at room temperature for 1 hour, a
dark green solution with brown solid was formed. To the

mixture was added 7 mL THF, and the mixture was

brought to -35 °C by the freezer. CIP'Pr, (0.87 mL, 5.4 mmol) was added dropwisely, and

the solution turned to light yellow after stirring at room temperature for 12 hours. Volatiles

were removed under vacuum and the resulting solid was dissolved in toluene and passed

through Celite. Toluene was removed under vacuum and the crude product was used for

the next step without further purification. *H NMR (499 MHz, CeDs) & 7.99 (d, J = 2.3 Hz,

2H), 7.74 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H), 7.20 (t, J = 7.5 Hz, 2H), 7.05 (t, J

= 8.2 Hz, 2H), 5.11 (d, J = 5.4 Hz, 2H), 4.99 (d, J = 5.4 Hz, 2H), 2.18 (m, 4H), 1.25 (dd,

J=13.9,6.9 Hz, 6H), 1.21 (dd, J = 14.0, 6.8 Hz, 6H), 1.11 (dd, J = 12.5, 6.8 Hz, 6H), 1.01

(dd, J = 11.0, 6.9 Hz, 6H). 3:P{*H} NMR (202 MHz, CsDs) 5 -2.8 ().

i
P'Pr,

OMOM
OMOM

P'Pr,

2+

2Cr

BINOL-OMOM-HP'Pr2. HCI (11 mL, 21.6
mmol, 2N in ether) was added to the crude product
of BINOL-OMOM-PPr (1.8 g, ~ 2.7 mmol).
After stirring at 65 °C for 48 hours, all volatiles
were removed under vacuum and the resulting
solid was recrystallized in methanol/Et20 1: 10 to

yield a transparent crystal (1.4 9,79%). *H NMR
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(400 MHz, Methanol-ds) & 8.75 (d, J = 13.1 Hz, 2H), 8.19 (d, J = 7.2 Hz, 2H), 7.53 (m,

4H), 7.08 (d, J =9.2 Hz, 2H), 5.23 (d, J = 1.7 Hz, 3H, H-D exchanged with methanol-d.),

3.27 (m, 4H), 1.75 — 1.08 (m, 24H). 3P{*H} NMR (162 MHz, Methanol-ds) 5 38.8 (s, P—

H), 37.5 (m, P-D).

PPr,

OTMS
OTMS

PPr,

BINOL-OTMS-PiPra. KH (0.40 g, 10 mmol) was
stirred in a solution of BINOL-OMOM-HP'Pr2 (0.59 g
in 20 mL THF, 1.0 mmol) and NEt3 (1.4 mL, 10 mmol)
for 12 hours. TMSCI (1.3 mL, 10 mmol) was added to
the mixture. After stirring at room temperature for 12

hours, all volatiles were removed under vacuum and the

resulting solid was recrystallized in THF/pentane 1:5, yielding a white solid (0.50 g ,75%).

IH NMR (400 MHz, CsDs) & 7.93 (s, 2H), 7.77 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.5 Hz,

2H), 7.18 (M, 2H), 6.99 (t, J = 7.3 Hz, 2H), 2.28 (m, 2H), 2.05 (m, 2H), 1.26 (dd, J = 13.1,

7.3 Hz, 6H), 1.20 (dd, J = 13.1, 6.7 Hz, 6H), 1.17 (dd, J = 13.2, 6.3 Hz, 6H), 1.11 — 1.03

(m, 6H), -0.07 (s, 18H). 3P{*H} NMR (162 MHz, CeDe) 5 -7.7 (s). 3C{*H} NMR (101

MHz, CsDs) 5 156.1 (d, J = 19.9 Hz), 135.7 (s), 133.6 (d, J = 2.6 Hz), 130.0 (5), 129.8 (3),

129.6 (), 126.8 (5), 126.4 (), 124.2 (5), 123.8 (M), 24.8 (d, J = 17.2 Hz), 21.0 (d, J = 12.8

Hz), 20.4 (d, J = 17.5 Hz), 19.7 (d, J = 11.3 Hz), 19.5 (d, J = 1.3 Hz), 17.9 (d, J = 4.1 H2),

1.4 (d, J = 8.3 Ha).
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Table VII-2. Summary of metalation attempts: NbCls + BINOL-OTMS-P'Pr.

Solvent | Container | Condition Observation Spectroscopic details
1 CsDs | J. Young I. t. Red solution 3P {'H} NMR signals:
tube and dark red 38.9 ppm/ 33.6 ppm/ -
oil & darkred | 7.2 ppm/-7.7 ppm/-7.9
solid ppm
ratio: 17:13:13:54:3
Amount of TMSCI
generated: 32%
2 CsDs | J. Young 70 °C Same as 1 Same as 1
tube
3 CsDs | J. Young Remove Same as 1 Same as 1
tube volatiles and
heat at 70
°C
4 CsDs | J. Young 100 °C Brown solid | 'H NMR signals: OTMS
tube and light red signal disappeared.
solution Paramagnetic signals
appeared.
5 | toluene | Schleck | stiratr.t. Red solution | *'P{'H} NMR signals:
flask for 12 hours | and dark red 38.9 ppm/ 33.6 ppm/ -
Remove oil 7.2 ppm/ -7.7 ppm/ -7.9
volatiles and ppm
redissolve in ratio: 16:11:11:60:3
CsDs Amount of TMSCI
generated: 30%
6 CesD12 | J. Young stiratr.t. | Purple solution | 3'P{'H} NMR signals:
tube 1 day & 1 initially. 30.2 ppm/ -7.3 ppm/ -
week Large amount 7.7 ppm
of red solid Ratio after 1 day:
formed and 7:7:86
became light Ratio after 1 week:
red solution 7:7:86
Amount of TMSCI
generated: 12.5% /13 %
7 | pentane | Schleck Remove Same as 6 3P {'"H} NMR spectra
flask volatiles only observed ligand
every lh.
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