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ABSTRACT

Strong Bond Activation with Late Transition-Metal Pincer Complexes as a Foundation
for Potential Catalysis.
(May 2012)
Yanjun Zhu, B.S., Soochow University, China; M.S., Brandeis University, USA

Chair of Advisory Committee: Dr. Oleg V. Ozerov

Strong bond activation mediated by pincer ligated transiton-metal complexes has
been the subject of intense study in recent years, due to its potential involvement in
catalytic transformations. This dissertation has focused on the net heterolytic cleavage
of B-H and B-B bonds across the N-Pd bond in a cationic (PNP)Pd fragment, the C-H
oxidative addition to a (PNP)Ir center and the recent results on the C-H and C-O
oxidative addition in reactions of aryl carboxylates with the (PNP)Rh fragment.

Transition metal carbene and carbyne complexes are of great interest because of their
role in a wide variety of catalytic reactions. Our work has resulted in the isolation of a
rhodium(l) difluorocarbene. Reaction of the rhodium difluorocarbene complex with a
silylium salt led to the C-F bond cleavage and the formation of a terminal fluorocarbyne
complex.

Reductive elimination is a critical step of cross coupling reactions. In order to
examine the effect of the pincer ligand on the reductive elimination reactions from

Rh(I11), the first m-accepting PNP ligand bearing pyrrolyl substituents was prepared and



installed onto the rhodium center. Arylhalide (halide = Br, I) oxidative addition was
achieved in the presence of donor ligands such as acetonitrile to form stable six-
coordinate Rh(I11) compounds. The C-O reductive elimination reactions in this system

were also explored.
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CHAPTER |

INTRODUCTION AND OVERVIEW

1.1 General introduction for pincer ligands

The ability to control properties of metal centers by a well-defined ligand system is
of great importance in inorganic and organometallic chemistry. Pincer ligands,
tridentate ligands that coordinate in a meridional fashion, are one of the most well
defined ligand systems. Pincer ligands have attracted a lot of attention, especially in the
past decade, due to the stability and activity of their transition metal complexes as well
as their variability. For example, pincer metal complexes have been studied in strong
bond activation, such as C-H,! C-N,? C-O® bonds, as well as small molecule activation,

such as NH3,* CO,,°> CH,,° and alcohols’

M = metal center
E, X = donor atoms, C, N, P, etc

Scheme 1-1. General scheme for pincer metal complexes.

This dissertation follows the style of Journal of the American Chemical Society.



Metal complexes with monoanionic pincer ligands

X
E PR,
~
— | eaSi N
\ M N—ML, N—ML,
. N
E Me2S| N
N\—PR,
E = SR, PRy, NR, _
(A) ECE (B) PNP (C) NNN

Rl
i\

N_'\\"Ln ©: >|3—|v||_n R’Sil\:/ILn

N
PRZ \ PtBu2 PR2
R|
(D) PNP (E) PBP (F) PSiP

Metal complexes with neutral pincer ligands

PRz QN—PRz
| ~_|

\
/ N-ML,, (;:|\l/||_n
—
PR, EfN—PRz
(G) PNP (H) P.C=

Scheme 1-2. Metal complexes bearing anionic or neutral pincer ligand motifs.

Pincer ligands are frequently referred to by their donor atoms, EXE (side arm donors,
E; center donor, X) (Scheme 1-1) and can be generally divided into two main categories.
The first one is the anionic ligand, where the two ligand arms are neutral donors and the
one in the middle is an anionic donor. Representative examples of anionic pincer

ligands include ECE (E =P, S, N, etc.) ligands (A),% Fryzuk's PNP ligand (B)®, the NNN



ligand from the Peters' group (C),™ diarylamido based PNP ligands (D) and the most
recently developed PBP (E)*? and PSiP (F)* ligands. The second type is the neutral
pincer ligand with all three donors being neutral. Most of these types of ligands are
often based on the pyridine backbone (G)* or carbene (H)™ frameworks. Among all
these pincer ligands, the PXP ligands are the most prevalent. The incorporation of
phosphine arms in the ligand not only allows for steric and electronic control by using
substituent effects, but also provides a useful P NMR spectroscopic probe, which
makes it convenient to monitor the reaction transformations by *'P NMR spectroscopy.
1.2 Synthesis of pincer ligated transition metal complexes

1.2.1 Transmetalation

P'Pr, B PiPr, | F\”Pr2
n-BuLi MCl, N_MC]
N—H = N—Li > °
transmetalation }
P'Pr, PiPr, P'Pr,
M = Ti, Zr, Hf

M(L)(CI), |V|
[((PNP)Ag], _ ] M = Ni, Pd, Pt
transmetalation pip L = DME or COD

Scheme 1-3. Installation of ligand onto metal via transmetalation.

\J



Organometallic complexes of the alkali or alkaline earth metals, such as
organolithium or organomagnesium complexes, are very useful synthetic reagents.
Pincer lithium /sodium or magnesium salts are truly the workhorse reagents for synthetic
methods to generate transition metal and other main group complexes via
transmetallation (TM). For example, our group reported the synthesis of a series Group
4 (PNP)ML, complexes via the TM of (PNP)Li salt with MCIl, metal precursors
(Scheme 1-3).%® The soft metal salt [[PNP)Ag],"" has also been developed and shown the
ability to transfer the ligand to a Group 10 metal center. However, this method may be
problematic in some other ligand sets since the synthesis of the lithium salt requires well
controlled lithiation (typically through Li-halogen exchange or selective deprotonation)
of pincer ligands and sometimes the lithiation is not selective.'®
1.2.2 Oxidative addition (OA) of low valent metal precursors

Another recently developed method to install the pincer ligand onto a metal center is
through oxidative addition reactions. Oxidative addition reactions form products
containing two new metal-ligand bonds through cleavage of a bond (Scheme 1-4). By
this overall process, the oxidation state of metal is increased by two. The Milstein group
reported the first example of metal insertion into the strong C-C bond in Ar-CFs; by
utilizing a PCP ligand bearing a CF5 group between the chelate phosphine moieties.™ It
was later observed that Rh(l) precursors can also cleave the aryl-Et bond in PC(Et)P,
providing the synthesis of (PCP)Rh(I11) complexes through oxidative addition. Inspired

by Milstein’s work, our group has also successfully accomplished the intramolecular N-



H, N-C, and C-H oxidative additions reactions at Group 9 metal centers with PNP

ligands to afford Rh(111) or Ir(111) complexes (Scheme 1-5).22220

A OA A
M + - M\
B B
P'Bu, P'Bu,
CF;
1/2 [RhCI(L ‘/
CF,4 [ ( )2]2 RhA—ClI
N |
P'Bu, P'Bu,
PtBU2 PtBU2
‘ CH,CH,
CH,CH, 1/2 [RhCI(L),], RE— ol
AL -2L
P'Bu, P'Bu,

L = ethylene, cyclooctene

Scheme 1-4. Installation of ligand onto metal via oxidative addition.

1.2.3 Direct cyclometalation without changing oxidation state of metals

Besides TM and OA reactions, direct cyclometalation is another commonly used
method to make pincer metal complexes especially when TM method is a problem. The
coordinating functionalities of the ligand (such as P, S, N, etc) induce “precoordination”
which brings the bond that will be activated closer to the metal center. This

“precoordination” mode facilitates the insertion of the metal into the bond. Milstein and



coworkers reported the first example of metal insertion into an unstrained, unactivated

C-C bond by employing Ph-PCP with [HRh(PPh3)4]** (Scheme 1-6A).

PiPrz PIPr2

1/2 [(COD)MCI],
N—H - cl

M =Rh, Ir '
PiPr2 IPr2
PiPr, P Pr, PPr,
1/2 [(COD)RNCI], CeDe |

N—Me N Rh Cl N—Rh—ClI

0,
| 22°C , ‘\Me
PPr, P’Pr2 P'Pr,

i li
ar (Y Tprz

1/2 [(COD)RKCI],

- N—Rh—ClI
N—Me
22°C | “me
li
PPr, PPr

’Pr2

_cl

N— Rh
027 H

aset

Scheme 1-5. N-H or N-C OA onto Ir/Rh center.



Direct cyclometalation usually involves the release of HX (X= H, R, halide, etc) as

by product. For example, the Ozerov group reported the synthesis of (PNP)PdCI by

reacting the ligand PN(H)P with Pd(COD)CI, in the presence of Et;N (Scheme 1-6B).**°

In this reaction, EtsN serves as a base to react with the HCI generated in the process. It

is worth noting that in contrast to OA reactions, the oxidation state of the metal does not

change in direct cyclometallation reactions.

PPh, PPh, PPh,
-PPhs \ H, l
+  HRh(PP3), f’ Rh—PPh, —> th—PPh;;
-Ha
PPh, |

PPh, PPh;

Scheme 1-6A. Installation of ligand onto metal via direct cyclometalation.

, i
PiPr, FPr
toluene
+ Pd(COD)Cl, +Et3N > N—Pd—CI
N—H (CODCL, ° reflux
_ i
P/Pr, PPr

Scheme 1-6B. Installation of PNP ligand onto Pd via direct cyclometalation.

1.2.4 Transcyclometalation

+ CHy

The so called transcyclometalation method to form new pincer metal complexes was

first introduced by von Koten and coworkers.?? In analogy to transesterfication in



organic chemistry, the transcyclometalation process involves the interconversion of one

cyclometalated ligand metal complex [(ECE)M] into another one [(E’CE’)M] with the

concomitant consumption and formation of the ligand E’CE’ and ECE, respectively

(Scheme 1-7). For example, Ru(NCN)(CI)(PPhs) is a very useful synthetic precursor in

L e
gl\sl/l—Ln + g_:z gI\E/I—Ln + —H

Scheme 1-7. Installation of ligand onto metal via transcyclometalation.

the process of making other pincer ruthenium complexes through transcyclometalation

(Scheme 1-8). This method allows for the synthesis of (PCP)Ru complexes which are

difficult or impossible to make through conventional ways.?* The driving force for the

transcyclometalation reaction is the difference in heteroatom-metal bond strength which

is highest for the P-M bond in the case of the late transition metals such as Pd(ll), Pt(lIl),

or Ru(ll).
NMe2 PR2 PR2
|_PPh, | PPh;
RG-CI + H — RG-Cl  +
NMe, PR, PR>

Scheme 1-8. Installation of PCP ligand onto Ru via transcyclometalation.

NM92

NMe2



1.3 Structural preference for group 9/10 metal complexes (4d and 5d)?

Transition metal complexes can adopt many types of geometries depending on the
nature of the metal and the coordination number. The geometry is normally determined
by electronic and steric effects. From the steric aspect, the preferred geometry for a
three-coordinate compound is trigonal planar, for a four-coordinate complex is
tetrahedral, for a five-coordinate is trigonal bipyramidal and for a six-coordinate
complex is octahedral. However, these sterically preferred geometries are not always
observed. For transition metal complexes, the electronic preference often overrides the
steric effects. The geometries of transition metals bearing d-electrons can be predicted
by their energy diagram of d-orbitals. From the electronic aspect, certain d-electron
configurations cause their metal complexes to adopt particular geometries. Because this
thesis mainly involves group 9 and group 10 metals, this section will focus on the
structural preference for the second and third row group 9/10 metal complexes.

1.3.1 Geometry for ML3

1.3.1.1 Trigonal planar ML3; complexes

A trigonal planar complex can be viewed by removing the two axial ligands from a
TBP MLs complex (Scheme 1-9). The d-orbital energy diagram is shown in Scheme 1-
9. These five d-orbitals are sufficiently low in energy and can be occupied by electrons.
As a results, many 16-electron, d'° metal complexes adopt this geometry, such as

M(CO)s (M = Ni, Pd, Pt), [Pt(PPhs)s], [Pt(n’-ethylene)(PRs),] etc.?
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Scheme 1-9. d-orbital energy diagram of ML trigonal planar complexes.
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Scheme 1-10. d-orbital energy diagram of ML3 pyramidal complexes.
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1.3.1.2 Pyramidal ML3; Complexes

A pyramidal geometry can be viewed as removing the adjacent three ligands from an
octahedral complex. The d-orbital energy diagram for this geometry is shown in
Scheme 1-10. This type of geometry is not common but is observed for low-spin d®
complexes, such as [M(Mes)s] (M = Rh, Ir).?

1.3.1.3 T-shaped ML 3 complexes

The T-shaped geometry can be envisioned as arising from a removal of one ligand
from a square planar complex. The d-orbital energy diagram is shown in Scheme 1-11.
Similar to the square planar structure, the T-shaped MLs fragment is characterized by the
presence of four low-energy d-orbitals. Typical examples bearing this structure include
diamagnetic d® metal complexes such as [Rh(PPhs)s]*, [Pt(Cl)s(n*-ethylene)]. It is
worth noting that three-coordinate pincer metal complexes or intermediates adopt the T-
shaped structure as well. For example, Chris Douvris in our group was able to isolate a
three-coordinate (PNP)Ni*CHB4;Cl;” compound. This species was characterized by
solid state X-ray crystal structure and the three-coordinate nickel center adopts the T-
shaped geometry. It is also postulated that other three-coordinate d® metal fragments

(PNP)M (M = Rh, Ir) or [([PNP)M]" (M = Pd, Pt) are T-shaped as well.
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Scheme 1-11. d-orbital energy diagram of ML3 T-shaped complexes.
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Scheme 1-12. d-orbital energy diagram of ML3 Y-shaped complexes.

The ML3 T-shaped geometry can be viewed as the distortion from the trigonal planar

geometry. Another possible distortion from trigonal planar is the so called “Y” shape.
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The d-orbital energy diagram of MLj3 Y-shaped complexes is shown in Scheme 1-12.
Examples of three-coordinate d® metal center adopting the Y-shaped geometry are

known. For example, Hillhouse et al.?

reported the structure of the three-coordinate
nickel complex containing the chelating phosphine ligand and imido nitrogen-donor
ligand. The nickel center is distorted from trigonal planar and adopts the Y-shaped
geometry. More detailed discussion about the origins for the T-shaped and Y-shaped
geometries will be presented in Section 1.3.3.1.

1.3.2 Geometry for ML,

1.3.2.1 Square planar ML, complexes

Scheme 1-11 shows the d-orbital energy diagram for four-coordinate square planar
geometry. Indeed, diamagnetic four-coordinate d® complexes of the second and third
row metals almost always adopt square planar geometry.

1.3.2.2 Tetrahedral ML, complexes

The d-orbital energy diagram for a tetrahedral metal complex is shown in Scheme 1-
13. All five orbitals can be occupied since the separation between the two d-levels is
small. It is straightforward to understand that four-coordinate d'° diamagnetic metal
complexes such as Ni(CO), and [Pt(dppe).] (dppe = diphenylphosphinoethane) adopt
this geometry.?’

As mentioned above, it is not very difficult to predict the geometries for diamagnetic
four-coordinate d® metal complexes (square planar) and d*® metal complexes
(tetrahedral). However, it is harder to predict, for a given d® metal complex, whether it

will adopt low-spin square planar geometry or high-spin tetrahedral structure (Scheme 1-
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13). Both electronic and steric factors play important roles and the balance between
these factors is subtle. For example, it has been reported that the complex

[Ni(PPh,Et),Br,] can be isolated in both geometries.?®

deyr Gy % + JF dyy #
dzZ %
d><2—y2 d22 % % dxzv dyz % #

8 .
tetrahedral (d® high spin) square planar(d™ low spin)

Scheme 1-13. d-orbital energy diagram of ML, tetrahedral and square planar complexes.

1.3.3 Geometry for MLs

The sterically preferred geometry of a five-coordinate metal complex is trigonal
bipyramidal (TBP) and the d-orbital energy diagram is shown in Scheme 1-14.
However, diamagnetic d® MLs complexes usually do not adopt a regular TBP geometry.
As can be seen from the diagram, the TBP geometry is not favored for diamagnetic d°
complexes because this leads to a partially filled set of degenerate orbitals, but is stable
for the lowest energy triplet state. So d° MLs complexes adopting TBP geometry would

be paramagnetic.
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1.3.3.1 Square pyramidal vs. Y-shaped
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square pyramidal TBP Y-shaped

Scheme 1-14. d-orbital energy diagram of MLs complexes (SP, TBP, Y-shaped).

A singlet ground state of d° MLs complexes can be obtained by distortion of the TBP
geometry: a square-based pyramid (SP) with oo = 180 “or a distorted trigonal bipyramid
with a Y configuration of equatorial ligands (normally a < 80 °). The distortion of TBP
geometry to either SP or Y-shaped structures lowers one of the degenerate orbitals so
that they are no longer degenerate (Scheme 1-14). Whether a diamagnetic d® MLs
complex adopts SP or Y-shaped geometry is governed by the electronic properties of the
ligand L; that is trans to the angle a. The SP geometry results from the stabilization of
dxy orbital and occurs when L; is a strong ¢ donor. Examples have shown that
complexes with one strong trans influence ligand such as hyride or alkyl adopt the SP

geometry with the strong trans influence ligand trans to the empty site.’®?®® The Y-

shaped geometry results from the stabilization of dyz.,2 orbital and it occurs when the
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equatorial plane contains a single m donor ligand and two strong ¢ donors. Y-shaped
geometry is commonly found in five-coordinate d® 16-electron of Ir and Rh complexes.
1.3.4 Geometry for MLg
The steric preferred geometry for six-coordinate metal complexes is octahedral. And
indeed most six-coordinate d°, 18-electron Rh(l11) and Ir(111) metal complexes adopt
octahedral structures.
1.4 Application of group 9/10 pincer complexes in bond activation and catalysis
1.4.1 C-H, C-X (X=halide) and C-O bond activation by group 9/10 pincer complexes
Metal insertion into a strong bond and the subsequent functionalization to make
more useful organic molecules are the key transformations for the rational design of both
metal-mediated stoichiometric and catalytic reactions. Extensive studies have shown
that pincer metal complexes are capable of activating various strong bonds such as C-H,*
N-H,?* N-C, C-halide,? etc. In this section, some background about C-H, C-X and C-O
bond activation by group 9/10 metals will be covered, because these are relevant to the
work described within the body of this thesis. Three-coordinate T-shaped d® (EXE)M*
(M = Ni, Pd, Pt) or (EXE)M (M = Rh, Ir) fragments demonstrate high Lewis acidity and
are the proposed intermediate for the strong bond activation.

1.4.1.1 C-H bond activation

Selective C-H activation and functionalization is one of the hottest areas in
organometallic chemistry, and pincer metal complexes have made great contributions in
this field. There are just a few examples for intermolecular C-H activation by group 10

pincer complexes.*>*! The lack of group 10 metal complexes capable of facilitating this
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Scheme 1-15. Benzene C-H activation at (PNP)Pt and (NNN)Pt center.

reactivity is likely due to the difficulty of supporting their higher oxidation state metal
compelxes (e.g. Pd(IV)). The process of C-H activation can be divided into five
categories: oxidative addition, c-bond metathasis, electrophilic metallation, 1,2-addition
and metalloradical activation.

Liang® and coworkers reported an example of C-H activation with benzene at the
(PNP)Pt enter (Scheme 1-15). Treatment of (PNP)PtOTf with a base such as NEt; or
MeNCy, in benzene led to complex (PNP)PtPh quantitatively. On the other hand,
treatment of (PNP)PtMe with the Lewis acid B(C¢Fs) in benzene afforded (PNP)PtPh as
well, a C-H activation product. Although the defined mechanism for this reaction is

unknown, it is suggested that prior dissociation or displacement of a ligand is essential
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for intermolecular C-H bond activation in the process. This reactivity is reminiscent of

that reported earlier by Peters et al.* for using a biquinolylamido pincer Pt complex.

P'Pr, PPr, P'Pr,
(CODPIC, S_cy HCl Pt—Cl
-COD / -MeCl
PPry -HCI PPry PPry

Scheme 1-16. Kinetic C-H activation and thermodynamic C-C activation by Pt.

In another example, Milstein et al.* reported the reaction of Pt(COD)CI, with the
PCP ligand that resulted in HCI elimination and the formation of the kinetic C-H
activation product (Scheme 1-16). The Kkinetic C-H activation product was
quantitatively converted into the C-C activation product by the addition of HCI,
releasing MeCl.

C-H activation by Rh and Ir complexes has been examined extensively. The greater
strength of M-C bonds of third-row transition metals makes oxidative addition to Ir very
common. For example, arene C-H activation by (PCP)Ir,** (PNP)Ir,"® and (PSiP)Ir*
complexes are all known. Importantly, alkane C-H activation is also feasible in the
(PCP)Ir system (Scheme 1-17).¥ The three-coordinate (PCP)Ir generated from the
reductive elimination of Ph-H from (PCP)Ir(H)(Ph) was able to activate C-H bonds in
alkanes such as cyclooctane. C-H oxidative addition followed by p-hydride elimination

led to the formation of (PCP)Ir(H), with concomitant release of cyclooctene.
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Scheme 1-17. Alkane C-H activation/dehydrogenation by (PCP)Ir.

1.4.1.2 C-X (X = halide) oxidative addition

Oxidative addition of aryl or vinyl halides to transition metal centers is a very

important step in catalytic reactions, especially in metal catalyzed cross-coupling

35

reactions.”™ Among all these metals, palladium has dominated. The first step of these
PR3 o
N// Cl
: ( Jo
Ni(COD
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N N, CeH4FCI Q'| E
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Scheme 1-18. C-Cl OA at (NNN)Ni fragment.

reactions is the insertion of a palladium(0) species into a C-halide bond to form a new
palladium(l1) species. The halide reactivity increases in the order of Cl < Br < I and ArF
is generally inert.>® Most recently, Stephan and coworkers reported the formation of a
new (NNN)Ni(Ar)(X) pincer complex from Ni(0) synthons via oxidative addition

(Scheme 1-18).%
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Compared with the extensive study of C-halide oxidative addition at group 10 metal
centers, the C-halide oxidative addition on group 9 metals is far less common.®
Palladium has a stable Pd(0)/Pd(I1) oxidation state couple that is normally involved in
the oxidative addition reaction, while the group 9 metals have stable M(1)/M(I1I) (M =
Rh, Ir) couple. Our group has reported the thermodynamic C-X bond oxidative addition
at (PNP)Ir center to form the (PNP)Ir(Ar(X)."® Ar-X could also oxidatively add to

(PNP)Rh (Scheme 1-19)."

age D] O
Me -PhMe ‘ Ph-X _ /F’h

Me
N-Rh __ Pt N-Rh _ N-Rh
' \CI ‘ \Ph - = N R‘h - = ‘ \X
PiPr, PiPr, L pipr, (X=CLBr
Scheme 1-19. C-CI OA at (PNP)Rh fragment.
P'Bu, P'Bu, P'Bu,
0. MXz [RhCI(CgHq4)2]2

M—X «——— OMe - Rh—Cl
| -MeX -(CH,0), nd
P'Bu, P'Bu, PBu,

M = Pd, X = OC(O)CF3
M=Ni, X = |

Scheme 1-20. C(sp?)-O cleavage vs. C(sp®)-O cleavage.
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Scheme 1-21. C-H activation induced C-O cleavage.

1.4.1.3 C-O bond activation

Strong C-O bond activation is a lot less explored compared with C-H or C-X
oxidative addition. Milstein and coworkers have demonstrated that metal insertion into a
strong aryl-O bond in aromatic ether was possible by employing the PCP ligand
system.*® They observed that, although in call cases a d® metal was used, a nucleophilic
metal (Rh(l)) favored direct aryl-O bond activation while electrophilic metals (Pd(1l) or
Ni(11)) were likely to promote alkyl-O bond cleavage (Scheme 1-20).*® Another
example of intermolecular oxidative addition of a C(sp)-O bond was reported by
Tolman and coworkers.** Goldman, Chirik, and others have also reported the examples
of ‘net’C-O oxidative addition that was induced by C-H oxidative addition (Scheme 1-
21). Although the chemistry of stoichiometric C-O bond oxidative addition has not been
well defined, coupling reactions involving the use of Ar-O,CR or other A-OR

electrophiles have been successfully explored with Ni catalysts.*° The detailed
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mechanism for these catalytic reactions is not fully understood but there is sound
evidence that suggests that OA of Ar-O bond is part of the catalytic cycle.

1.4.1.4 B-H, B-B activation

The activation of the B-H bond in boranes or B-B bond in diborons by transition
metal complexes to give metal-boryls is a key step in a number of catalytic reactions,
including the hydroboration of olefins, the borylation of unactivated C-H bonds and the
dehydro-coupling of amineboranes.* The oxidative addition of either a borane (HBRy)
or diboron (B2R4) to a metal center is enthalpically favored by approximately 10 to 15

42
l.

kcal/mol.™ A series of Rh- and Ir-bisboryl complexes have been made by the reaction

of [MCI(PPhs)s] with diboron reagents (Scheme 1-22).** Oxidative addition of diboron

BR,
PhP,, |
[(PPhg)sMCI] + R,B-BR, ———— M—BR,
S -PPhy PhsP” |
M=Rh, Ir Cl
o O
\_/
B
O\ /O _C2H4 '
[(PPh3),PHCoH,)]  + O/B—B\O e Ph3P—P’t—PPh3
/
Jd o

Scheme 1-22. B-B OA to Rh/Ir(l) and Pt(0).

to Pt(0) precursors is also common.** However, prior to our work, there was no reported

example of B-B bond oxidative addition to palladium. Computational studies provide
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evidence that oxidative addition of B-B to Pd center is thermodynamically
unfavorable.* Thus, most palladium-boryl compounds are obtained through OA of B-X
bond to Pd.“®
1.4.2 Catalytic application

The design and synthesis of pincer complexes are not just for mere structural
interest, but more importantly, for their great applications such as catalysis. Various
pincer metal complexes have shown their ability as homogenous catalysts for a number
of important reactions. For example, (PCP)Ir(H), is a very robust catalyst for alkane
dehydrogenation; *” (P°C°P)Rh(H)(CI) is a catalyst precursor for Kumada coupling
reactions;*® the (NCN)Pd complex can catalyze C-H borylation of alkenes;*® catalytic
hydrogenation of carbon dioxide is accomplished by using an Ir(l11)-pincer complex,*
etc. In this section, we are only focused on two types of catalytic reactions: catalytic C-

H functionalization and cross coupling reactions.

1.4.2.1 Catalytic C-H functionalization

The interest in C-H activation is motivated by the subsequent C-H functionalization
to generate more useful organic molecules. Numerous catalytic C-H functionalization
reactions have been reported including dehydrogenation, alkyne dimerization, and

borylation of alkenes, et al.



24

- -

(PCP)Ir catalyst

or \ > or

SRl

t
TRz PR2 TAd2 T( Bu)(Me)
X I\r C%Ir llr
t
PR, PR2 PAd, PBu,
=Bu (5

X=H, R ='Bu (1)

X=H,R="Pr (2) Ad = 1-adamantyl

t
X=0OMe, R ="Bu (3) R = IPr (6) .
X=OMe, R=Pr (4) Fl?uz -
. \ ot
O-P'Bu, O-PiPr, I T Me
‘ ‘ 1 P'Bu, Ir
X Ilr I|r M l
' t
) p.Bu
0-P'Bu, o-ppr, & Sve

©)

X =H,
X = 3,57(CF3),CgH3 (10) an (12) (13)

Scheme 1-23. Various “(PCP)Ir” catalysts for alkane dehydrogenation.

Dehydrogenation of alkanes by iridium pincer complexes. The dehydrogenation
of alkanes catalyzed by pincer-ligated iridium complexes was first reported by Jensen,
Kaska, and coworkers in 1996.>" Since then, Goldman and others find that the most
active catalysts for dehydrogenations are iridium complexes containing ‘PCP’ pincer
ligands (Scheme 1-23).*”  Both transfer dehydrogenation and acceptorless
dehydrogenation are accomplished in the PCP iridium system due to the high thermal

stability of the catalyst. The mechanism of COA/TBE (COA = cyclooctane; TBE = tert-
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butylethylene) transfer dehydrogenation was proposed after the detailed kinetic study of
the full catalytic cycle (Scheme 1-24). TBE insertion into the Ir-H bond followed by C-
H reductive elimination leads to the formation of the 14-electron intermediate. C-H
oxidative addition of alkanes to the Ir(I) and the subsequent B-hydride elimination

produces the olefin and regenerates the catalyst. The desired reaction could be inhibited

_H Bu
i
H
H
) Pl i,
[ir] //
— By
By
or
COE

/
ii—,Bu * [Ir]—@

Scheme 1-24. Mechanism for COA/TBE transfer dehydrogenation.

by the side reaction — olefin binds to the 14-electron Ir(I) either through m-coordination

or through C-H addition. The more facile dehydrogenation of cyclooctane compared
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with n-alkane is due to weaker binding of the corresponding dehydrogenated product
cyclooctene. In the case of acceptorless dehydrogenation, the 14-electron intermediate
was generated by thermolytic loss of H, from the (PCP)Ir(H), species, which requires
higher temperature and longer reaction times to overcome the high enthalpic barrier.

A wide range of modified PCP pincer ligands with various steric and electronic
properties have been explored in order to develop an improved catalyst for alkane
dehydrogenation (Scheme 1-23). The most active catalyst among all these iridium
pincer complexes for the transfer dehydrogenation of COA are the “P°C°P” catalysts 9-
11 developed by the Brookhart®® and Jensen®® groups. The higher activity of catalyst 9
versus 1 results from changes in the resting state and the rate of hydrogen transfer.
Catalyst 1 reversibly reacts with TBE to give C-H activation product while catalyst 9
reacts with TBE to form a m-complex. More importantly, the olefin hydrogenation by 9-
H, is much more facile than 1-H,. The electronic differences for these two compounds
are subtle and the pronounced steric difference between these two catalysts is probably
the major factor responsible for the reactivity difference. DFT calculations indicated
that reactivity differences are attributed to the fact that the iridium center in 9 is less
sterically hindered than that in 1.>

Alkyne dimerization. Alkyne dimerization is an attractive and atom-economical
method of synthesis of conjugated enynes, important building blocks in organic
synthesis. Alkyne dimerization is one of the reactions that is well explored, but the
chemo- and regioselectivity, as well as the scope of the reactions are still the challenges

in this area.”®
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Scheme 1-25. (PNP)Rh(H), catalyzes terminal alkyne dimerization.

The Ozerov group discovered that each of the three pincer rhodium dihydride

complexes in Scheme 1-25 could act as catalysts for dimerization of terminal alkynes.*®

The catalyst bearing “tied” PNP ligand is most active and highly selective for the trans-

enyne product. The dimerization proceeded with high selectivity for a variety of 1-

alkynes and turnover numbers in excess of 600 were achieved. More importantly, the

reaction is compatible with water or even air to some degree, which lanthanide catalysts

(also commonly used) cannot tolerate at all.

57
|
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Scheme 1-26. Proposed mechanism for (PNP)Rh(H), catalyzed terminal alkyne
dimerization.

The proposed mechanism of the reaction is shown in Scheme 1-26. One equivalent
of alkyne was used to generate the 14-electron (PNP)Rh via the hydrogenation of the
alkyne to produce alkene as by-product. C(sp)-H bond oxidative addition of alkyne gave
the Rh(I1l) hydrido-alkynyl complex. 1,2- or 2,1-insertion of the second equivalent
alkyne to the Rh-H bond followed by C-C reductive elimination at rhodium gave the
product enyne with two possible isomers 1A and 1B. Isomer 1C is not observed in the
reaction, which is also consistent with the proposed mechanism. 1C cannot be produced
when insertion of alkyne to the Rh-H bond is involved in the mechanism. The higher
selectivity for trans isomer 1A than 1B can be ascribed to the steric effect. Positioning

the non-hydrogen group away from Rh would be preferred for the steric reasons. In
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another closely related chemistry, Goldman reported the detained mechanism of alkyne
dimerization in (PCP)Ir system.®® In his chemistry, Goldman found that the 1,2-insertion
was reversible and C-C bond reductive elimination from acetylide-vinyl species was
disfavored by the substituents on the a carbon of the vinyl group. These observations
are consistent with what observed in (PNP)Rh chemistry.

Alkenes borylation. C-H borylation reactions are an important emerging field due
to the formation of the highly valued organoboronates. Borylation of alkanes, arenes
and olefins catalyzed by iridium, rhodium, and ruthenium are all known.*® Information
about the mechanism of the iridium catalyzed borylation of alkanes/arenes has been
reported by Hartwig and the reaction went through a Ir(V) intermediate.?® In 2010,
Szabo and coworkers reported an example of a palladium pincer complex catalyzed C-H
borylation of alkenes (Scheme 1-27).*° The borylation proceeded with a high vinylic
selectivity. An essential additive for this reaction is to use the hypervalent iodine, which
can oxidize the Pd(ll) catalyst to Pd(IV). The electron-deficient Pd(IVV) underwent facile
transmetalation with B,pin, to form a Pd-B bond and by-product TFA-Bpin. Insertion of
alkene into the Pd-B bond followed by elimination H-TFA produced the corresponding
organoboronate. Interestingly, this reaction not only provides an easy access to

pinacolboronates but offers the possibility of one-pot Suzuki-Miyaura coupling.
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Scheme 1-27. Proposed mechanism for C-H borylation of alkenes catalyzed by pincer
palladium complex.

1.4.2.2 Cross coupling reactions

Transition metal catalyzed cross coupling reactions to form C-C or C-heteroatom
bonds are very important in synthetic chemistry. Negishi, Suzuki and Heck made great
contributions on the palladium catalyzed C-C cross coupling reactions and were

recognized with the 2010 Noble Prize in chemistry.®* The coupling of aryl halides with
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amines developed by Buchwald and Hartwig has become a standard synthetic method to
make aromatic amines.®> Besides C-C and C-N cross coupling, coupling reactions of C-
S and C-O bonds have also been developed.®®

Palladium is the most frequently used metal in cross coupling reactions. The
fundamental first step of cross coupling reactions, Suzuki coupling for example, is the
OA of aryl halide or pseudo halide to Pd(0) to form Pd(11).* As mentioned before, aryl
halide OA to Rh(l) is rare compared with Pd chemistry. The use of a pincer supported
Rh(l) complex might be beneficial for C-C or C-heteroatom coupling, because the
chelating pincer ligand normally does not allow the phosphine dissociation, which would
open another coordination site and result in a mixture of products or the inactivation of
the catalyst. Our group has reported the successful stoichiometric Ar-X (X = ClI, Br, I)
oxidative addition to (PNP)Rh(I) as well as the clean C-C reductive elimination from
(PNP)Rh(Ar)(R), which was generated by transmetalation of (PNP)Rh(Ar)(X) with
organolithium or Grignard reagents (Scheme 1-19).%® Unfortunately, the catalytic C-C
coupling reaction is not successful by using “(PNP)Rh” catalyst. The reason for the
failure of the catalytic reaction is not quite clear but might be ascribed to the unclean
transmetalation as well as the slow C-C reductive elimination.

Although the catalytic coupling of aryl halides with certain nucleophiles does not
work for “(PNP)Rh” catalyst, our group managed to conduct Kumada coupling reactions
by coupling between Grignard and aryl iodides catalyzed by “(PCP)Rh”.* The reaction
was much slower or unselective if just employing [Rh(COD)CI], or 1:2 mixture of

[Rh(COD)CI], and CysP as catalysts. These control reactions demonstrated the
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importance of using pincer supported Rh catalyst. It is possible that the pincer ligand
supported Rh is facilitating access to a three-coordinate Rh(l) intermediate, which is
essential for OA step. The proposed catalytic cycle is in Scheme 1-28. The proposed
intermediacy of OA of aryl halides to (P°C°P)Rh(I) is supported by the isolation of the

oxidative addition product.

cat.
RMgBr + Ar-X —— > Ar-R

O-PPr,
Rn—x RMgX
O-PPr, Ar-X gr—PPriz
R‘h/—l—cltl
O—-PPr, + RMgX Mo
-R-H
cat. WI" O—TPriz O—F|’Pri2
-~ < :>—RhR
R|h . Ar( Ar/l i
O-PPrl, O-PPr,

Scheme 1-28. Proposed mechanism for “(P°C°P)Rh” catalyzed Kumada C-C cross
coupling.
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CHAPTER II
NET HETEROLYTIC CLEAVAGE OF B-H AND B-B BONDS ACROSS

THE N-Pd BOND IN A CATIONIC (PNP)Pd FRAGMENT"

2.1 Introduction

The activation of B-H and B-B bonds by transition metal complexes to give boryls is
of great interest to chemists because of its direct relevance to homogeneous catalysis.
Transition-metal boryl complexes are important as intermediates in transition-metal-
catalyzed hydroboration with boranes, diboration with diboron reagents, as well as
borylation of alkanes and arenes.®* " Metal-boryl complexes are typically generated
through oxidative addition (OA)" of boranes or diboron substrates. For example, Marder
et al. have reported examples of oxidative addition of borane/diboron compounds to
Pt(0),” and oxidative addition of B-H and B-B bonds to Rh(l) and Ir (1) is also well
known.™7®

Classical OA of an X-Y bond (such as B-H or B-B) to the metal center can be
contrasted with and complemented by 1,2-addition of an X-Y bond across a metal ligand
bond (Scheme 2-1). Both cases necessitate the presence of a filled and of an empty

orbital in the metal complex to rupture the X-Y bond and form new bonds to X and Y.

For the classical OA, both orbitals are metal-based, whereas for the 1,2-addition, the

" Reprinted (parts of this chapter) with permission from “Net Heterolytic Cleavage of B-H and B-B Bonds
Across the N-Pd Bond in a Cationic (PNP)Pd Fragment” by Zhu, Y.; Chen, C. H.; Fafard, C. M.; Foxman,
B.; Ozerov, O. V., 2011. Inorg. Chem., 50, 7980-7987, Copyright [2011] by American Chemical Society.
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ligand orbital contributes a lone pair and the metal an empty orbital. Our group have
recently reported’’ 1,2-addition of H-H, alkynyl C-H, and thiolic S-H bonds cross the
Pd-N moiety in a cationic, three-coordinate [(PNP)Pd]* fragment (Scheme 2-2). This
1,2-addition can be viewed as heterolysis of the corresponding H-X bonds.” In contrast
to most other common examples of complexes undergoing 1,2-addition of non- or

7980 there is no m-bond in the [(PNP)Pd]" fragment because the

weakly polar bonds,
empty and the filled orbital are orthogonal to each other and dimerization is presumably
unfavorable on steric grounds. In this sense, [(PNP)Pd]" resembles the so-called

frustrated Lewis pairs (FLPs) recently popularized by Stephan et al.®*

X

X

LM+ | —» LM
Y AN
Oxidative addition

1,2-addition

Scheme 2-1. Oxidative addition to a metal center and the non-oxidative 1,2-addition.

In this chapter, we describe our investigation of the 1,2-addition of the B-H bond in
catecholborane (CatBH) and the B-B bond in bis(catecholate)diboron (CatB-BCat)
across the Pd-N moiety in [(PNP)Pd]". In contrast to our previous report (Scheme 2-2)
on net heterolytic cleavage of H-X by [(PNP)Pd]",”" here the nitrogen atom is the

recipient of X (boron) in net heterolytic cleavage of H-X, not of hydrogen. Addition of
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B-H and B-B bonds across metal-oxygen functionalities are rather common. 1,2-
addition of B-H across the metal-oxygen bond in oxo-rhenium complexes and peroxo-
rhodium complexes has been reported.®® Addition of B-B bonds across late metal

alkoxides with release of free alkoxyboron molecule has been used for the synthesis of a

: . @
| H, |

N—Pd-OTf ———— H-N—Pd-H OTf

|
Q 'Pra 'LPrz
@ [S]

(PNP)PJOTF, A [(PN(H)P)Pd-H] OTf
1-OTf

- @ ©
—HCCR __ (PN(H)P)Pd-CCR] OTf

(PNP)PAOTH

@ [S]
H-SPh [(PN(H)P)Pd-SPh] OTf

OTf = O3SCF3; R = p-tolyl;

Scheme 2-2. Reactions of certain H-X substrates with (PNP)PdOTT.

variety of late metal boryls.**® Another closely related precedent is the very recent

report by Clark et al.®

describing net heterolytic cleavage B-B (and B-H) bonds by a
ruthenium center and a pendant oxygen in a Shvo-type®” system, albeit that does not
constitute 1,2-addition (Scheme 2-3). On the other hand, addition of B-B bonds across a
metal-nitrogen moiety remains unusual. It is also worth noting that relatively few

palladium boryl complexes are known, mainly prepared by oxidative addition of a

boron-halogen bond to a Pd center.*
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Scheme 2-3. Heterolytic cleavage of B-H and B-B bonds by ruthenium dimer.

Note: Nomenclature of this thesis. All PNP ligands and metal complexes thereof are
based upon the diarylamido backbone and will be abbreviated as follows: There are two
types of abbreviations. The first is for neutral ligand that is not bound to a metal which
is represented as "*PN(Z)PR". X represents the substituent group that is para to the N, Z
represents the group on N and R represents the substituents groups on the phosphines.
The second type of abbreviation is for metal complexes, expressed as "(*PNPF)M (N is
the anion). Generic "PNP" is used from this point on to represent the anionic PNP array
with the diarylamido backbone but without specifying any substituents unless otherwise

noted.
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2.2 Results and disscussion
2.2.1 Synthesis of [(PNP)Pd]™ synthons 2B and 2C

In our previously reported work on the net heterolytic cleavage of H-X bonds in
thiols, Hy, or an alkyne, (PNP)PdOTf (2A) functioned well as a synthon for [(PNP)Pd]"
(Scheme 2-2).”" Unfortunately, this convenient precursor did not work well in the
reaction with the CatB-H substrate, which produced a mixture of unidentified species.
Thus we were prompted to turn to more weakly coordinating anions [BAr 4] (Ar" = 3,5-
(CF3)2CeH3) % * ® and monocarba-closo-dodecaborate [CBi:Hi,]™ (also known as
“carborane™)® in place of triflate. Reaction of 2A with Na[BAr 4] in THF furnished
[(PNP)Pd(THF)]BAr", (2B, Scheme 2-4) as a blue solid in 60% isolated yield. An
analogous reaction of 2A with Cs[CB11H12] in fluorobenzene yielded (PNP)Pd(CB11H12)
(2C, Scheme 2-4) as solid of a different shade of blue in 83% yield. Both 2B and 2C
were characterized by 'H, *!P, **C NMR spectroscopies and elemental analysis. They
display apparent C,, symmetry in their room-temperature NMR spectra, as is expected
of simple square-planar adducts of [(PNP)Pd]*. We were not able to grow an X-ray
quality crystal of 2C. However, using the same synthetic strategy, we (by Claudia Fafard
from Brandeis Univ.) prepared ("PNP)PdCBi;H1, (27C, Scheme 2-4), a very similar
compound bearing fluorine substituents on the ligand backbone, and obtained its single
crystal for an XRD study. The solid-state structure of 2°C (vide infra) revealed
coordination of CB1;H1,™ to the [(FPNP)Pd]* fragment, and presumably that is the case

for 2C, as well.
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Although 2B and 2C are adducts of the authentic [(PNP)Pd]® fragment, the
coordination of the THF molecule in 2B or of the carborane anion in 2C was sufficiently
weak that 2B and 2C readily functioned as synthons of [(PNP)Pd]" in the reactions with
B-H, B-B, and H-H bonds described below. We selected two different weakly
coordinating anions in order to increase the chances of obtaining X-ray quality crystals
containing the cations of interest and of obtaining analytically pure solid products. In
the products of net heterolytic splitting , both [BAr"4]” and [CB1;H1,] behave as non-
coordinating anions.

2.2.2 Net B-H and B-B heterolytic splitting reactions

Both 2B and 2C readily reacted with 1.0-1.1 equiv. CatB-H (Scheme 2-5), with the
reaction complete in 1-3 h as evinced by the evolution of the blue color of 2B or 2C into
yellow with the formation of the products [(PN(BCat)P)PdH]BAr", (202-BAr",) and
[(PN(BCat)P)PdH]CB11H12 (202-CB11H12). In both cases, the reaction mixtures also
contained small amounts of the [(PN(H)P)PdH]" (201-BAr", or 201-CBiiH1y)
impurities. Nonetheless, workup allowed isolation of pure 202-BAr", in ca. 60% yield
while 202-CB1;H1» was characterized in the presence of 201-CBy1H1,. *H, 3P, and *3C
NMR spectroscopy confirmed the structure and formulation of products 202. Complex
202-BAr", was also characterized by single crystal X-ray diffraction (vide infra) and
elemental analysis. It is worth noting that the B-H bond of CatB-H added to the Pd-N
bond in the opposite direction compared with the C-H and S-H substrates mentioned
above,”’ that is, B added to N while H added to Pd. This is consistent with the reversal of

polarity of a B-H bond vs a C-H or an S-H bond.
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| Na[BAr,] | Cs[CB11H 2] |
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[(PNP)Pd(THF)]BAr"4, 2B (PNP)PAOTF, 2A (PNP)Pd(CB1Hy3), 2C
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(FPNP)PAOTY, 2FA (FPNP)Pd(CB4H;,), 2FC

Scheme 2-4. Synthesis of compounds 2B, 2C, and 27C.

The most telling spectroscopic evidence of this regiochemistry in salts of 202 was
the Pd-H resonance at & -12.7 (202-BAr",) or -12.6 ppm (202-CB1:H1») in the 'H NMR
spectrum. It is also interesting to note that CB;1H;, does not undergo B-H cleavage,
which is probably an illustration of the different nature of the B-H bond of in the
CB11H1, cage and in CatB-H, both in the electronic and steric sense.

Analogous reactions of 2B and 2C with CatB-BCat proceeded more slowly,
requiring >18 h and/or mild heating for completion (Scheme 2-5). The products
[(PN(CatB)P)PdBCat]BAr", (203-BAr",) and [(PN(CatB)P)Pd(BCat)]CB1;1H:, (203-
CB11H1,) were characterized by 'H, 3P, and **C NMR spectroscopy. Like the salts of
202, both salts of 203 possess Cs symmetry in the NMR spectra at ambient temperature.
The NMR spectroscopic signatures of 203-BArF, and 203-CBijHi, were nearly

identical. For example, 203-CB1;H;, gave rise to a**P NMR resonance at & 45.0 ppm,
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very similar to 203-BAr, (44.7 ppm). We did not observe the B signals for 203-
BArf, and 203-CB1;Hy, corresponding to the two different BCat groups, even upon
cooling to -30 <C. This was surprising to us because the B NMR resonances of the
anions in salts of 203 were easily detected in the same experiments, and because the N-B
resonance in 202-BAr", and the Pd-B resonance in 204-BAr", were also readily detected
at 21.2 and 37.1 ppm, respectively, in their *B{*H} NMR spectra. Presumably, the }'B
NMR resonances of the CatB groups in 203-BAr", and 203-CBy;H1, are substantially
broadened, but the origin of this broadening is unclear to us. Nonetheless, the expected
'H NMR and **C NMR resonances for the two distinct CatB groups for 203-BAr", and
203-CB1;H1, were observed. Compound 203-BArF, was found to be contaminated with
204-BArF, and our best attempts at removing this impurity failed. On the other hand,
compound 203-CBj;Hi, was isolated in a pure solid form, as supported by NMR
spectroscopy and elemental analysis data and it was also characterized by single crystal
X-ray diffraction (vide infra). 203-BAr", possesses better solubility in aromatic solvents
than 203-CBj;H12. 203-CB11H3» is barely soluble in benzene, toluene, or fluorobenzene
at room temperature, and precipitated from the toluene reaction mixture. This low
solubility is presumably responsible for the fortuitous separation of the likely impurities.

The origin of the formation of salts of 201 in reaction of 2B and 2C with CatB-H and
of 204 in reactions of 2B and 2C with CatB-BCat is not clear. It is likely the result of
the protolysis of the N-B bonds in the expected products (see “Hydrolysis” section

below).
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Scheme 2-5. Synthesis of compounds 201-205 and their interconversion.

The nature of the protic source responsible is at this point unknown. Consistent

observation of apparent protolysis products after different drying precautions taken casts

doubt (but does not eliminate) the possibility of adventitious water. It is also possible

that difficult to remove B-OH impurities in CatB-H and CatB-BCat are the culprit.

2.2.3 Hydrolysis of B-N and Pd-B bonds

The B-N and Pd-B bonds in complexes 203-BAr", as well as 203-CB1;H1, were

easily hydrolyzed (Scheme 2-5). The hydrolysis of the B-N bond took place more

rapidly: reaction of 203-BAr", with 1 equiv. of water produced complex 204-BAr",.
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The Pd-B bond was hydrolyzed more slowly, and excess water effected conversion of
203-BAr", or 203-CBy1H1, to complex 201-BAr™, or 201-CBy1H1y, respectively. Thus,
in the course of the hydrolysis, the N-B and Pd-B bonds were converted to the
corresponding N-H and Pd-H bonds, with concomitant production of CatBOBCat
(Scheme 2-5).”* The ultimate hydrolysis products 201-BAr",; and 201-CBi;H;, were
synthesized independently via reaction of 2B or 2C with H, and characterized by ‘H, *3C
and *'P NMR spectroscopy (and elemental analysis for 201-BAr";). These syntheses
parallel the previously reported synthesis of 201-OTf from (PNP)PdOTf and H,.”
Complexes 201-BAr", and 201-CBy;H1, have the same cation as 201-OTf and only
differ in the anion. Not surprisingly, they resonated at the same chemical shift (56.3
ppm) in the P NMR spectra and displayed the same number and symmetry of *H NMR

resonances for the cation. On the other hand, the chemical shifts of the resonances in the

201-CB,Hy, \ k
e e’

ey N

201-OTf ’\
—

Figure 2-1. 'H NMR spectra of 201-OTf, 201-BArF4, 201-CB1;1H1, in CD,Cl, (only
aromatic region shown).
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'H NMR spectra in CD,Cl, of these three compounds were quite distinct from each
other, especially for the N-H resonances (6 8.75, 6.96, 7.07 ppm for 201-OTf, 201-
BAr", and 201-CBi;1H1,, respectively).®? However, the chemical shifts in the *H NMR
spectra in the more polar solvent acetone-ds were only slightly different (6 9.15, 9.09,
9.08 ppm for the N-H resonances for 201-OTf, 201-BAr", and 201-CBjiHi,
respectively) (Figure 2-1). These discrepancies can be rationalized by the notion that
triflate, albeit not coordinated to the metal, maintains a closer interaction with the cation
in solution than [BAr,]” or [CB11H1,].% The difference is greater in the less polar
solvent (CD.Cl,) and nearly disappears in acetone. This notion is reinforced by the
observation of hydrogen bonding between NH of the cation and the triflate anion in the
solid-state structure of 201-OTf.”” Most likely, this is the interaction most important for
the downfield shift of the NH resonance in solutions of 201-OTf vs 201-BAr", or 201-
CBiiH».

The intermediate hydrolysis product 204-BAr", (Scheme 2-5) was isolated in 68%
yield from selective reaction of 204-BAr", with 1 equiv. of water, and we were able to
obtain single crystals suitable for X-ray diffraction studies (vide infra) using this route.
Alternatively, 204-BArF, could be prepared via thermolysis of 201-BAr", with excess
CatB-H. Thermolysis with excess CatB-H also served to convert 202-BAr", to 203-
BArf,. These reactions converted Pd-H into Pd-BCat (and H.), but did not affect the
NH bond in 204-BAr",. 204-BAr", displayed C; symmetry in its NMR spectra and a

single !B resonance for the cation (37.1 ppm).
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The formation of a metal-boryl bond upon treatment of a metal-hydride with boranes
is not without precedent.®® Dehydrogenative borylation of C-H bonds with R,BH
reagents must also involve conversion of metal hydrides to metal boryls as part of the
catalytic cycle.® In another study using the PNP ligand, Mindiola reported the formation
of the neutral (PNP)NiBCat by treatment of (PNP)NiH with CatB-H.*® We sought to
prepare the analogous neutral (PNP)PdBCat (205) by a similar route, but only ca. 30%
conversion to 205 was observed after treatment of (PNP)Pd-H with CatB-H at 55 <C for
two days. Further thermolysis did not lead to complete conversion and some
unidentified products began to appear (NMR evidence). On the other hand, addition of a
base (EtsN) to the solution of 204-BAr", accomplished deprotonation of 204-BAr", to
produce 205. Complex 205 was only characterized in solution. The characterization data
obtained for 205 conform to the proposed palladium boryl neutral structure. Notably, the
1B spectrum contained a broad resonance at 45.0 ppm, which is similar to Mindiola’s
(PNP)NiCat (ca. 47 ppm). Complex 205 gave rise to C,,-symmetric NMR spectrum in
solution that is typical for (PNP)PdX complexes.

Complexes 204-BAr", and 202-BAr", are isomers. Both can be formally viewed as
products of 1,2- vs 2,1-addition of CatB-H to [(PNP)Pd]", with 202-BAr"4 having Pd-H
and N-B bonds and 204-BAr", having Pd-B and N-H bonds. As mentioned above, only
202-BAr", could in fact be synthesized in this fashion. There was no conversion
between these two isomers upon thermolysis of one or the other at 90 <C. Thus, we were
unable to determine which is the more favorable isomer. The lack of interconversion

shows that 204-BArF4 cannot be an intermediate en route to the formation of 202-BArF4.
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2.3 Mechanistic considerations

We have considered the conceivable mechanisms (Scheme 2-6) for the formation of
the heterolytic splitting products 202 and 203 (abbreviated as D in Scheme 2-6). We
assume that [(PNP)Pd]" is operationally accessible in solution. It seems most likely that
the c-complex97 A’ (Scheme 2-6) is formed initially. From it, one could envision either
OA to give B’ followed by B-N RE to produce D or a concerted migration of Cat-B to
give D without an intermediate. The viability of a 6-BB complex with Pd(Il) and of a
Pd(IV) intermediate B’ is reinforced by the recent computational investigations by Bo,

Peris, and Fernandez.®

®
NCFJd (Z
v \ | BCat
Q)ﬂ/ P P
S B' \
P P
NCpld@ _ casz _ I\CF{d@_Tcat BCat—N—P|§a—Z
\ ) 2 \
P a P b P
[(PNP)Pd]*
Q . .
@,& P D is the cation
(N of 202 or 203
ZCatB—NCP:d® /
o M

o)
Z = H or BCat; where BCat = Bioji)

Scheme 2-6. Possible mechanisms of heterolytic cleavage of B-H and B-B bonds across
Pd-N bond.
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The calculations indicated that the addition of CatB-BCat to a three-coordinate,
dicationic [(CNC)Pd]" cation (where CNC is a pyridine/bis(NHC) pincer ligand) was
favorable to produce both the 6-BB complex or the Pd(IV) boron-boron OA product,
with the 6-BB complex being more stable by ca. 10 kcal/mol and the barrier between the
two being small.  In our previous work,’” we considered the mechanism of the
heterolytic splitting of H, by [(PNP)Pd]*. Our DFT calculations there indicated that the
dihydride product of H-H OA [(PNP)Pd(H)2]" was too high in energy to be an
intermediate and that the concerted splitting of H-H (akin to A’>B’ in Scheme 2-6)
possessed a rather high barrier of ca. 28 kcal/mol. Boryl is a more donating ligand than
a hydride and it is possible that B-H or B-B OA to [(PNP)Pd]" (A’>>B’) and/or the
concerted intramolecular transfer of boryl (A’->C’) are more accessible. For the H,
splitting, we hypothesized that a likely mechanism involves intermolecular proton
transfer from the dihydrogen ligand in [(PNP)Pd(H)]" to N of PNP by an external base
(triflate, solvent, possibly adventitious water). However, an analogous transfer of a
CatB* seems a more exotic proposition,* especially considering the absence of triflate
and the demonstrated deleterious role of water as an impurity.

Another possibility is that the formation of D was initiated by an interaction of the
Lewis acidic boron center in HBCat /BCat-BCat with the Lewis-baisc N site in PNP to
form C’ (Scheme 2-6). In a subsequent step, formal migration (which could be
envisioned intra- or intermolecular) of the hydride or the BCat anion from the four-
coordinate boron to the unsaturated Pd center would lead to D. A comparable reaction

sequence (addition of borane to the heteroatom first) has been proposed for the reaction
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of a Rh-peroxo complex with pinacolborane.?® However, this pathway appears less
likely with [(PNP)Pd]" because the basicity of the N in it should be quite low, while the
empty coordination site on Pd is clearly a very reactive functionality.

2.4 Solid-state structures of complexes 202-BAr",, 203-CB11H1,, and 204-BArF,1%

We were able to obtain single crystals of compounds 202-BArF,, 203-CB;;H1,, and
204-BArF, that were suitable for X-ray diffraction studies. The ORTEP representations
of the molecular structures in the solid state are given in Figures 2-2 to 2-4.

In the structures of 202-BAr", (Figure 2-2), 203-CB1;H;, (Figure 2-3) and 204-
BAr", (Figure 2-4), the Pd center adopts a slightly distorted square-planar geometry and
all three structures contain a PNP ligand with a central amine nitrogen donor. The Pd-
Npnp distances are notably longer in these compounds (2.202(2) A in 202-BAr",,
2.2517(11) A in 203-CByHip, 2.194(3) A in 204-BAr", than the corresponding
distances in the compounds containing the PNP ligand with a central amido, sp*
hybridized nitrogen donor (for example, 2.0072(19) A in 5, 2.0258(19) A in (PNP)PdCI
2.086(4) A in ((PNP)PdH,™ and 2.0938(15) A in ("PNP)PdMe'®). It is also instructive
to analyze how the Pd-N bond length depends on the nature of X and Y in [(PN(X)P)Pd-
Y]". The set of four compounds (X = CatB or H; Y = CatB or H) is completed by
considering 201-OTf (2.160(4) A)’" alongside 202-BAr",, 203-CBy;H;, and 204-BAr",
(Table 1). It is apparent that a longer Pd-N bond length results from either X = BCat and
Y = BCat. The elongation of the Pd-N bonds may be attributed to the greater trans-

102

influence of the boryl ligand than the hydride for Y = BCat,™“ and to the greater steric

encumbrance of a boryl-substituted amine for X = BCat.



48

The boryl moieties (as defined by the O-B-O planes) attached to Pd in complexes
203-CBy1H1» and 204-BAr", are oriented almost perpendicularly to the Pd coordination
plane. Interestingly, the two boryl moieties (B-N and B-Pd) in 203-CB11H1, are almost
perpendicular to each other, too. Both determined Pd-B bond lengths (1.9879(16) A in
203-CB1;H1, and 1.993(4) A in 204-BAr",) are in the expected range for the palladium
boryl complexes. The other bond distances and angles associated with the (PNP)Pd
system in 202-BArF4, 203-CBy;H1, and 204-BAr", are unremarkable. The P-Pd-P angle
varies within ca. 157 - 164° and the Pd-P distances in all three compounds are in the

2.26-2.29 A range.

Table 1. Pd-N distances (from XRD studies, in A) for compounds [(PN(X)P)Pd-Y]*
(201-OTf,”" 202-BAr",, 203-CB11H12, and 204-BAry).

X = CatB X=H

Y =CatB 2.2517 (11) 2.202(2)

Y=H 2.194(3) 2.160(4)
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Figure 2-2. ORTEP drawing'® (50% probability ellipsoids) of 202-BAr",. Only
selected atoms are labled. Hydrogen atoms (except Pd-H) and BAr", anion are omitted
for clarity. Selected bond distances (A) and angles (deg) follow: Pd1-P1, 2.2624(7);
Pd1-P2, 2.2838(7); Pd1-N, 2.202(2); Pdl...B1, 2.746(3); Pd1-H, 1.43(4); P1-Pd1-P2,
163.66(3); N-Pd1-H, 175.9(14).
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Figure 2-3. ORTEP drawing'® (50% probability ellipsoids) of 204-BAr",. Only
selected atoms are labled. Hydrogen atoms (except H1), BAr", anion and the
cocrystallized molecules of CH,CI, and H,O are omitted for clarity. Selected bond
distances (A) and angles (deg) follow: Pd-P1, 2.2635(8); Pd1-P2, 2.2859(8); Pd1-N1,
2.194(3); Pd1-B1, 1.993(4); P1-Pd1-P2, 159.94(3); N1-Pd1-B1, 178.45(13).
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Figure 2-4. ORTEP drawing® (50% probability ellipsoids) of 203-CBi1;Hi,.  Only
selected atoms are labeled. Hydrogen atoms and the PhCF3; solvent molecule are
omitted for clarity. Selected bond distances (A) and angles (deg) follow: Pd1-P1,
2.2753(4); Pd1-P2, 2.2880(4); Pd1-N, 2.2517(11); Pd1-B1, 1.9879(16); P1-Pd1-P2,
156.521(13); N-Pd1-B1-175.16(5).

2.5 Reaction of [(PNP)Ir] fragment with CatB-H, CatB-BCat and CatB-Cl

In comparison with the [(PNP)Pd]" fragment, activation of B-H and B-B bonds was
also investigated with our (PNP)Ir system. As noted before, oxidative addition of B-X
(X =H, B, CI) bonds to group 9 metals (Rh(l), Ir(l)) is fairly common. Since B-X bonds
do 1,2-addition across the Pd-N bond , we were curious to see what their reactivity might
be towards (PNP)Ir fragment.

Treatment of (PNP)Ir(H), with excess CatB-H (5 eq.) in aromatic solvent leads to ~
95% formation of (PNP)Ir(BCat), (206) within minutes and no intermediate was

observed by NMR. 206 was isolated and characterized spectroscopically. 206 displays a
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singlet at 50.8 ppm by *'P NMR and displays C,, symmetry in solution as indicated by
'H NMR. Without further experimentation, it is difficult to know exactly how

compound 206 was formed.

Q/Piprz QPfPrZ
o \
\ H . @[ Na | _-BCat

N—Ir/

K
Q\ 'Pr,

P'Pr,
CatB-BCat _BCat
N—Ir
; i BCat
PiPr, RiPr2 |
\ \ PP,
H
N—Ir< — N"‘f 206
CatB-Cl \ _BCat
N—Ir
‘ Cl
P'Pr,
P'Pr,

207

Scheme 2-7. Oxidative addition of B-B and B-Cl bonds at (PNP)Ir center.

(PNP)Ir(H)(Mes) (301), a useful and interesting molecule that will be discussed
more in detail in Chapter Il1, reacts with CatB-BCat in mesitylene generating compound
206 too (Scheme 2-7). So in [(PNP)]Ir system, B-B bond oxidatively added to Ir(l)
center to form Ir(111) bisboryl complex while in the isoelectronic (PNP)Pd" system B-B

heterolytically added to Pd-N bond.
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Interestingly, we found that not only B-B bonds can do oxidative addition to
(PNP)Ir, but B-CI bond in CatB-Cl as well. Treatment of (PNP)Ir(H)(Mes) (301) with
CatB-Cl in mesitylene at 80 °C for 1 h cleanly produced (PNP)Ir(BCat)(Cl) (207). 207
was characterized by NMR spectroscopy in solution. It resonated at 41.1 ppm in the 3P
NMR spectrum and displayed the expected Cs symmetry in its"H NMR spectrum.

2.6 Conclusion

In conclusion, we have demonstrated that the [(PNP)Pd]" fragment is capable of net
heterolytic cleavage of the B-H bond in catecholborane and the B-B bond in
catecholdiboron. We have isolated and physically characterized cationic palladium
hydrides and palladium boryl complexes. The activation of the B-H bond by [(PNP)Pd]”
resulted in the formation of Pd-H and N-B bonds. The addition of a B-B bond across a
Pd-N bond to form a palladium boryl complex is unique. It provides another route to
palladium boryl complexes and to the cleavage of the B-B bond where oxidative
addition of a B-B bond to the palladium center is difficult. Both the N-B and Pd-B bonds
are subject to hydrolysis, forming the corresponding N-H and Pd-H bonds.
Deprotonation of the partly hydrolyzed product 204-BAr™, by EtsN gave the neutral
palladium boryl complex (PNP)PdBCat. On the other hand, B-B and B-Cl oxidative
addition were observed at (PNP)Ir center.

2.7 Experimental

General considerations. Unless specified otherwise, all manipulations were

performed under an argon atmosphere using standard Schlenk line or glovebox

techniques. Ethyl ether, CsDg, and pentane were dried over Na/K/Ph,CO/18-crown-6,
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distilled or vacuum transferred and stored over molecular sieves in an Ar-filled
glovebox. Fluorobenzene, catecholborane (CatBH) were dried with and then distilled
from CaH,. ("PNP)PdOTf,'* (PNP)PdH,"™® were prepared according to the published
procedures. All other chemicals were used as received from commercial vendors. NMR
spectra were recorded on a Varian iNova 300, Varian iNova 400, and Mercury 300
spectrometer. Chemical shifts are reported in & (ppm). For *H and **C NMR spectra, the
residual solvent peak was used as an internal reference. *'P NMR spectra were

referenced externally using 85% H,PO, at 8 0 ppm. ‘°F NMR spectra were referenced

externally using CFsCOOH at 6 -78.5 ppm. !B NMR spectra were referenced externally
using BFs;- Et;,O at 6 0 ppm. Elemental analyses were performed by CALI, Inc.

(Parsippany, NJ).

(PNP)PdOTT (2A). (PNP)PdH (216 mg, 0.40 mmol) was dissolved in 10 mL C¢H,
followed by the addition of MeOTf (226 uL, 2.0 mmol). The reaction mixture was
allowed to stir at room temperature for 2 h. The volatiles were removed under vacuum
and the residue was recrystallized from toluene/pentane to give pure solid. Yield: 225
mg, 0.33 mmol, 83%. *H NMR (CeDs): & 7.50 (d, 2H, J = 8 Hz, (PNP)Aryl-H), 6.77 (s,
2H, (PNP)Aryl-H), 6.60 (d, 2H, J = 8 Hz, (PNP)Aryl-H), 2.42 (m, 4H, CHMe,), 2.02
(6H, Ar-CHs), 1.38 (dvt, 12H, CHMe;), 1.04 (dvt, 12H, CHMe,). *C{*H} NMR (C¢D5):
8 163.2(t), 132.8, 132.7, 127.3, 117.8, 117.5, 25.2 (m), 20.8, 18.7, 18.0. *'P{*"H} NMR
(CsDs): 8 53.6. ""F NMR (C¢Dg): 6 -79.2.

[(PNP)PA(THF)]BAr", (2B). (PNP)PdOTS (2A) (70 mg, 0.10 mmol) was dissolved

in 5 mL of cold THF, followed by the addition of Na[BAr',] (88 mg, 0.10 mmol). The
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reaction mixture was allowed to stir at room temperature for 1 h. All of the volatiles
were removed under vacuum and the residue was dissolved in PhF. The mixture was
filtered off Celite and the filtrate was pumped to dryness. The final pure product was
obtained after recrystallization from PhF/pentane. Yield: 88 mg, 0.060 mmol, 60%. *H
NMR (CDCly): 6 7.73 (s, 8H, BArs-H), 7.58 (s, 4H, BArs,-H), 7.28 (d, 2H, J = 9 Hz,
(PNP)Aryl-H), 6.92 (m, 4H, (PNP)Aryl-H), 3.95 (m, 4H, OCHy), 2.44 (m, 4H, CHMe,),
2.23 (s, 6H, Ar-CHs), 2.02 (m, 4H, CHy), 1.35 (dvt, 12H, CHMe,), 1.26 (dvt, 12H,
CHMey). BC{*H} NMR (CD.Cly): & 162.5 (g, J = 50 Hz), 162.1(t), 135.4, 133.8, 132.5,
130.6, 129.6 (g, J = 234 Hz), 126.5, 123.8, 121.1, 118.1, 77.4, 25.6, 23.0, 20.5, 19.0,
18.1. ¥*P{*H} NMR (CD.Cl,): & 55.5. "F NMR (CD,CL): & -65.7. Elem. An.. Found
(Calculated) for Cs;HgoBNOF,4P,Pd: C 50.71 (50.65); H 4.18 (4.11); N 0.85 (0.95).
(PNP)PACB;1H1, (2C). (PNP)PAOTT (2A) (34.8 mg, 0.051 mmol) was dissolved in
5 mL PhF. CsCB;Hj; (17 mg, 0.062 mmol) was added to the solution. The mixture was
stirred at RT overnight. The solution was then passed through Celite. The volatiles
were removed under vacuum and the resulting solid was recrystallized from
PhF/pentane. Yield: 28 mg, 0.041 mmol, 83%. 'H NMR (CD,Cl,): 6 7.30 (d, J = 8 Hz,
2H, (PNP)Aryl-H), 7.05 (br, 2H, (PNP)Aryl-H), 6.88 (d, J = 8 Hz, 2H, (PNP)Aryl-H),
2.80 (m, 4H, CHMey,), 2.52-1.50 (br, 12H, CB11H12), 2.21 (s, 6H, Ar-CHz3), 1.33 (app. q
(dvt), J = 7.2 Hz, 12H, CHMe,)), 1.26 (app. q (dvt), J = 7.2 Hz, 12H, CHMe,). *C{*H}
NMR (C¢Dg): & 162.1 (t, J = 9 Hz, (PNP)Aryl-C), 132.9 ((PNP)Aryl-C), 132.7
((PNP)Aryl-C), 117.9 ((PNP)Aryl-C), 117.6 ((PNP)Aryl-C), 1173 (t, J = 6 Hz,

(PNP)Aryl-C), 54.3, 26.0 (t, J = 11 Hz), 20.3, 20.0, 18.4. **P{*H} NMR (CD.Cl,): &
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60.0. *B{*H} NMR (CgD¢): & -9.4, -13.2, -15.2. Elem. An.. Found (Calculated) for

Cy7Hs5:B11NP,Pd: C 47.57 (47.83); H 7.68 (7.73); N 2.10 (2.07).

(FPNP)PACBy1;H1, (27C). (FPNP)PAOTS (2FA) (55 mg, 0.079 mmol) was dissolved
in 3 mL of fluorobenzene and CsCB;H;, (27 mg, 0.097 mmol) was added with stirring.
The solution immediately changed from purple to dark blue. After approximately 10
min, the solution was passed through a pad of Celite, the volatiles were removed under
vacuum and the residue was washed with pentane. The residue was dried under vacuum.
Yield: 37 mg, 0.054 mmol, 68%. '"H NMR (CeDg): & 7.22 (m, 2H, Ar-H), 6.86 (m, 2H,
Ar-H), 6.75 (t, J = 8 Hz, 2H, Ar-H), 3.4-1.4 (br, 12H, CB,H>), 2.78 (br, 4H, CHMe,),
1.20 (app. q. (dvt), 12H, Hz, CHMe,), 1.06 (app. q. (dvt), 12H, Hz, CHMe,). >'P{'H}

NMR (C¢Dg): & 58.5. "F NMR (C¢Dg): & -126.4.

[(PN(H)P)PdH]BArF, (201-BArf,). Compound 2B (36 mg, 0.026 mmol) was
dissolved in 0.6 mL of PhF in a J. Young NMR tube. Then 1 atm of H, was introduced
into the tube and the mixture was allowed to stand at room temperature for 30 min until
the color changed to colorless. All the volatiles were removed under vacuum. The oily
residue was washed with hexanes a few times to obtain an off-white powder. The solid
was dried under vacuum. Yield: 28 mg, 0.020 mmol, 77%. ‘*H NMR (CDCly): & 7.69
(s, 8H, BArs-H), 7.53 (s, 4H, BArs-H), 7.37 (m, 4H, (PNP)Aryl-H), 7.30 (d, J = 6.6 Hz,
(PNP)Aryl-H), 6.96 (br, 1H, N-H), 2.53 (m, 4H, CHMe; ), 2.41 (s, 6H, Ar-CHs), 1.34
(app. g (dvt), J =7.2 Hz, 6H, CHMe,), 1.13 (app. g (dvt), J = 7.2 Hz, 12H, CHMe,), 0.91
(app. q (dvt), J = 7.2 Hz, 6H, CHMey), -12.5 (br, 1H, Pd-H). *C{*H} NMR (C¢Ds): &

162.9 (q, J = 50 Hz, BAr,-C), 1455 (t, J = 8 Hz, (PNP)Aryl-C), 139.3 (t, J = 3Hz,
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(PNP)Aryl-C), 135.3 (BAr4-C), 134.2 ((PNP)Aryl-C), 133.2 ((PNP)Aryl-C), 129.9 (q, J
= 32 Hz, BAr,-C), 125.1 (d, J = 272 Hz, BAr,-C), 124.8 (t, J = 4 Hz, , (PNP)Aryl-C),
119.7 (BAr,-C), 117.9 (t, J = 4 Hz, (PNP)Aryl-C), 25.4 (t, J = 12 Hz), 23.3 (t, J = 13
Hz), 20.3, 19.3 (t, J = 4 Hz) , 18.6 (t, J = 4 Hz), 18.4, 17.7. *'P{*H} NMR (CgDs): &
56.4. “F{*H} NMR (Ce¢D¢): & -63.1. Elem. An.. Found (Calculated) for

CsgHs4BF24NP,Pd: C 49.67 (4975), H 3.95 (389), N 1.71 (096)

[(PN(H)P)PdH]CB;1H;, (201-CB;1H15). Compound 2A (104 mg, 0.152 mmol) was
dissolved in 6.0 mL of PhF followed by the addition of CsCB;iHi, (50.0 mg, 0.182
mmol). The reaction mixture was stirred for 4 h and 3P NMR analysis indicated full
conversion to compound 2C. The reaction mixture was passed through Celite and the
filtrate was transferred to a PTFE-capped flask. H, was introduced into the flask and the
reaction was stirred vigorously for 5 min. The initial blue color disappeared and white
precipitate was formed. The precipitate was collected by filtration and washed 3 times
with pentane. Yield: 72 mg, 0.106 mmol, 70%. *H NMR (CD,Cl,): & 7.41-7.34 (m, 6H,
(PNP)Aryl-H), 7.07 (br, 1H, N-H), 2.53 (m, 4H, CHMe,), 2.43 (s, 6H, Ar-CHs),
2.25~1.39 (m, 12H, CB11H12), 1.33 (app. q (dvt), J = 7.2 Hz, 6H, CHMe;), 1.17 (app. q
(dvt), J = 7.2 Hz, 12H, CHMey), 0.92 (app. q (dvt), J = 7.2 Hz, 6H, CHMe,), -12.5 (br,
1H, Pd-H). **P{*H} NMR (CD,Cl,): & 56.3.

[(PN(BCat)P)Pd(H)]BAr, (202-BAr",). Compound 2B (40 mg, 0.029 mmol) was
dissolved in about 1 mL of toluene/trifluorotoluene followed by the addition of CatB-H
(3.0 pL, 0.029 mmol). The reaction mixture was allowed to stand at room temperature

for 1 h and the solution color changed to light yellow. EtsN (1 uL, 0.007 mmol) was
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added to the mixture (to deprotonate and assist in the removal of the traces of 201-BAr",
present). The volatiles were removed under vacuum and the residue was washed with
trifluorotoluene/pentane to give white powder after drying under vacuum. Yield: 25 mg,
0.016 mmol, 59%. X-ray quality crystals were obtained by crystalizing the solid in
CH,Cly/pentane at -35 <T. *H NMR (C¢DsBr): & 8.20 (s, 8H, BArs-H), 7.58 (s, 4H,
BAr,-H), 7.26 (m, 4H, (PNP)Aryl-H), 7.02 (d, J = 8 Hz, 2H, (PNP)Aryl-H), 6.72 (br,
4H, catechol-H), 2.40 (m, 2H, CHMey), 2.19 (br, 8H, Ar-CH3 + CHMe,), 1.92 (m, 2H,
CHMe,), 1.11 (app. q (dvt), J = 7.2 Hz, 6H, CHMe,), 0.89 (m, 12H, CHMe), 0.64 (app.
q (dvt), J = 7.2 Hz, 6H, CHMe,), -12.7 (t, J = 4.8 Hz, 1H, Pd-H). *C{*H} NMR (CgD):
§162.9 (q, J = 50Hz, BAr,-C), 147.1 (Catechol-C), 145.9 (t, J = 8 Hz, (PNP)Aryl-C),
139.7 (t, J = 3Hz, (PNP)Aryl-C), 1353 (BArs-C), 134.3 ((PNP)Aryl-C), 133.5
((PNP)Aryl-C), 129.9 (q, J = 34 Hz, BAr,-C), 125.1 (d, J = 272 Hz, BAr,-C), 125.8 (t, J
= 4 Hz (PNP)Aryl-C), 124.4 (Catechol-C), 119.7 (BAr,;-C), 117.9 (t, J = 4 Hz,
(PNP)Aryl-C), 112.7 (Catechol-C), 26.4 (t, J = 12 Hz), 24.6 (t, J = 13 Hz), 20.3 (t, J =3
Hz), 20.2, 19.5 (t, J = 4 Hz), 18.9, 18.4. *'P{*H} NMR (CsDs): & 53.2. *°F NMR (C¢Dp):
8 -63.1. “B{"H} NMR (C¢Ds): 6 21.2 (N-B), -6.3 (BArs-B). Elem. Anal. Found

(calculated) for CgsHs7B,NO2F24P,Pd: C, 50.58 (50.64); H, 3.82 (3.78): N, 0.92 (0.92).

Thermolysis of 202-BAr",. 202-BAr", (13 mg, 0.009 mmol) was dissolved in 0.6
mL PhF in a J. Young NMR tube and the solution was heated at 90 <C for 15 h. *'P

NMR spectroscopic analysis indicated no observable changes.

Reaction of 2-BAr", with HBCat. Compound 202-BAr", (10 mg, 0.0060 mmol)

was dissolved in 0.6 mL PhF in an NMR tube, followed by the addition of HBCat (4.0
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ul, 0.030 mmol). The NMR tube was placed in a 95 <C oil bath. After 24 h, *P{*H}

NMR analysis indicated full conversion to 203-BAr",.

[(PN(BCat)P)Pd(H)]CB1:H1, (202-CB3;H1,). Compound 2C (35 mg, 0.052 mmol)
was dissolved in 0.6 mL of PhF, followed by the addition of CatB-H (5.5 uL, 0.052
mmol). The reaction mixture was allowed to stand at room temperature for 3 h and the
solution color changed to light yellow. *P NMR indicated there was ~10% of 201-
CBi1H1, besides 90% of 202-CBiiHi, in the reaction mixture. White crystals were
formed by carefully layering pentane on top of the PhF solution. However, NMR
analysis indicated that these crystals still contain a mixture of both 201-CB;;H;, and
202-CB1;H1.. NMR data for 202-CByiHip: *H NMR (CeDs) (a drop of CH.Cl, was
added to increase solubility): & 7.36 (m, 4H, (PNP)Aryl-H), 7.18 (br, 2H, (PNP)Aryl-H),
6.04 (br, 4H, Catechol-H), 2.51 (m, 2H, CHMe;y), 2.30 (s, 6H, Ar-CHgs), 2.25 (m, 2H,
CHMe,), 2.18-1.60 (br, 12H, CB11H12), 1.14 (app. q (dvt), J = 8 Hz, 6H, CHMe;), 0.95
(m, 12H, CHMey), 0.68 (app. q (dvt), J = 8 Hz, 6H, CHMey), -12.6 (t, J = 5 Hz, 1H, Pd-
H). *P{*H} NMR (C;Ds): & 53.3.

[(PN(BCat)P)Pd(BCat)]BAr 4 (203-BAr",;). Compound 2B (40 mg, 0.029 mmol)
was dissolved in ca. 1 mL of toluene/trifluorotoluene followed by the addition of CatB-
BCat (7.0 pL, 0.029 mmol). The reaction mixture was allowed to stir at room
temperature for overnight and the solution changed to slightly yellow. EtsN (1 uL, 0.007

mmol) was added to the mixture (to deprotonate and assist in the removal of the traces of

204-BAr", present). The volatiles were removed under vacuum and the residue was
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washed with trifluorotoluene/pentane to give white powder after drying under vacuum.
However, we were not able to get 203-BAr", in analytical pure form. *H NMR analysis
indicated the presence of a small amount of [EtsNH]BAr,". *H NMR (CgD¢): & 8.27 (s,
8H, BAr,-H), 7.62 (s, 4H, BAr,-H), 7.10 (m, 2H, Catechol-H), 6.99 (br, 2H, (PNP)Aryl-
H), 6.96 (M, 2H), 6.81~6.85 (m, 4H), 6.70 (br, 4H), 2.23 (m, 4H, CHMe,), 2.03 (s, 6H,
Ar-CHjs), 0.84 (app. q (dvt), J = 9 Hz, 6H, CHMe,), 0.70 (app. q (dvt), J = 8 Hz, 12H,
CHMe,), 0.52 (app. q (dvt), J = 9 Hz, 6H, CHMe,)). 'H NMR (CD,Cl,): 7.71 (s, 8H,
BArs-H), 7.55 (s, 4H, BArs-H), 7.53 (d, 2H, J = 6 Hz, (PNP)Aryl-H), 7.488 (br, 2H,
(PNP)Aryl-H), 7.46 (d, 2H, J = 6 Hz, (PNP)Aryl-H), 7.22 (m, 2H, Catechol-H), 7.12 (m,
4H, Catechol-H), 7.06 (m, 2H, Catechol-H), 2.81 (m, 2H, CHMe,), 2.72 (m, 2H,
CHMe,), 2.46 (s, 6H, Ar-CHs), 1.11 (m, 18H, CHMe;), 0.88 (app. q (dvt), J =9 Hz, 6H,
CHMey). BC{*H} NMR (C¢Ds): & 162.9 (q, J = 50Hz, BAr,-C), 148.3(Catechol-C),
147.1 (Catechol-C), 145.1 (t, J = 8 Hz, (PNP)Aryl-C), 139.7 (t, J = 3Hz, (PNP)Aryl-C),
135.3 (BAr,-C), 134.5 ((PNP)Aryl-C), 133.7 ((PNP)Aryl-C), 130.0 (q, J = 34 Hz, BAr.-
C), 123.3 (Catechol-C), 125.1 (d, J = 272 Hz, BAr,-C), 125.8 (t, J = 4 Hz, , (PNP)Aryl-
C), 124.5 (Catechol-C), 119.8 (BArs-C), 117.9 (t, J = 4 Hz, (PNP)Aryl-C), 112.8
(Catechol-C), 112.3 (Catechol-C), 26.0 (t, J = 12 Hz), 24.5 (t, J = 13 Hz), 20.3, 19.9,
18.2, 17.5, 17.2. *P{*H} NMR (C¢Dg): & 44.7. °F NMR (CgD¢): & -63.2. 'B{*"H} NMR

(CeDe): & -6.4 (BAr, -B).

[(PN(BCat)P)Pd(BCat)]CB11Hi> (203-CB11H12). Compound 2C (62 mg, 0.091
mmol) and CatB-BCat (24 mg, 0.10 mmol) were placed in a PTFE-capped flask together

with 3 mL toluene. The reaction mixture was heated at 60 <C overnight. The blue
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solution changed to yellow-brown the next day and white precipitate was visible at the
bottom of the flask. The white precipitate was collected on a glass frit by filtration and
was dried under vacuum to fully remove all the solvent volatiles. Yield: 47 mg, 0.051
mmol, 57%. X-Ray quality crystals were obtained by slowly cooling down a hot PhCF3
solution of 203-CBy1H1,. *H NMR (CeDg) (a drop of CH,Cl, was added to increase
solubility): & 7.19-7.16 (m, 4H, (PNP)Aryl-H), 7.11 (br, 2H, (PNP)Aryl-H), 7.04 (m, 2H,
Catechol-H), 6.82 (m, 2H, Catechol-H), 6.78 (br, 4H, Catechol-H), 2.40 (m, 4H,
CHMe,), 2.21 (s, 6H, Ar-CHz), 2.09-1.30 (br, 12H, CB1;H3y), 0.84 (m, 18H, CHMe,),
0.61 (app. q (dvt), J = 8 Hz, 6H, CHMe,). *C{*H} NMR (C;Ds) (a drop of CH,Cl, was
added to increase the solubility): 6 148.3 (Catechol-C), 147.2 (Catechol-C), 145.1 (t,J =
8 Hz, (PNP)Aryl-C), 139.9 ((PNP)Aryl-C), 134.9 ((PNP)Aryl-C), 134.2 ((PNP)Aryl-C),
130.1 (t, J = 14 Hz, (PNP)Aryl-C), 126.3 (t, J = 3 Hz, (PNP)Aryl-C), 124.4 (Catechol-
C), 123.0 (Catechol-C), 113.0 (Catechol-C), 112.3 (Catechol-C), 26.3 (t, J = 13Hz), 24.8
(t, J = 13Hz), 20.9, 20.3, 18.6, 18.0, 17.7, one C for CB1;H1, anion is missing. *'P{*H}
NMR (CsDs) (a drop of CH,Cl, was added to increase solubility): & 45.0. "B{*"H} NMR
(CéDg) (a drop of CH,Cl, was added to increase solubility): & -6.6, -12.9, -15.9
(CB11H12-B). Elem. An.. Found (Calculated) for C3gHgoB13NO4P,Pd: C 51.27 (51.15); H

6.69 (6.60); N 1.64 (1.53).

Hydrolysis of 203-CB1;H1,. Compound 203-CBjiHi, (5.0 mg, 0.0060 mmol) was
dissolved in 1 mL PhCF; followed by the addition of 1 puL (excess) of degassed water.

Upon addition, **P{*H} NMR analysis indicated 15% of 201-CBi;H:, and 85% of a
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signal at 49.7 ppm (202-CBj11H12). The reaction mixture was fully converted to 201-

CBi1H1; after standing overnight.

[(PN(H)P)Pd(BCat)]BAr", (204-BAr",). Method A. A solution of 0.015 mmol of
201-BArF, in 0.6 mL PhF in a J. Young tube was treated with catecholborane (8.0 pL,
0.075 mmol) and the reaction mixture was allowed to sit in a 90 <T oil bath overnight.
%'p NMR observations revealed quantitative conversion to compound 204-BArF,. The
mixture was passed through Celite and the volatiles were removed under vacuum. The
oily residue was washed with hexanes three times. X-ray quality crystals were obtained
by recrystallizing the off-white solid from CH,Cl,/hexanes. Method B. Compound 203-
BArf, (63 mg, 0.039 mmol) was dissolved in ca. 0.6 mL PhF and then treated with
degassed water (0.70 uL, 0.039 mmol). After 40 min at room temperature, 3P NMR
observations revealed full conversion to compound 204-BAr",. Volatiles were removed
under vacuum. The residue was recrystallized from CH,Cl,/hexanes and dried
completely under vacuum. Yield: 40 mg, 0.026 mmol, 68%. ‘*H NMR (CD.Cl,): § 7.71
(s, 8H, BAr,-H), 7.54 (s, 4H, BAr,-H), 7.37-7.43 (m, 6H, (PNP)Aryl-H), 7.23 (m, 2H,
Catechol-H), 7.06 (m, 2H, Catechol-H), 6.89 (br, 1H, N-H), 2.71 (m, 2H, CHMe; ), 2.58
(m, 2H, CHMe; ), 2.43 (s, 6H, Ar-CHgs), 1.20-1.07 (m, 18H, CHMe,), 0.92 (app. q (dvt),
J = 7.2 Hz, 6H, CHMe,). *C{*H} NMR (CD.Cl,): & 162.6 (q, J = 50 Hz, BAr,-C),
148.9 (Catechol-C), 145.2 (t, J = 8 Hz, (PNP)AryI-C), 140.1 (t, J = 3 Hz, (PNP)Aryl-C),
135.4 (BAr,-C), 135.2 ((PNP)Aryl-C), 134.1 ((PNP)Aryl-C), 129.6 (q, J = 34 Hz, BAr.-
C), 125.2 (d, J = 272 Hz, BAr,-C), 125.7 (t, J = 4 Hz, , (PNP)Aryl-C), 122.9 (Catechol-

C), 121.1 (BAr,-C), 118.0 (t, J = 4 Hz, (PNP)Aryl-C), 112.5 (Catechol-C), 26.1 (t, J =
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12 Hz), 24.3 (t, J = 13 Hz), 21.1, 19.7, 18.5, 18.4, 17.9. *'P{*H} NMR (CD,Cl,): & 49.8.
UB{'H} NMR (CD.Cl,): & 37.1 (br, Pd-B), -6.87 (s, BAr" 4;-B). Elem. An.. Found

(Calculated) for C64H57BzN02F24P2PdI C50.31 (50.64); H 3.59 (3.78); N 0.93 (092)

Thermolysis of 204-BAr",. 204-BAr", (13 mg, 0.009 mmol) was dissolved in 0.6
mL PhF in a J. Young NMR tube and the solution was heated at 90 <C for 15 h. 3'P

NMR spectroscopic analysis indicated no observable changes.

Hydrolysis of 204-BAr,. Compound 204-BAr", (12 mg, 0.008 mmol) was
dissolved in 1 mL toluene in a NMR tube. Degassed water (1.0 uL, excess) was added.
After 4 h, *P{*H} NMR analysis indicated ca. 40% conversion to compound 201-

BArF,. It was fully converted to 201-BAr", after ca. 40 h.

NMR observation of (PNP)Pd(BCat) (205) Compound 204-BAr", (18 mg, 0.012
mmol) was dissolved in 0.6 mL CD,Cl;, in a NMR tube followed by the addition of Et;N
(5.0 uL, 0.060 mmol). The colorless solution changed to yellow immediately. 3P NMR
indicated > 90 % conversion to 205. '"H NMR (CD,Cl,): 7.51 (d, J = 9 Hz, 2H,
(PNP)Aryl-H), 7.16 (m, 2H, Catechol-H), 6.96(m, 2H, Catechol-H), 6.92 (d, J = 8 Hz,
4H, (PNP)Aryl-H), 2.40 (m, 4H, CHMe, ), 2.19 (s, 6H, Ar-CHj), 1.01-1.10 (m, 24H,
CHMey). *P{*H} NMR (CD,Cl,): 54.2. *H NMR (C¢D¢): 7.90 (d, J = 9 Hz, 2H,
(PNP)Aryl-H ), 7.27 (m, 2H, Catechol-H), 6.91 (d, J = 9 Hz, 2H, (PNP)Aryl-H), 6.85
(m, 4H, overlap of aromatic resonaces), 2.20 (s, 6H, Ar-CHs), 2.14 (m, 4H, CHMe,),
1.06 (app. q (dvt), J = 8 Hz, 12H, CHMe;), 0.96 (app. q (dvt), J = 8 Hz, 12H, CHMe,).

BC{*H} NMR (CgDg): 160.7 (t, J = 10 Hz, (PNP)Aryl-C ), 150.0 (Catechol-C), 133.3
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((PNP)Aryl-C), 132.8 ((PNP)Aryl-C), 123.7 (br, (PNP)Aryl-C), 121.7 (Catechol-C),
120.9 (t, J = 18 Hz, (PNP)Aryl-C), 115.2 (t, J = 5 Hz, (PNP)Aryl-C), 111.6 (Catexhol-
C), 24.4 (t, J = 14 Hz), 20.5, 19.1, 18.0. *P{*H} NMR (CsDs): 54.3. ''B NMR (CgDs):
45.0 (br, Pd-B).

In another NMR tube, (PNP)PdH (15 mg, 0.028 mmol) was treated with HBCat (12
uL, 0.072 mmol) in about 0.60 mL of C¢Dg and heated at 55 °C. After 12, P NMR
revealed about 15% convertion of (PNP)PdH to (PNP)PdBCat. H, was also detected by
'H NMR. The NMR tube was freeze-pump-thawed twice and put back to 55 °C oil bath.
After about 48 h, 3P NMR revealed only about 28% convertion to (PNP)PdBcat.
However, thermolysis of this reaction mixture of longer time at 55 °C or at higher
temperature (90 °C) leads to several unidentified broad signal indicated by 3P NMR.

Synthesis of (PNP)Ir(BCat), (206). Method A. (PNP)Ir(H), (51 mg, 0.082 mmol)
was dissolved in 3 mL PhF followed by the addition of catecholborane (44 uL, 0.41
mmol). The red solution changed to orange within 5 min. The volatiles were removed
under vacuum and the residule was recrystalized from PhF/pentane at -35 °C. Some
orange precipitate was collected the next day. **P{"H} NMR (C¢D¢): 51.4. 'H NMR
(CeDs): 7.60 (d, J = 9 Hz, 2H, (PNP)Aryl-H), 7.10 (br, 2H, (PNP)Aryl-H), 6.96 (m, 4H,
CatB), 6.85 (d, J = 9 Hz, 2H, (PNP)Aryl-H), 6.70 (m, 4H, CatB), 2.94 (m, 4H, CHMe,),
2.19 (s, 6H, Ar-CHg), 1.45 (app.q (dvt), J = 8 Hz, 12H, CHMe,), 1.08 (app.q(dvt), J =8
Hz, 12H, CHMe;). Method B. (PNP)Ir(H)(Mes) (10.0mg, 0.013 mmol) was dissolved in

0.6 mL of mesitylene in a J. Young NMR tube followed by the addition of CatB-Bcat
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(5.0, 0.021 mmol). The reaction mixture was heated at 70 °C for 1.5 h. The 3P NMR
analysis revealed that it fully converted to compound 206.

Synthesis of (PNP)Ir(BCat)(Cl) (207). (PNP)Ir(H)(Mes) (100 mg, 0.135 mmol)
was dissolved in about 3 mL of mesitylene in a flask. CatB-Cl (23.0 mg, 0.148 mmol)
was added to the solution. The reaction mixture was heated at 80 °C for 1 h. The
volatiles were vacuum tranferred to another flask and the left residule was recrystalized
from PhF/pentane at -35 °C. The purple solid was collected the next day and dried under
vacuum. *P{*H} NMR (C¢Dg): 41.3. *H NMR (CeDg): 8.02 (d, J = 9 Hz, 2H,
(PNP)Aryl-H), 6.91 (br, 2H, (PNP)Aryl-H), 6.80 (m, 4H, CatB), 6.61 (d, J = 9 Hz, 2H,
(PNP)Aryl-H), 2.87 (m, 2H, CHMe,), 2.50 (m, 2H, CHMey), 2.15 (s, 6H, Ar-CHs), 1.45
(app.q (dvt), J = 8 Hz, 6H, CHMe,), 1.15 (app.q (dvt), J = 8 Hz, 6H, CHMe,), 0.95
(app.q (dvt), J =8 Hz, 6H, CHMey), 0.63 (app.q, J = 8 Hz, 6H, CHMey).

X-Ray data collection, solution, and refinement for 202-BAr",. All operations
were performed on a Bruker-Nonius Kappa Apex2 diffractometer, using graphite-
monochromated MoKa radiation. All diffractometer manipulations, including data
collection, integration, scaling, and absorption corrections were carried out using the
Bruker Apex2 software.'® Preliminary cell constants were obtained from three sets of
12 frames. Data collection was carried out at 120 K, using a frame time of 15 sec and a
detector distance of 60 mm. The optimized strategy used for data collection consisted of
six phi and four omega scan sets, with 0.5°steps in phi or omega; completeness was
99.0%. A total of 4016 frames were collected. Final cell constants were obtained from

the xyz centroids of 9801 reflections after integration.
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From the systematic absences and the observed metric constants and intensity
statistics, space group P-1 was chosen initially; subsequent solution and refinement
confirmed the correctness of this choice. Compound 202-BAr", contained significant
disorder, which was resolved successfully. Two-component disorder was described with
a constraint that the occupancies of the major and minor components sum to 1.0. Major
component disordered atoms were refined by using isotropic displacement parameters,
while the atoms involved in the minor component disorder were refined by using
isotropic displacement parameters. Atom sets F(22) through F(24) and F(221) through
F(241) comprised the major and minor sets, respectively; the major set occupancy was
0.820(6). The ordered non-hydrogen atoms were refined using anisotropic displacement
parameters. The hydride ion attached to Pd was located on an electron density
difference map and refined using an isotropic displacement parameter; the final Pd-H
distance was 1.426(35) A; other hydrogen atoms were fixed at calculated geometric
positions and allowed to ride on the corresponding carbon atoms. The structure was

106
2,

solved using SIR-9 and refined (full-matrix-least squares) using the Oxford

University Crystals for Windows program. %’

The final least-squares refinement
converged to Ry = 0.0477 (1 > 2a(1), 14909 data) and wR; = 0.1471 (F?, 22029 data, 882
parameters).

During the structure solution, electron density difference maps revealed that there
was considerable disordered solvent molecules (from history, methylene chloride and/or

pentane) in a volume of 654 A per unit cell; the peaks could not be modeled

successfully.  Thus, the structure factors were modified using the PLATON
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SQUEEZE '® technique, in order to produce a “solvate-free” structure factor set.
PLATON reported a total electron density of 104 e- for the cavity, slightly larger than
two methylene chloride molecules, with perhaps an additional pentane (110 non-H atom
electrons). Use of the SQUEEZE technique resulted in a decrease of ca 4% in R. The
IUCr CheckCIF routine reported one Alert A and five Alert B issues; these Alerts are
related to the disorder issues discussed above.

X-Ray data collection, solution, and refinement for 203-CB11H1,. All operations
were performed on a Bruker-Nonius Kappa Apex2 diffractometer, using graphite-
monochromated MoKa radiation. All diffractometer manipulations, including data
collection, integration, scaling, and absorption corrections were carried out using the
Bruker Apex2 software.'® Preliminary cell constants were obtained from three sets of
12 frames. Data collection was carried out at 120 K, using a frame time of 15 sec and a
detector distance of 60 mm. The optimized strategy used for data collection consisted of
5 phi and 4 omega scan sets, with 0.5<steps in phi or omega; completeness was 99.9%.
A total of 4202 frames were collected. Final cell constants were obtained from the xyz
centroids of 9347 reflections after integration.

From the systematic absences, the observed metric constants and intensity statistics,
space group C2/c was chosen initially; subsequent solution and refinement confirmed the
correctness of this choice. The structure was solved using SIR-92,'° and refined (full-
matrix-least squares) using the Oxford University Crystals for Windows program.’®’ All
non-hydrogen atoms were refined using anisotropic displacement parameters; hydrogen

atoms were fixed at calculated geometric positions and allowed to ride on the
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corresponding carbon atoms. The final least-squares refinement converged to R; =
0.0286 (1 > 20(1), 14450 data) and wR, = 0.0741 (F?, 15886 data, 631 parameters).
X-Ray data collection, solution, and refinement for 204-BAr",. All operations
were performed on a Bruker-Nonius Kappa Apex2 diffractometer, using graphite-
monochromated MoKa radiation. All diffractometer manipulations, including data
collection, integration, scaling, and absorption corrections were carried out using the
Bruker Apex2 software.'® Preliminary cell constants were obtained from three sets of
12 frames. Data collection was carried out at 120 K, using a frame time of 30 sec and a
detector distance of 60 mm. The optimized strategy used for data collection consisted of
two phi and five omega scan sets, with 0.5°steps in phi or omega; completeness was
99.4%. A total of 2235 frames were collected. Final cell constants were obtained from
the xyz centroids of 9849 reflections after integration. From the systematic absences and
the observed metric constants and intensity statistics, space group P2;/n was chosen
initially; subsequent solution and refinement confirmed the correctness of this choice.

106

The structure was solved using SIR-92,"and refined (full-matrix-least squares) using

the Oxford University Crystals for Windows program.'®’

All ordered non-hydrogen
atoms were refined using anisotropic displacement parameters. Compound 204-BAr",
contained significant disorder, which was resolved successfully. In cases where two-
component disorder could be resolved (see below) it was described with a constraint that
the occupancies of the major and minor components sum to 1.0. Major component

disordered atoms were refined by using anisotropic displacement parameters, while

minor component atoms were refined using isotropic displacement parameters. The F
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atoms of the trifluoromethyl groups associated with carbon atoms C(40), C(55), C(63)
and C(64) had major component occupancies of 0.775(8), 0.770(6), 0.831(9) and
0.791(6), respectively. Solvate water and dichloromethane molecules were located
during the analysis of the structure. However, it was clear from consideration of atomic
contacts that the solvate molecules were not present simultaneously in a single unit cell.
Thus, their occupancies were also constrained to sum to 1.0; the occupancy of the
dichloromethane solvate was 0.700(3). The ordered non-hydrogen atoms were refined
using anisotropic displacement parameters. Hydrogen atoms were fixed at calculated
geometric positions and allowed to ride on the corresponding carbon atoms. The final
electron-density difference map still contained peaks in the range 1.0 — 2.5 e-/A3 near the
two THF solvate molecules. The final least-squares refinement converged to R; =
0.0457 (1 > 25(1), 10930 data) and WR, = 0.1298 (F?, 16624 data, 953 parameters). The
IUCr CheckCIF routine reported two Alert B issues; these Alerts are related to the

disorder issues discussed above.
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CHAPTER Il
C-H OXIDATIVE ADDITION TO A (PNP)Ir CENTER AND LIGAND-

INDUCED REVERSAL OF BENZYL/ARYL SELECTIVITY"

3.1 Introduction

C-H bonds oxidative addition to the transition metals has been an attractive topic to
chemists because of the benefit to conduct selective C-H functionalization with
unreactive C-H bonds.*® *° In 1972, Shilov reported the electrophilic C-H bond
activation to Pt(ll) (Scheme 3-1).'!' The stoichiometric addition of Pt(IV) to the
aqueous solution of Pt(1l) and methane finally leads to the production of methanol and
methyl chloride. The early examples of C-H bond oxidative addition are all involved in
either aryl C-H bonds or intramolecular addition of ligand C-H bonds. In 1982,
Bergman and Graham reported the first example of isolation of stable alkyl iridium
hydride complexes from the C-H bond oxidative addition of an alkane (Scheme 3-2).1*?
Since then, extensive studies of both stoichiometric and catalytic C-H bonds oxidative
addition reactions have been reported. The majority of the examples of the metal

complexes that underwent C-H oxidative addition are group 7-10 metals containing

cyclopentadienyl ligands (Cp) or anionic tridentate ligands, such as tris-pyrazolylborate

*Reprinted (parts of this chapter) with permission from “C-H Oxidative Addition to a (PNP)Ir Center and
Ligand Induced Reversal of Benzyl/Aryl Selectivity” by Zhu, Y.; Lei, F.; Chen, C. H.; Finnell, S. R.;
Foxman, B.; Ozerov, O. V., 2007. Organometallics, 26, 6066-6075, Copyright[2007] by American
Chemical Society. “Probing the C—H Activation of Linear and Cyclic Ethers at (PNP)Ir” by Whited, M.
T.; Zhu, Y.; Timpa, S. D.; Chen, C. H.; Foxman, B. M.; Ozerov, O. V.; Grubbs, R. H., 2009.
Organometallics, 28, 4560-4570, Copyright[2009] by American Chemical Society.
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(Tp). Such systems have also been used in the mechanistic study to understand

mechanisms of C-H activation.**®

Activation

Cl,,  .OH, +CH, Cly,  .OH,

. I
P+ RH ~Pt
H”” NCH,

Functionalization
PtVClgZ
CH3;0H
+HCl Oxidation

pt'cl,>
Cl,, \OH2
LPt !

OHJ (I ~ci

Scheme 3-1. Methane C-H bond activation mediated by platinum.

+ C:H —»
\ \\H 6 12 %
Ire .

V4 ~~
Me3P H Me3P

Scheme 3-2. Intermolecular alkane C-H oxidative addition by Cp*lr(lll) complex.

Although work by Bergman, Jones, Grahams, and others have demonstrated that

13114 control and discrimination

there was remarkable selectivity among C-H bonds,
between activation of aromatic C(sp®)-H bonds and aliphatic C(sp®)-H bonds, especially
benzylic C-H bonds, is still an issue for any substrate containing both. Generally,

transition metal systems typically display both the thermodynamic and Kkinetic

preference for the activation of aromatic C-H bonds. The thermodynamic driving force
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to activate stronger C-H bonds has been traced to the greater differences in M-C bond
strengths compared with the case for C-H bond strengths.** Selectivity for a product of

benzylic activation may come in cases where (a) formation of an aryl-metal product is

107-117
d

sufficiently sterically disfavored, (b) the benzylic product is stabilized by #°

118,119

coordination, or (c) in the sense of kinetic selectivity, the reaction proceeds via

Ar ,?\r
|

/N CHs -xylene /N\
- :Pté e . P
N “Solv  solv = CF4CD,0D N “Solv

yene p xyen/

Scheme 3-3. Benzylic C-H activation with cationic Pt(1l) complexes.

homolysis pathways.'®® Bercaw et al. have reported the kinetic and thermodynamic
preferences in aryl vs benzylic C-H bond activation with cationic Pt(I1) complexes
(Scheme 3-3).2® Complex 3A reacted with mesitylene exclusively to give benzylic C-H
activation product. However, p-xylene reacted with 3A to initially give products of both

aromatic and benzylic activation. After the starting material was completely consumed,
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compound 3C continued to grow at the expense of compound 3B. The authors
suggested that the thermodynamic preference for benzylic C-H activation appears to
result from stabilizing n°-bonding species. Eisenberg et al. reported an aryl-to-benzyl
rearrangement induced by coordination of ethylene to an Ir(l) center in
(Me3CgH,)Ir(CO)(dppe), but the mechanistic details were not fully elucidated.'?

The interest in C-H activation is motivated by the goal of selective C-H
functionalization.  Functionalization of arene or alkane C-H bonds has been
accomplished by utilizing transition metal complexes. Alkane dehydrogenation to

122

produce olefins catalyzed by (PCP)Ir system™“(Scheme 3-4) is a good example because

olefins are the most important feed stocks in chemical industry. Functionalization of

PR,

\\\H .
IS, (R='Bu'Pr)
| ~H

0 — SORLY

reflux

1/, [Ir(OMe)(COD))],/dtbpy

. (3 mol %)
HBpin + H-Ar Ar-Bpin  +H,

Hexane, RT

Bu! But
. (@) - -
Bpin =ji °B dtbpy =
- py = 7\
0 \ N \ /

Scheme 3-4. Examples of functionalizaiton of alkanes and arenes.
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alkanes and arenes with main group reagents, such as borylation'?*and silylation*?*, has
also been investigated by a few research groups (Scheme 3-4). Our group explored the
C-H oxidative addition reactions in the (PNP)Ir system. Previous studies showed that
the three-coordinate, d® iridium intermediate could undergo C-H oxidative addition of
arenes like benzene or toluene to form five coordinate Ir(l111) complexes. For the
substrates of halobenzene (chlorobenzene and bromobenzene), (PNP)Ir system displayed
the reactivity of kinetic C-H oxidative addition and thermodynamic C-halide oxidative
addition (Scheme 3-5).° In this chapter, an example of ligand-induced reversal
aryl/benzyl C-H selectivity in the (PNP)Ir system will be described. The causes of the
reversal preference and the mechanism of the transformations will be revealed. Another
small project regarding to C-H activation of cyclic ethers by (PNP)Ir will also be

described in this chapter.

Q/P‘Prz :/% Q/P’Prz KZ/P"M2 Qp\fprz
Q\ \ PhCI, RT Q\ ‘ 7 \ Q\ ) N T\Cl
Pre Pry Pr. Q\P’Pm

70°C 120°C

Scheme 3-5. Kinetic C-H and thermodynamic C-ClI oxidative addition at (PNP)Ir.



75

3.2 Results and discussion
3.2.1 Synthesis of (PNP)Ir(H)(Mes)

Previous studies by Goldman and others have demonstrated that three-coordinate,
14e (PCP)Ir generated by reacting (PCP)Ir(H), with TBE (tert-butylethylene), was a
very reactive intermediate that can easily do oxidative addition of C-H bonds in alkanes
and arenes.® Similar to the (PCP)Ir chemistry, the 14e (PNP)Ir is the key intermediate
for the investigation of oxidative addition reactions in our system. Our group found™
that the reactive (PNP)Ir intermediate could be generated, although not isolable or even
observable by NMR, through the reaction of (PNP)Ir(H), with hydrogen acceptor, such

as norbornene (NBE) (Scheme 3-6).

o A o e
" \
H
N—Ir_ N—IrC
lH

N—Ir

\ - -

. i
PPr, PPra PPr,

Scheme 3-6. The approach to the three-coordinate (PNP)Ir intermediate.
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-
o < : )
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PPr . P PI'2
2 i
Pr2
302 301 303

Scheme 3-7. Aryl C-H bond oxidative addition at (PNP)Ir fragment.

Dr. Lei Fan has already demonstrated that aryl C-H bonds of arenes like benzene and
toluene oxidatively added to (PNP)Ir to form (PNP)Ir(H)(Aryl) complexes (Scheme 3-
7). The aryl C-H bond of a more steric bulky arene, mesitylene, could also add to
(PNP)Ir to form (PNP)Ir(H)(Mes) 301. It is worth mentioning that compound 301 could
be obtained with ‘one pot’ synthesis from the PN(H)P ligand and [Ir(COD)HCI,], with
68% isolated yield as indicated in Scheme 3-8.

3.2.2 (PNP)Ir(H)(Mes): a good synthon to (PNP)Ir

Interestingly, thermolysis of 301 in benzene or toluene at 70 <T led to the elimination
of mesitylene and formation of 302 or 303, respectively (Scheme 3-7). These results
indicated that the C-H addition of mesitylene was reversible.  Similar to

(PNP)Ir(H)2/norbornene case, 301 can be served as a synthon to 14e (PNP)Ir. This
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method opens another door to generate (PNP)Ir where (PNP)Ir(H)./norbornene method

in some cases does not work.

[(COD)IFHCl,l, + PN(H)P —onF» et 'BUOK/ ProH o
~ql H, [r]\H
NBE
1
N—Ir = [Ir]

(isolated in 68% yield based on Ir)

Scheme 3-8. ‘One pot’ synthesis of compound 301.

3.2.3 Ligand induced aryl/benzyl C-H oxidative addition

As shown above, (PNP)Ir has displayed its ability of aromatic C-H oxidative
addition reactions. We are very interested in examining the reactivity of (PNP)Ir with
heteroatom-containing substrates such as heteroaromatics and ethers. When complex
301 was treated with excess pyridine in CgDg, the anticipated C-H OA of pyridine did
not take place. Instead, an entirely different product 304a was isolated after 24 h at
ambient temperature (Scheme 3-9). Similar products were obtained from the reaction of
301 with PMe; (304b) and thiazole (304c). Compounds 304a-c were fully characterized

by NMR spectroscopy. For instance, in 304a, the Ir-CH, unit gave rise to characteristic
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resonances in the *H (d 3.67, br t, Jup = 6 Hz) and *C{*H} (9 -6.6, t, Jc.p = 2 Hz) NMR
spectra. The hydride resonance in 304b displayed a large 2J.» value of 142 Hz for the
coupling with the 3P nucleus in PMe;, indicative of the trans disposition of PMe; and

the hydride. In the solid-state structure'® of 304c (Figure 3-1), the N-bound thiazole

g}CHZMgBr

. _H toluene _H benzene H
LI > [Ir] Me <~ [In — 7
Cl  PhCH,MgCl \C] 70°C 70 °C \®
= 12 h 30 min
303 301 302
L, RT
1) py 24h Eyingin
2) PhCH,MgClI
H
H H /H
/ i / firl. Cols
firl, S M Me . — 0
/ C-@ -~k /\C] Y H, 85°C \Q
PY H, py L=
304 Py
L = py (304a) 305
308 306 L = PMe; (304b)
L = thiazole (304c)
PPr,
N—Ir = (PNP)Ir = [i]
P'Pry,

Scheme 3-9. Ligand induced benzylic C-H oxidative addition.

ligand is also trans to the hydride. The pyridine ligand in 304a is most likely trans to the

hydride as well.
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The importance of the steric influence in the aryl to benzyl isomerization was
investigated. In contrast to the case for 301, the less sterically encumbered aryl
complexes 302 and 303 readily coordinated pyridine to give 305 and 306, respectively
(Scheme 3-9). Neither 303 nor 306 converted to the corresponding benzyl isomers
(PNP)Ir(H)(CH2Ph) 307 and 308 upon thermolysis (20 h, 95 <C). On the other hand, the
reverse reactions did proceed: (a) 308 converted to 306 upon thermolysis (complete
disappearance of 308 after 70 <C, 18 h; unidentified products also observed), and (b) an

attempted synthesis of 307 from (PNP)Ir(H)(CI) and PhCH,MgCl led to 303.

Figure 3-1. ORTEP drawing'® of 304c (50% thermal ellipsoids). Hydrogen atoms are
omitted for clarity except for Ir-H. Selected bond distances (A) and angles (deg) for
304c. Ir-P1, 2.2866(7); Ir-P2, 2.3026(7); Ir-N1, 2.137(2); Ir-N2, 2.213(2); Ir-C27,
2.135(3); P1-Ir-P2, 158.33(2); P1-Ir-N1, 82.99(6); P1-Ir-N2, 98.27(6); P2-Ir-N1,
80.56(6); N1-1r-C27, 179.12(10); P2-1r-C27, 100.01(8).

Thus, unlike the case for the mesityl/3,5-dimethylbenzyl pair, in the tolyl/benzyl

pair, the thermodynamic preference for the aryl isomer exists not only for the five-
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coordinate but also for the six-coordinate case. In a sense, the coordination of pyridine
(possible to 301 but not 303) compensates for the ostensibly unfavorable mesityl-to-3,5-
dimethylbenzyl isomerization, but the difference in the energies of binding of pyridine to
303 vs 307 does not override the intrinsic unfavorability of tolyl-to-benzyl
isomerization. Continued thermolysis of 304a in CgDg led to the production of 305 via

activation of the solvent (Scheme 3-9).

/H /H H
[ir] ~ [Ir]\C‘Q ﬁ» [Ir] &, [|I‘]<
- \/5\ Ha (PNP)Ir CeHls
301 309
+py

e
H /[Ir]\

[Ir]/ y py CeHs
\ —X—~ [—py
3042 py 1, 305

Scheme 3-10. Proposed mechanism for transformation of 301 to 304a, and 304a to 305.

3.2.4 Mechanism for the aryl/benzyl isomerization

Some Kkinetic studies were conducted in order to fully understand these
transformations. The rate of the transformation of 301 to 304a in CsDs was found to be
independent of the concentration of pyridine in the 0.5-2.2 M range. Notably, 301 does
not detectably bind pyridine in solution at 22 <C. This strongly implies that the rate-

determining step is the transformation of 301 to its benzylic isomer 309 followed by fast
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trapping of the latter by pyridine. An attempt to isolate 309 by treatment of (PNP)IrHCI
with 3,5-Me,CsH3CH,MgBr led to the observation of 301 as the major product (Scheme
3-10). Thus, for the five-coordinate system, the aryl isomer (301) is thermodynamically
preferred over the benzylic isomer (309), although 309 is kinetically accessible. Addition
of pyridine, thiazole, or PMes, however, causes the preference to reverse and favor the

benzylic products 304a-c.**’

Disappearance of 4a

0 1 2
[Pyl M

Figure 3-2. Rate of disappearance of 304a as a function of pyridine concentration.

Kinetic studies carried out at 85 <C revealed the inverse dependence of the rate of
conversion of 304a to 305 on the concentration of pyridine (Figure 3-2). This is
consistent with the dissociation of pyridine from 304a being necessary for the reaction to
proceed (Scheme 3-10). Elimination of mesitylene generates transient (PNP)Ir, which
reacts with benzene to give 302, and the latter is trapped by pyridine to give 305. A
dissociative mechanism for the activation of benzene by 301 is consistent with the
previously demonstrated intermediacy of analogous three coordinate Ir fragments (e.g.,
(PCP)Ir and Milstein’s[(PNP'P)Ir]")*?%*% in C-H oxidative addition reactions. The lack

of direct reductive elimination from the six-coordinate d® complex 304a dovetails with
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the findings of Goldberg et al. of the necessity of the five-coordinate intermediate for C-
X reductive elimination from six-coordinate Pt(IV) d® complexes.’® Goldberg et al.
investigated the reductive elimination of the methane from (PHs),Cl,Pt(CH3)H by
computational study. It was found that Pt(IVV) complexes almost invariably took place
via a pathway involving ligand dissociation before the reductive elimination step. On
the other hand, Goldman et al. reported the example of trapping of the reductive-
elimination-prone d® complex (PCP)Ir(H)(Ph) with CO to form a robust six-coordinate
CO adduct.** It has also been found that oxidative addition, the reverse process of
reductive elimination, is much faster in the three coordinate species than that in the four
coordinate species. Halpern showed that RhCI(PPhs),, resulting from the loss of a PPh;
ligand from RhCI(PPhs)s, underwent oxidative addition of H. at least 10* times faster
than RhCI(PPhs)s.**
3.2.5 C-H oxidative addition of cyclic ethers at (PNP)Ir

This was a project in collaboration with Prof. Grubbs’ group in Caltech. In 2008,
Grubbs reported double C-H activation of ethers by (PNP)Ir (Scheme 3-11).*? In the
case of methyl tert-butyl ether, an Ir(I) carbene complex was produced through o,a-
dehydrogenation by using excess norbornene as hydrogen acceptor. When reacting with
diethyl ether, an Ir(I) vinyl ether adduct was fromed via o,B-dehydrogenation. The
versatile reactivity of (PNP)Ir towards different ethers arouse our interest in examining
the scope of ether C-H activation. The goal of exploring C-H oxidative addition of
ethers was to understand the nature of C-H activation steps and the factors governing

selectivity and product distribution.  We were focused on the cyclic ethers
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(tetrahydrofuran (THF), 1,4-dioxane, tetrahydropyran (THP), and 1,3,5-trioxane) while

the Grubbs’ group was exploring the linear ethers.

NBE \ _H NBE \

N—Ira - N—Ir. - > N—Ir— |
~
| ‘owu MTBE | ~H Et,O |
PiPr2 Piprz F)IF)I,2 OEt
NBE
CHNR,

Scheme 3-11. C-H activation of ethers and amine at (PNP)Ir center. (by Grubbs’ group)

Reactions with THF. Reaction of (PNP)IrH, (310) with norbornene (2 equiv) in
THF resulted in the immediate appearance of a new species as shown by *PNMR (5
46.7 ppm). This complex could not be cleanly isolated due to slow decomposition to
another species, observed at & 43.1 ppm by *P NMR. Thermolysis of the reaction
mixture at 60 °C for 7 h resulted in complete conversion to the second species. This
second species was isolated and identified as the carbene complex derived from a,o-
dehydrogenation of THF (Scheme 3-12). Most tellingly, complex 312 displays a

diagnostic carbene resonance in its **C NMR spectrum (5 232.6 ppm, t, Jp.c = 11 Hz).
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The formation of the carbene complex presumably proceeds by initial C-H bond
activation to form the iridium hydride alkyl complex which subsequently rearrange to
the hydridocarbene complex by rapid a-hydrogen elimination. Theoretical studies
suggest that o-hydrogen migrations can be Kinetically favorable if a coordinatively

unsaturated species can be accessed.®

H
ot NBE |_ 0
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310 H
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THF [r]\EO) -
H

Y
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g [|r]:<)J
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Scheme 3-12. Double C-H bond activation of THF: the formation of Ir(l) carbene
complex.

The structure of Compound 312'** was further confirmed by single-crystal X-ray
diffraction (Figure 3-3). Similar to MTBE-derived carbene,*** the carbene cants

slightly (ca. 20 °C out of the square plane) to maximize the push-pull interaction
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between the filled pzr amido and empty px carbene orbitals. The Ir1-C14 bond distance

(1.92 A) is very similar to that observed in other iridium THF carbene structure.*®

Figure 3-3. ORTEP drawing'® of 312 (50% thermal ellipsoids). Crystal was obtained by
Samuel Timpa. Hydrogen atoms are omitted for clarity. Selected bond distances (A)
and angles (deg) for 312. Ir-P2, 2.2868(8); Ir-N, 2.073(3); Ir-C14, 1.921(4); P2-1r-P2i,
163.12(4); P2-Ir-N, 81.56(2); P2-Ir-C14, 98.44(2); C14-Ir-N, 179.994.

Although the intermediate leading to compound 312 is not stable enough to be fully
characterized, it was accessible via an alternate synthesis. Addition of excess 2,3-
dihydrofuran (3 equiv) to a solution of dihydride in benzene-ds led to quantitative
generation of the same intermediate observed in the formation of carbene 312, which
was identified as the trans-dihydrido carbene complex trans-311, a structural and

d. 132c

electronic relative of the trans-dihydrido aminocarbenes previously reporte trans-

311 exhibits C,, symmetry in solution, indicating that rotation about the iridium-carbon
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bond is fast on the NMR time scale, as expected on the basis of the similar behavior of

3¢ The 'H NMR spectrum of trans-311 shows a triplet

the related aminocarbenes.
hydride resonance characteristic of such a complex (5 -7.86 ppm, t, “Jp.y = 15 Hz, 2H),
as well as a distinctive carbene resonance in its **C NMR spectrum (8 261.2 ppm). In
order to lose hydrogen and generate 312, complex trans-311 must isomerize to place the
hydride ligands in a cis configuration to allow for reductive elimination of hydrogen, but
a buildup of the cis-dihydrido isomer of cis-311 is not observed. (Note: Compound 312
was synthesized and characterized by Samuel Timpa)

Reactions with 1,4-dioxane. Encouraged by the formation of carbene in the double
C-H activation of THF reactions, the C-H activation of 1,4-dioxane was explored.

Reaction of (PNP)IrH; (310) with norbornene in 1,4-dioxane resulted in the immediate

formation of a new product exhibiting two doublet resonances in its **P NMR spectrum

H _H A [Ir](H
m{ _NBE _ i o - H
310 = /o \[Oj d o

313 __/
lco

H
[Ir],{/z
éo 314

Scheme 3-13. C-H activation of 1,4-dioxane with (PNP)Ir fragment.
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(8 46.5 and 43.7 ppm, 2Jp.p = 322 Hz). However, direct isolation of this species proved
difficult, as complete removal of solvent or thermolysis led to regeneration of starting
material 310 with expulsion of 2,3-dihydro-1,4-dioxine. Partial removal of solvent and
redissolving the mixture in benzene-ds allowed characterization of this species by 'H
NMR. The 'H NMR spectrum revealed a distinct hydride signal at -34.2 ppm (t, 2Jp. =
13 Hz). This upfield hydride resonance is very similar to the hydride chemical shift for
compound (PNP)Ir(H)(Ph) (-38 ppm). It seemed most likely that this intermediate was
the product of a single C-H oxidative addition of 1,4-dioxane to (PNP)Ir, affording
(PNP)Ir(H)(1,4-dioxan-2-yl) 313 (Scheme 3-13).

The further identification for compound 313 was accomplished by a trapping
experiment. Goldman has shown that the five-coordinate (PCP)Ir(H)(Ph), which easily
undergoes reductive elimination of benzene, may be trapped by addition of CO to afford

a stable six-coordinate iridium(111) adduct.*

Interestingly, compound 313 could also
be trapped with CO to form the stable compound 314. Compound 314 was isolated and
spectroscopically characterized. This complex is structurally related to a previously
reported carbonyl adduct of a (PNP)-supported aminoalkyl hydride complex of
iridium(111)***® and exhibits a diagnostic carbonyl stretch in its infrared absorbance
spectrum (vco=1980 cm™). The characterization of compound 314 further supported the
assignment of compound 313 as the single C-H oxidative addition product of 1,4-
dioxane.

Reactions with THP. Treatment of (PNP)Ir(H), with 4 eq. of norbornene in neat

THP resulted in the full consumption of (PNP)Ir(H), and the formation of a mixture of
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unidentified products as indicated by *'P NMR within 10 min. However, after 1 h, *'P
NMR analysis revealed the formation of (PNP)Ir(H), (~70%) and another species at
42.9 ppm (~30%). The reaction mixture was fully converted to this 42.9 ppm species
eventually by adding a lot excess norbornene (~ 100 eq.) This compound was isolated
analytically pure and characterized by solution multiple nuclear NMR (*H, *'P, **C,
more detailed information see Experimental Section). Unfortunately, it is still a
mysterious compound since we could not come up with a structure that fits all these
NMR data. Nonetheless, it is likely that THP participates in a facile transfer
dehydrogenation process.

Reactions with 1,3,5-trioxane. Reaction with 1,3,5-trioxane is a little bit different
from the reactions described above since 1,3,5-trioxane is a solid at the ambient
temperature. It is tricky to pick up the reaction solvent. The reactive (PNP)Ir could
activate C-H bond of the arene solvent. Using unreactive alkane solvent such as pentane
only leads to the formation of Ir(l) norbornene adduct, which is a stable compound and
could not regenerate the 14e reactive intermediate in the reaction condition. The reaction
was carried out in mesitylene because the solvent activation product (PNP)Ir(H)(Mes) is
a synthon to (PNP)Ir too! Treatment of a mesitylene solution of norbornene and 1,3,5-
trioxane with solid (PNP)IrH, leads to the generation of three products at ambient
temperature:  the previously characterized (PNP)Ir(H)(Mes) (60%), trans-
(PNP)Ir(H)2(CO) (315, 15%), and a third unknown species (25%). However, at elevated
temperature, all three complexes cleanly convert to trans- (PNP)Ir(H),(CO) (315). This

result is not unexpected when considering that 1,3,5-trioxane is a formal trimer of
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formaldehyde, with which (PNP)IrH; reacts to generate complex 315. Previous reports
have shown that the depolymerization of 1,3,5-trioxane may be promoted by strongly
acidic catalysts."* In contrast, it seems most likely in this case that a compound derived
from C-H activation of 1,3,5-trioxane readily disproportionates to release formaldehyde.

One possible mechanism for this transformation is depicted in Scheme 3-14.

O
bb |
~ s P
[ ———— [Ir] )O\ —O> [Ir]YO  — [|I':|| (610
0c0 2 N i H 315

Scheme3-14. Possibile mechanism of decarbonylation of 1,3,5-trioxane at (PNP)Ir.
center.

Our study together with Grubbs’ study have demonstrated that the reaction of
(PNP)Ir with ethers is fairly complicated. Different reactivity was observed for four
different cyclic ethers. Double C-H activation of THF to form metal carbene complex is
not without precedent.’®® It seems that five membered heterocycles often form carbenes
much more readily than their six-membered and acyclic counterparts. The studies
described above do not allow definitive assignments of rate-limiting steps for each
reaction, but they certainly underscore the importance of numerous subtle factors in the
thermodynamic stabilization of one isomer relative to another for related substrates at

(PNP)Ir.
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3.3 Conclusion

This chapter described the C-H activation at (PNP)Ir center. We have demonstrated
that the thermodynamic preference for aryl or benzylic C-H oxidative addition may in
certain cases depend on the coordination number of the metal center. A higher
coordination number favors a less sterically demanding benzylic product instead of the
preference for the mesityl isomer for the lower coordination number. We have also
presented the C-H activation of cyclic ethers by (PNP)Ir and found that the results were
very substrate dependent. These findings highlight the challenge of catalytic
functionalization of C-H bonds with ethers by using (PNP)Ir.
3.4 Experimental

General considerations. Unless specified otherwise, all manipulations were
performed under an argon atmosphere using standard Schlenk line or glove box
techniques. Toluene, ethyl ether, and pentane were dried and deoxygenated (by purging)
using a solvent purification system by MBraun and stored over molecular sieves in an
Ar-filled glove box. C¢Dg and THF were dried over and distilled from Na/K/Ph,CO/18-
crown-6 and stored over molecular sieves in an Ar-filled glove box. Fluorobenzene and
pyridine were dried with and then distilled from CaH; and stored over molecular sieves
in an Ar-filled glove box. Thiazole and PMe3; were degassed prior to use and stored in an
Ar-filled glove box. (PNP)H, and (PNP)Ir(H)(C1)®® were prepared according to the
published procedures. All other chemicals were used as received from commercial
vendors. NMR spectra were recorded on a Varian iNova 400 (*H NMR, 399.755 MHz;

3C NMR, 100.518 MHz; *P NMR, 161.822 MHz; *F NMR, 376.104 MHz)
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spectrometer. For *H and *C NMR spectra, the residual solvent peak was used as an
internal reference. 'P NMR spectra were referenced externally using 85 % H3PO, at 0
ppm. Elemental analyses were performed by CALLI, Inc. (Parsippany, NJ).
(PNP)Ir(H)(Mes) (301). The following procedure is a modification of the previously
reported synthesis. It is a one-sequence synthesis that obviates the unnecessary isolation
of various intermediates. IrCl; 4H,0O (0.318 g, 0.902 mmol) was added to 10 mL of
degassed i-PrOH containing 0.45 mL (3.66 mmol) of 1,5-cyclooctadiene. The mixture
was refluxed overnight under Ar. Yellow precipitate was found the next day
(presumably, [(COD)IrHCI;],). The solvent was removed under vacuum and the residue
was thoroughly dried in vacuo. The resultant solids were extracted with a minimal
amount of PhF followed by the addition of (PNP)H (0.405 g, 0.943 mmol). After stirring
for 3 h, a solution of potassium isopropoxide in isopropanol (prepared by adding
KOC(CHj3); (0.220 g, 1.96 mmol) to 5 mL of degassed i-PrOH) was added to this
mixture and it was allowed to stir for another 20 min. The solution was then degassed
and back-filled with H, (1 atm, excess) and left stirring overnight. The volatiles were
removed in vacuo and the residue was redissolved in ether. The resultant solution was
filtered through Celite and the volatiles were removed in vacuo again. The residual solid
was redissolved in ether and the resultant solution filtered through a plug of silica gel.
The volatiles were removed and the solid residue was thoroughly dried in vacuo,
followed by addition of 7.6 mL of mesitylene to get a dark red solution of (PNP)IrH..
Norbornene (127 mg, 1.35 mmol) was added and the mixture was stirred for 20 h to get

a dark brown solution which was then filtered through plugs of Celite and silica gel. The
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filtrate was collected and the volatiles were removed under vacuum. Recrystallization
from pentane gave 301 as a red-brown solid which was >98% pure by NMR. Yield: 455
mg (68% based on Ir).

Synthesis of 301 from (PNP)Ir(H)(Cl) and Me,C¢H3sCH,MgBr. 3,5-
Me,CeH3sCH2Br (1g, 5 mmol) was slowly added to Mg (0.36 g, 15 mmol) in ether with
vigorous stirring. The reaction mixture was refluxed overnight under Ar. All the
volatiles were removed in vacuo and the residue was redissolved in ether and filtered
through Celite. The solvent was evaporated under vacuum and the solid was dried to
give the crude 3,5-Me,CsH3;CH,MgBr. Five milligrams of this solid (0.021 mmol or
likely less owing to solvent in the solid Grignard) was added to a solution of
(PNP)Ir(H)(CI) (13 mg, 0.020 mmol) in 0.6 mL of C¢Ds and shaken well. The solution
turned dark red immediately. **P NMR analysis indicated that 301 constituted ca. 80% of
the reaction mixture.

Synthesis of (PNP)Ir(H)(CeHs) (302) by thermolysis 301 in CgHe.
(PNP)Ir(H)(Mes) (301) (10 mg, 0.027 mmol) was placed into a J. Young NMR tube.
The solid was dissolved in 0.6 mL of C¢Hs. The reaction mixture was heated to 70 <C. In
15 min, 302 (8 45.7 in the **P{1H} NMR spectrum) constituted ca. 85% of the resulting
solution (**P NMR evidence) and in 30 min the resonance of 302 was the only one
observable by *'P NMR. The volatiles were stripped down and the solid was redissolved
in C¢Dg for 'H NMR characterization. The *H and *'P NMR data matched those reported

previously.
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Synthesis of (PNP)Ir(D)(C¢Ds) (302-dg) by thermolysis 301 in  CgDe.
(PNP)Ir(H)(Mes) (301) (20 mg, 0.027 mmol) was placed into a J. Young NMR tube.
The solid was dissolved in a 0.6 mL of CsDs. The reaction mixture was heated to 70 °C.
In 30 min, the resonance of 302-ds was the only one observable by **P NMR. Compound
302-dg was identified on the basis of the absence of the *H resonances for the Ir-bound
hydride and phenyl groups and the 'H NMR and *P NMR spectra that were near-
identical to those of 302. Data for 302-dg: *H NMR (CDs): & 7.88 (d, 2H, J = 8.8 Hz,
PNP-aryl H), 6.94 (s, 2H, PNP-aryl H), 6.87 (d, 2H, J = 8.8 Hz, PNP-aryl H), 2.45 (m,
2H, CHMey), 2.24 (m, 2H, CHMey), 2.19 (s, 6H, Ar-CHjs), 1.02 (app. q (dvt), 6H, J =8
Hz, CHMe,), 0.95 (m, 12H, CHMe;), 0.90 (app. g (dvt), 6H, J = 7.2 Hz, CHMey,).
$1pLIHY NMR (CgDp): 6 45.8.

Synthesis of (PNP)Ir(H)(C¢HsMe) (303) by thermolysis 301 in toluene.
(PNP)Ir(H)(Mes) (40 mg, 0.054 mmol) was dissolved in 0.6 mL of toluene in a J. Young
tube and heated at 70 °C for 40 min. In the **P{*H} NMR spectrum, the resonance of
303 at & 45.3 ppm constituted >95% of the overall *'P intensity. The volatiles were
removed under vacuum and the residue was dissolved in C¢Dg for H NMR
characterization. The *H NMR data are consistent with the presence of two isomers of
303 in approximately 2:1 ratio. The major isomer was readily identified as the meta-
isomer, (PNP)Ir(H)(m-CsHsMe) (303-m) based on the characteristic meta-tolyl pattern
of the corresponding *H NMR resonances. The aromatic resonances of the tolyl group of
the other isomer were obscured by other aromatic resonances (of the PNP ligand);

however two hydride resonances and Me of tolyl resonances were observable. We
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tentatively assign the minor isomer as the para-tolyl isomer (PNP)Ir(H)(p-CsHiMe)
(303-p) based on that the ortho-isomer is expected to be disfavored (and not expected to
be observed when the para-isomer is not!) and on that the likelihood of the four
multiplets of the putative ortho-tolyl group being completely obscured by a small
number of other aromatic resonances is rather small. Data for 303-m follow. '"H NMR
(CeDg): 7.88 (d, 2H, J = 8.4 Hz, PNP-aryl H), 7.66 (s, 1H, ortho-tolyl H), 7.06 (t, 1H, J =
6.8 Hz, meta-tolyl H), 6.98 (d, 1H, J = 6.8 Hz, tolyl-aryl H), 6.94 (s, 2H, PNP-aryl H),
6.87 (d, 2H, J = 8.4 Hz, PNP-aryl H), 6.79 (d, 1H, J = 6.8 Hz, tolyl-aryl H), 2.46 (m, 2H,
CHMe, ), 2.34 (s, 3H, Ar-CHg), 2.24 (m, 2H, CHMe; ), 2.19 (s, 6H, Ar-CHjs), 1.05 (app.
g (dvt), 6H, J = 8.4 Hz, CHMey), 0.97 (m, 12H, CHMe), 0.91 (app. q (dvt), 6H, J = 6.8
Hz, CHMey), -37.4 (br, 1H, Ir-H). *P{*H} NMR (C¢Ds): & 45.3. Data for 303-p follow.
'H NMR (C¢Ds): 7.88 (d, 2H, J = 8.4 Hz, PNP-aryl H), 7.67 (br, 2H, tolyl-aryl H), 7.59
(d, 2H, J = 6.8 Hz, tolyl-aryl H), 6.94 (s, 2H, PNP-aryl H), 6.87 (d, 2H, J = 8.4 Hz, PNP-
aryl H), 2.46 (m, 2H, CHMe; ), 2.30 (s, 3H, Ar-CHs), 2.24 (m, 2H, CHMe, ), 2.19 (s,
6H, Ar-CHs), 1.05 (app. g (dvt), 6H, J = 8.4 Hz, CHMe,), 0.97 (m, 12H, CHMe,), 0.91
(app. q (dvt), 6H, J = 6.8 Hz, CHMe,), -37.6 (t, 1H, J = 12.8, Ir-H). *'P{1H} NMR
(CeDe): & 45.3.

Synthesis of 303 via the reaction of (PNP)(H)(CI) with CgHsCH;MgCI.
(PNP)Ir(H)(CI) (15 mg, 0.023 mmol) and CgHsCH;MgCl (15 pL of the 1.5 M THF
solution, 0.023 mmol) and 0.6 mL CgDg were loaded into a J. Young tube. The progress
of the reaction at ambient temperature was monitored by **P{*H} and *H NMR. In 1 h,

303-m/303-p constituted ca. 64% of the mixture. After 7 h, 303-m/303-p constituted ca.
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77% of the mixture, that also included 19% of 302-ds and <4% of other unidentified
compounds.

(PNP)Ir(H)(CH2-CsH3(CHz3)2)(Py) (304a). (PNP)Ir(H)(Mes) (301) (132 mg, 0.180
mmol) was dissolved in 1 mL of Cg¢Ds in a Schlenk flask, followed by the addition of
pyridine (140 pL, 1.80 mmol). The solution was allowed to stand at room temperature
overnight; the color evolved from brown to yellow. The resultant solution was filtered
through Celite, the volatiles were removed under vacuum, and the yellow solid residue
was recrystallized from ether. Yield: 111 mg, 0.135 mmol, 75%. 'H NMR (CgDs): 6 9.00
(br, 2H, py-H), 8.06 (d, 2H, J = 8.4 Hz, PNP-aryl H), 7.41 (s, 2H, Ar-H), 6.95 (s, 2H,
Ar-H), 6.87 (d, 2H, J = 8.4 Hz, PNP-aryl H), 6.69 (s, 1H, dimethylbenzyl-aryl H), 6.65
(br, 1H, py-H), 6.36 (br, 2H, py-H), 3.67 (br t, 2H, J = 6 Hz, Ir-CHy), 2.54 (m, 2H,
CHMe,), 2.36 (s, 6H, Ar-CHjs), 2.31 (m, 2H, CHMey), 2.21 (s, 6H, Ar-CHgs), 1.17 (app. q
(dvt), J=7.2 Hz, 6H, CHMe,), 1.09 (app. q (dvt), J = 6.4 Hz, 12H, CHMe), 0.38 (app. q
(dvt), J = 6.4 Hz, 6H, CHMe,), -22.5 (t, J = 16 Hz, Ir-H). *C{*H} NMR (CgDs¢): & 161.8
(t, J = 8 Hz, C-N), 158.1 (aryl-C), 152.9 (br, pyridine-C), 136.2 (pyridine-C), 135.7
(pyridine-C), 132.5 (PNP-aryl C), 131.5 (PNP-aryl C), 129.2 (aryl-C), 1255 (t, J = 21
Hz, PNP-aryl C), 124.4 (aryl-C), 123.9 (PNP-aryl C), 116.4 (t, J = 5 Hz, PNP-aryl C),
27.5 (t, J = 17 Hz, CHMe,), 26.3 (t, J = 12 Hz, CHMey), 22.2, 21.0, 19.0, 18.9, 18.6,
17.9, -6.6 (t, J = 2.3 Hz, Ir-CHy,). **P{"H} NMR (C¢Ds): & 18.2. Elem. An.. Found
(Calculated) for CaoHs7NoPolr : C, 58.49 (58.58); H, 7.07 (7.01); N, 3.38 (3.41).

NMR tube reaction to form 304a under dark. (PNP)Ir(H)(mesityl) (301) (13.2

mg, 0.0180 mmol) was dissolved in 1 mL of C¢Ds in a J. Young tube covered with
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aluminum foil, followed by the addition of pyridine (14 pL, 0.180 mmol). This solution
was allowed to stand at room temperature for 22 h; the color evolved from brown to
yellow. 'H NMR and *P{"H} NMR analyses showed that 304a was formed
quantitatively. (PNP)Ir(H)(CH2-CsHs3(CHs)2)(PMes) (304b).  (PNP)Ir(H)(mesityl)
(301) (63 mg, 0.090 mmol) was dissolved in 1 mL of C¢Ds in a Schlenk flask, followed
by the addition of PMes (180 pL, 0.450 mmol). The solution was allowed to stand at
room temperature overnight. The solution was allowed to stand at room temperature
overnight; the color evolved from brown to yellow. The resultant solution was filtered
through Celite, the volatiles were removed under vacuum, and a yellow solid was
obtained. Yield: 60 mg, 0.073 mmol, 81%. *H NMR (CgDs): 5 7.66 (d, 2H, J = 9.6 Hz,
PNP-aryl H), 7.10 (br, 4H, Ar-H), 6.73 (d, 2H, J = 9.6 Hz, PNP-aryl H), 6.59 (s, 1H,
dimethylbenzyl-aryl H), 3.16 (m, 2H, J = 8.4 Hz, J = 3.6 Hz, Ir-CH,), 2.29 (s, 6H, Ar-
CHs), 2.22 (br, 10H, CHMe; and Ar-CHjs), 1.22 (m, 18H, CHMey), 1.07 (app. g (dvt),
6H, J = 7.6 Hz, CHMey), 0.99 (d, 9H, J = 7.2 Hz, PMe3), -11.7 (dt, J = 20 Hz, J = 142
Hz, Ir-H). *C{*H} NMR (CsDs): & 160.2 (t, J = 9 Hz, C-N), 158.5 (aryl-C), 136.1 (aryl-
C), ), 132.3 (aryl-C), 131.6 (PNP-aryl C), 130.0 (PNP-aryl C), 129.3 (t, J = 11 Hz, PNP-
aryl C), 124.0 (aryl-C), 123.7 (t, J = 3.8 Hz, PNP-aryl C), 116.0 (t, J = 3.8 Hz, PNP-aryl
C), 30.7 (m, CHMey), 27.4 (t, J = 11 Hz, CHMe,), 22.1, 21.0, 20.0, 19.6, 19.0, 18.8,
17.8, 17.6, -18.3(m, Ir-CHy). **P{*H} NMR (C¢Ds): 6 14.3 (d, J =17 Hz), -55.1 (t, J = 17
Hz). Elem. An.. Found (Calculated) for CssHs:NPslr: C, 56.01 (55.86); H, 7.56 (7.53);

N, 1.71 (1.71).
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(PNP)Ir(H)(CH2-CsH3(CHs3)2)(C3H3NS) (304c). (PNP)Ir(H)(Mes) (301) (25 mg,
0.033 mmol) was dissolved in 0.6 mL of CgDg in a J. Young tube, followed by the
addition of thiazole (85 pL, 1.3 mmol). The reaction mixture was heated at 60 °C for 10
min. The volatiles were removed under vacuum and the residue was recrystallized from
ether to get a yellow solid. Yield: 20 mg, 0.024 mmol, (73%). *H NMR (C¢Ds): & 8.77
(br, 1H, thiazole-H), 8.09 (br, 1H, thiazole-H), 7.96 (d, 2H, J = 8.8 Hz, PNP-aryl H),
7.36 (s, 2H, Ar-H), 6.95 (s, 2H, Ar-H), 6.83 (d, 2H, J = 8.8 Hz, PNP-aryl H), 6.69 (s,
1H, dimethylbenzyl-aryl H), 6.18 (s, 1H, thiazole-H), 3.64 (br, 2H, Ir-CH,), 2.45 (m, 2H,
CHMey), 2.36 (s, 6H, Ar-CHj3), 2.27 (m, 2H, CHMe,), 2.25 (s, 6H, Ar-CHs), 1.09 (m,
18H, CHMe,), 0.41 (app. q (dvt), 6H, J = 6.8 Hz, CHMe,), -22.6 (t, 1H, J = 17 Hz, Ir-H).
$1pLIHY NMR (CgDg): 6 19.5.

Synthesis of (PNP)Ir(H)(CeHs)(Py) (305) by thermolysis of 304a in CgHs.
(PNP)Ir(H)(CH2-CgH3(CHs),)(Py) (304a) (24.5 mg, 0.0300 mmol) was dissolved in 0.6
mL of CgHg in a J. Young tube. Pyridine (24 pL, 0.300 mmol) was added. The reaction
mixture placed into a 85 <C oil bath. **P{*H} NMR and 'H NMR analysis revealed that
304a converted to 305 gradually and the conversion was complete after 48 h. The
volatiles were removed under vacuum and the yellow solid thus obtained was washed
with ether and dried in vacuo to give 18 mg (79%) of 305. Synthesis of 305 from 302.
(PNP)Ir(H)(Ph) (302) (20 mg, 0.03 mmol) was dissolved in 0.6 mL of C¢Dg in a J.
Young NMR tube. Pyridine (10 pL, 0.12 mmol) was added. The brown solution changed
to yellow immediately. The volatiles were removed in vacuo and 305 was obtained as a

yellow solid. *H NMR (CeDg): & 9.16 (br, 2H, py-H), 8.03 (br, 2H, phenyl-H), 7.98 (d,



98

2H, J = 8.8 Hz, PNP-aryl H), 7.17 (m, 3H, tolyl-aryl H, overlapped with the solvent),
6.91 (s, 2H, PNP-aryl H), 6.87 (d, 2H, J = 8.4 Hz, PNP-aryl H), 6.64 (t, 1H, J = 8 Hz,
py-H), 6.32 (br, 2H, J = 6.8 Hz, py-H), 2.50 (m, 2H, CHMe,), 2.33 (m, 2H, CHMe,),
2.18 (s, 6H, Ar-CHs), 0.99 (m, 18H, CHMe,), 0.68 (app. q (dvt), 6H, J = 6.4 Hz,
CHMey), -21.6 (t, J = 16 Hz, Ir-H). *C{*H} NMR (CgDs): & 161.6 (t, J = 8 Hz, C-N),
154.8 (pyridine-C), 146.9 (Ir-C¢Hs), 135.9 (pyridine-C), 135.3 (t, Jc.p= 6.1 Hz, Ir-CgHs-
ipso), 132.6 (PNP-aryl C), 131.6 (PNP-aryl C), 126.6 (Ir-C¢Hs), 125.8 (t, J = 21 Hz,
PNP-aryl C), 124.2 (PNP-aryl C), 123.9 (pyridine-C), 120.8 (Ir-C¢Hs), 116.9 (t, J = 4.6
Hz, PNP-aryl C), 28.8 (t, J = 17 Hz, CHMe,), 26.2 (t, J = 12 Hz, CHMe,), 21.0, 19.4,
19.3, 18.8, 18.6. *'P{"H} NMR (CgH¢): & 19.4.

Synthesis of (PNP)Ir(D)(CeDs)(Py) (305-ds) by thermolysis of 304a in CgDs.
(PNP)Ir(H)(CH2-CgH3(CHs)2)(Py) (24.5 mg, 0.0300 mmol) was dissolved in 0.6 mL of
CsDs in a J. Young tube. Pyridine (24 pL, 0.300 mmol) was added. The reaction mixture
was placed into an 85 <C oil bath. *P{*H} NMR and *H NMR analysis revealed that
304a converted to (PNP)Ir(D)(CsDs)(Py) (305-ds) gradually and the conversion was
complete after 48 h. The volatiles were removed under vacuum and the resultant yellow
solid was washed with ether and dried in vacuo. Yield: 16 mg, 0.021 mmol, 70%. ‘H
NMR (CgDg): 5 9.18 (br, 2H, py-H), 7.96 (d, 2H, J = 8.8 Hz, PNP-aryl H), 6.91 (s, 2H,
PNP-aryl H), 6.87 (d, 2H, J = 8.8 Hz, PNP-aryl H), 6.63 (t, 1H, J = 8 Hz, py-H), 6.30 (t,
2H, J = 8 Hz, py-H), 2.50 (m, 2H, CHMe,), 2.34 (m, 2H, CHMey), 2.18 (s, 6H, Ar-CHs),
0.99 (m, 18H, CHMe,), 0.68 (app. q (dvt), 6H, J = 6.8 Hz, CHMe,). *C{*H} NMR

(CéDe): & 161.7 (t, J = 9 Hz, C-N), 154.9 (pyridine-C), 146.4 (br, Ir-C¢Ds), 135.9
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(pyridine-C), 135.0 (t, Jc.p= 5.3 Hz, Ir-C¢Ds), 132.6 (PNP-aryl C), 131.6 (PNP-aryl C),
126.3 (br, Ir-CgDs), 125.8 (t, J = 21 Hz, PNP-aryl C), 124.2 (br, PNP-aryl C), 123.9
(pyridine-C), 120.4 (br, Ir-Cg¢Ds), 116.9 (t, J = 4.6 Hz, PNP-aryl C), 28.8 (t, J = 17 Hz,
CHMey), 26.2 (t, J = 12 Hz, CHMey), 21.0, 19.4, 19.3, 18.8, 18.6. *'P{*H} NMR (CgD):
d 19.4. Elem. An.. Found (Calculated) for Cz7HssDgNP2lr: C, 56.68 (56.74); H, 7.33
(7.24); N, 3.57 (3.46).

(PNP)Ir(H)(CsHsMe)(py) (306). PNP)Ir(H)(Mes) (301) (10 mg, 0.014 mmol) was
dissolved in 0.6 mL of toluene in a J. Young tube and heated at 70 <C for 18 h. 3P NMR
evidenced the formation of 303 in >95% yield. Pyridine (10 pL, 0.13 mmol) was added
to the above solution and the brown solution changed to yellow immediately. Two
singlets at & 19.2 and 19.3 ppm (2:1 ratio) were detected by **P{*H} NMR. The volatiles
were removed in vacuo and dissolved in C¢Ds for "H NMR characterization. A broad
resonance at & 19.5 ppm was evident in **P NMR (presumably two resonances
overlapping). The NMR data are consistent with the presence of two isomers of 306
formed by simple addition of pyridine to the in situ-formed 303-m and 303-p. The major
isomer was identified as (PNP)Ir(H)(m-CsHsMe)(py) (306-m) based on the *H NMR
data. The aromatic resonances of the minor isomer are somewhat obscured. We
tentatively assign it as (PNP)Ir(H)(p-CsHsMe) (306-p) (see the explanation for the
synthesis of 303-m/303-p above). Data for 306-m follow. *H NMR (CsDs): & 9.21 (br,
2H, py-H), 7.96 (d, 2H, J = 8.8 Hz, PNP-aryl H), 7.92 (s, 1H, ortho-tolyl H), 7.78 (d,
1H, J = 7.6 Hz, tolyl-aryl H), 7.10 (t, 1H, J = 7.2 Hz, meta-tolyl H), 7.02 (d, 1H, J=7.6

Hz, tolyl-aryl H), 6.92 (s, 2H, PNP-aryl H), 6.85 (d, 2H, J = 8.4 Hz, PNP-aryl H), 6.63
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(t, 1H, J = 7.2 Hz, py-H), 6.32 (t, 2H, J = 6.4 Hz, py-H), 2.52 (m, 2H, CHMe,), 2.40 (s,
3H, Ar-CHg), 2.37 (br, 2H, CHMe,), 2.18 (s, 6H, Ar-CHjz), 0.91 (m, 18H, CHMe;), 0.68
(app. (dvt), 6H, J = 7.2 Hz, CHMe,), -21.6 (br, Ir-H). *H NMR ((CD3),CO): & 10.23 (br,
2H, py-H ), 8.86 (t, 1H, J = 7.2 Hz, meta-tolyl H), 8.76 (s, 1H, ortho-tolyl H), 8.72 (d,
2H, J = 8.4, PNP-aryl H), 8.62 (d, 1H, J = 7.2 Hz, tolyl-aryl H), 8.32 (t, 2H, J = 6.8 Hz,
py-H), 8.09 (s, 2H, PNP-aryl H), 7.90 (d, 2H, J = 8.4 Hz, PNP-aryl H), 7.76 (t, 1H, J =
7.2 Hz, py-H), 7.61 (d, 1H, J = 7.2 Hz, tolyl-aryl H), 3.82 (br, 2H, CHMe,), 3.58 (br,
2H, CHMey), 3.31 (s, 6H, Ar-CHs), 3.27 (s, 3H, Ar-CHs), 2.28 (app. (dvt), 6H, J = 5.6
Hz, CHMe,), 2.11 (app. (dvt), 6H, J = 6.8 Hz, CHMe,), 2.01 (app. (dvt), 6H, J = 6.8 Hz,
CHMe,), 1.88 (app. (dvt), 6H, J = 6.8 Hz, CHMe;), -20.8 (br, 1H, Ir-H). Partial data for
306-p follow. 'H NMR (CgDs): 6 2.52 (m, 2H, CHMe,), 2.38 (s, 3H, Ar-CHs), 2.37 (br,
2H, CHMe,), 2.18 (s, 6H, Ar-CHjs), 0.91 (m, 18H, CHMey,), 0.68 (app. (dvt), 6H, J =7.2
Hz, CHMe,), -21.6 (br, Ir-H).

Synthesis of (PNP)Ir(H)(CH,CsHs)(py) (308) and its thermolytic conversion to
306. (PNP)Ir(H)(CI) (307) (20 mg, 0.030 mmol) was dissolved in 0.6 mL of CgHg ina J.
Young tube and pyridine (12 pL, 0.15 mmol) was added. C¢HsCH,MgClI (30 pL of 1 M
solution in ether, 0.030 mmol) was slowly added. The solution changed to orange
immediately and was filtered through Celite to remove the insolubles. The volatiles were
removed from the filtrate in vacuo and the residue was dissolved in C¢Dg for NMR
characterization. When this solution was heated at 70 °C for 18 h, the **P NMR and 'H
NMR analysis indicated that 308 had disappeared and the solution contained a mixture

of 306-m/306-p (40% by *P{*H} NMR: & 19.1, 19.2; 'H NMR for hydride signals & -
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21.6), one maJor unidentified compound (**P{*H} NMR: & 43.5 (40%)), and other
unidentified compounds (20%). Compound 308 was not isolated and only characterized
by NMR spectroscopy in solution. *H NMR (C¢Ds): 8.96 (br, 1H, py-H), 8.02 (d, 2H, J =
8.4 Hz, PNP-aryl H), 7.90 (br, 1H, para-phenyl H), 7.76 (d, 2H, J = 7.2 Hz, ortho-
phenyl H), 7.29 (t, 2H, J =7.2 Hz, meta-phenyl H), 6.93 (s, 2H, PNP-aryl H), 6.85 (d,
2H, J =8.4 Hz, PNP-aryl H), 6.72 (br, 2H, py-H), 6.39 (br, 2H, py-H), 3.73 (t, 2H, J =
5.6 Hz, Ir-CHy), 2.56 (br, 2H, CHMey), 2.30 (br, 2H, CHMe,), 2.20 (s, 6H, Ar-CHy),
1.06 (m, 18H, CHMe;), 0.40 (app. (dvt), 6H, J = 7.2 Hz, CHMe,), -22.6 (t, 1H, J = 17
Hz, Ir-H). *P{*H} NMR (C4Ds): & 18.3.

Kinetic studies of formation of 304a from 301. (PNP)Ir(H)(Mes) (301) (80.0 mg,
0.108 mmol) was treated with CgDs to bring the total volume to 1.60 mL (0.0680 M in
Ir). 0.400 mL of this solution was placed into each of four J. Young NMR tubes. 22.0,
44.0, 66.0, 88.0 uL pyridine were added to each tube, respectively. Then CgDg was
added to bring the volume of solution in each tube to 0.500 mL (resulting [py] = 0.540,
1.08, 1.62, 2.16 M, [Ir] = 0.0540 M). These solutions were stored frozen in liquid N,
until retrieved to perform VT NMR Kkinetic studies. Temperature was measured before
and after each run using the ethylene glycol chemical shift thermometer. Standard
deviations for the determination of rate constants were obtained from the linear
regression analysis by Microsoft Excel (twice the deviation calculated by Excel). The

following values of rate constant at 35 °C were found for the rate law below:
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d([301]) = -k<[301] >ait:

In[1]

Time (s)

(a)

In[1]

Time (s)

(c)

[pyl, M k,s™
Z
0.51 3.41(14)<10
1.08 3.19(17)><10"
1.62 3.45(17)>10™
2.16 3.08(12)>10™
-2
-2.2
-2.4
- -2.6
E -2.8

In[1]

-3
-3.2
-3.4
-3.6

Time (s)

(b)

Time (s)

(d)

Figure S1. Disappearance of 301 as a function of time ((a): [py] = 0.54 M; (b): [py] =
0.54 M; (c): [py] = 1.62 M; (d): [py] = 2.16 M)

Kinetic studies of conversion of 304a to 302. Compound 304a (0.0980 g, 0.120

mmol) was treated with CgHs to bring the total volume to 1.60 mL (0.0750 M in Ir).
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0.400 mL of this solution was placed into each of four J. Young NMR tubes. 24, 48, 72,
96 uL pyridine were added separately to each tube. Then cgns Was added to bring a total
volume of 0.500 mL volume (resulting [py] = 0.600, 1.20, 1.80, 2.40 M; [Ir] = 0.0600
M). The four J. Young NMR tubes were simultaneously kept in the same 85 <C oil bath.
Conversions were measured by periodically rapidly cooling the solutions to ambient
temperature and collecting NMR spectra at ca. 22 <C. The standard deviations were
taken to be twice the deviation calculated by the statistical analysis in Microsoft Excel.

The following values of rate constant were found at 85 <C for the rate law below:

d([304a]) = -kobsx=[(304a)] >dt:

[py], M Kobs, S
7
0.60 1.99(3)%10
1.20 0.93(3)<10™
1.80 0.56(3)*10™
2.40 0.45(3)x10™
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Figure S2. Disappearance of 304a as a function of time ((a): [py] = 0.60 M; (b): [py] =
1.20 M; (c): [py] = 1.80 M; (d): [py] = 2.40 M)

Synthesis of (PNP)Ir=C(OC3Hg) (312). (PNP)Ir(H), (310) (76 mg, 0.12 mmol) and
norbornene (83 mg, 0.86 mmol) were dissolved in tetrahydrofuran (600 ulL) and
transferred to a J. Young tube. An immediate color change to brown was accompanied
by the appearance of a singlet in the **P{*H} NMR spectrum at & 46.7 ppm. Thermolysis
of the solution (60 <C, 7 h) resulted in a color change to dark red and ca. 97% conversion
to another product at & 43.1 ppm. The solution was filtered through Celite, and the
filtrate was collected.Volatiles were removed in vacuo, and 312 was obtained as a pure
solid by slow evaporation of pentane from a concentrated solution at -35 <T (21.6 mg,
0.031 mmol, 24%). *H NMR (CeDg): & 7.87 (d, J = 8.4 Hz, 2H, Ar-H), 7.25 (s, 2H, Ar-

H), 6.86 (d, J = 8.4 Hz, 2H, Ar-H), 3.50 (t, *Ju.n = 6.9 Hz, 2H, CsHs0), 2.67 (m, 4H,
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CH(CHa),), 2.29 (s, 6H, Ar-CHs), 1.39 (quintet, 3Jy.y= 7.2 Hz, 2H, C3Hg0), 1.30 (dvt,
12H, CH(CHs)y), 1.24 (dvt, 12H, CH(CHs),), 0.39 (t, %Jun =7.5 Hz, 2H, C3Hg0).
BC{"H} NMR (C¢Ds): & 232.6 (t, 2Jp.c = 11 Hz, Ir=C), 164.1 (t, J = 17 Hz, C-N), 132.5
(PNP-aryl C), 131.2 (PNP-aryl C), 125.3 (PNP-aryl C), 124.7 (PNP-aryl C), 116.4
(PNP-aryl C), 74.6, 60.3, 26.2, 24.2, 20.6, 19.8, 18.7. **P{"H} NMR: & 42.9 (s). Elem.
An.. Found (Calculated) for CzoHssNOPIr: C, 52.16 (51.98); H, 6.71 (6.66); N, 2.03
(1.90).

Solution characterization of trans-(PNP)Ir(H),=C(C3HgO) (311-Hy). (PNP)IrH,
(310) (39 mg, 0.062 mmol) was dissolved in 0.6 mL of C¢Dg in a J. Young tube followed
by the addition of 2,3-dihydrofuran (14 pL, 0.19 mmol). **P{"H}NMR spectroscopy
showed >97% conversion to 6-H, (8 46.7 ppm). *H NMR (CgD¢): 5 7.78 (d, J = 8 Hz,
2H, Ar-H), 7.02 (s, 2H, Ar-H), 6.73 (d, J = 8 Hz, 2H, Ar-H), 3.66 (t, J4.n= 6 Hz, 2H,
C3Hg0), 2.14-2.24 (m, 10H, Ar-CH3 and -CH(CHj3),), 1.02-1.22 (m, 28H, CH(CHj3), and
C3Hg0), -7.86 (t, *Jp.y = 15 Hz, 2H, Ir-H). *C{*H} NMR (CgD¢): & 261.2 (br, Ir=C),
161.9 (t, J = 9 Hz, C-N), 130.7 (PNP-aryl C), 124.7 (t, J = 25 Hz, PNP-aryl C), 122.8 (t,
J = 24 Hz, PNP-aryl C), 115.6 (t, J = 4 Hz, PNP-aryl C), 79.7, 65.4, 26.4 (t, J = 16 Hz),
23.7,20.6, 18.9, 18.6. *'P{"H} NMR: & 46.7 (s). *H NMR (CD:Cly): & 7.29 (d, J = 8 Hz,
2H, Ar-H), 6.89 (s, 2H, Ar-H), 6.65 (d, J = 8 Hz, 2H, Ar-H), 4.41 (t, J = 7 Hz, 2H,
C3Hs0), 2.62 (t, J = 8 Hz, 2H, C3H60), 2.33 (m, 4H, CH(CHa)y), 2.18 (s, 6H, Ar-CHa),
1.80 (m, 2H, C5Hg0), 1.10 (m, 24H, CH(CHs),), -8.58 (t, J = 15 Hz, 2H, Ir-H). *'P{*H}

NMR (CDCl,): 5 46.7 (s).
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Solution Characterization of (PNP)Ir(H)(1,4-dioxan-2-yl) (313). (PNP)IrH, (310)
(14.8 mg, 0.024 mmol) was combined with norbornene (14 mg, 0.14 mmol) in a J.
Young tube and dissolved in 0.6 mL of 14-dioxane. *P NMR of the sample
immediately displayed two doublets and an unidentified compound with a singlet at 42.9
ppm (ca. 15% by 3P NMR). The volatiles were partially removed and the residues
redissolved in CsDg. *P NMR in CsDs showed the same percentage of a singlet at 41.9
ppm (ca. 15%) and two doublets representing 313 together with some amount of
(PNP)IrH,. *H NMR(C¢Ds): & 7.75 (m, 2H, Ar-H), 7.02 (d, J = 6 Hz, 1H, Ar-H), 6.97 (d,
J =6 Hz, 1H, Ar-H), 6.83 (d, J = 8 Hz, 2H, Ar-H), 5.65 (m, 1H, C4H;0), 4.02 (m, 2H,
C.+H-0), 3.80 (m, 2H, C4H;0), 3.74 (d, J = 10 Hz, 1H), 3.52 (d, J = 11 Hz, 1H), -34.2 (t,
$Jp.n =13 Hz, 1H). All other protons of 313 were obscured by an unknown compound
and traces of (PNP)IrH,. *P{*H} NMR: & 46.5 (d, J = 322 Hz), 43.7 (d, J = 322 Hz).
Thermolysis of 313 in 1, 4-dioxane leads to the transformation back to (PNP)IrH.
Removal of solvent in vacuo also regenerates (PNP)IrH..

Synthesis of (PNP)Ir(H)(1,4-dioxan-2-yl)(CO) (314). (PNP)IrH, (310) (53 mg,
0.085 mmol) was combined with norbornene (26 mg, 0.26 mmol) in a J. Young tube and
dissolved in 0.6 mL of 1,4-dioxane. A *P NMR spectrum of the sample immediately
revealed two doublets and an unidentified compound with a singlet at 42.9 ppm (ca. 15%
by *'P NMR). The solution was frozen and the headspace evacuated and backfilled with
carbon monoxide (1 atm). As the solution thawed, a gradual change in color from brown
to yellow was observed, and *P NMR spectroscopy showed that the mixture contained

80% 314. The volatiles were removed under vacuum, and the residue was crystallized in
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toluene/pentane to obtain analytically pure 314 (26 mg, 0.035 mmol, 43%). ‘H
NMR(CgD¢): & 7.64 (d, J = 8 Hz, 2H, Ar-H), 6.95 (s, 1H, Ar-H), 6.82 (s, 1H, Ar-H), 6.71
(t, J = 8 Hz, 2H, Ar-H), 5.27 (m, 1H, CsH;0), 3.94 (m, 2H, CsH;0), 3.78 (m, 2H,
C4H;0), 3.68 (d, %Ju.y = 8 Hz, 1H), 3.54 (d, *Ju.u = 9 Hz, 1H, C4H;0), 2.43 (m, 1H,
CH(CHs)y), 2.37 (m, 2H, CH(CHa),), 2.19 (s, 3H, Ar-CHs), 2.16 (s, 3H, Ar-CHs), 2.07
(m, 1H, CH(CHs3)2), 1.36 (q, *Ju-+ = 8 Hz, 3H, CH(CH3),),1.20 (q, *Ju.n = 8 Hz, 9H,
CH(CHs)2), 1.12 (q, *Jn-+ = 8 Hz, 9H, CH(CHs),), 0.91 (q, *Ju-+ = 8 Hz, 3H, CH(CHs)y),
-8.34 (t, *Jp.y = 17 Hz, 1H, Ir-H). B*C{*H} NMR (C¢Ds): 8 179.7 (t, 2p.c= 5 Hz), 161.1
(t, J = 8 Hz, C-N), 160.9 (t, J = 8 Hz,CN), 131.7 (PNP-aryl C), 131.5 (PNP-aryl C),
130.7 (PNP-aryl C), 130.6 (PNP-aryl C), 124.4 (t, J = 6 Hz, PNP-aryl C), 124.1 (t, J = 3
Hz, PNP-aryl C), 124.0 (t, J = 3 Hz, PNP-aryl C), 123.1 (t, J = 6 Hz, PNP-aryl C), 115.8
(t, J = 4 Hz, PNP-aryl C), 115.2 (t, J =4 Hz, PNP-aryl C), 81.6, 70.5, 67.1, 51.8 (t, J =2
Hz), 26.6 (t, J =16 Hz), 26.5, 25.9 (t, J =15 Hz), 25.8, 20.5, 20.4, 18.7, 18.4, 18.2, 18.0,
17.6, 17.5, 17.1, 17.0. **P{"H} NMR: § 28.6 (5). IR (cm™) v(CO): 1980. Elem. An..
Found (Calculated) for C3;H4sNO3P,Ir: C, 50.53 (50.69); H, 6.57 (6.54); N, 1.90 (1.85).
Synthesis of trans-(PNP)Ir(H),(CO) (315) from 1,3,5-trioxane. (PNP)IrH, (310)
(16.5 mg, 0.026 mmol) was placed in a J. Young tube followed by the addition of a
mesitylene solution of 1,3,5-trioxane (33 mg, 0.36 mmol) and norbornene (5 mg, 0.053
mmol). *P{*H} NMR spectroscopy showed instantaneous generation of a reaction
mixture containing 60% of the known compound (PNP)Ir(H)(Mes),(301) 15% of the
trans-(PNP)Ir(H)2(CO) (315) and 25% of an unidentified compound (42.1 ppm). The

reaction mixture was heated at 85 °C for 30 min, after which time P and 'H NMR
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showed quantitative generation of trans-(PNP)Ir(H),(CO) (315) from all three
intermediates.

X-Ray data collection, solution, and refinement for 304c. All operations were
performed on a Bruker-Nonius Kappa Apex2 diffractometer, using graphite-
monochromated MoKa radiation. All diffractometer manipulations, including data
collection, integration, scaling, and absorption corrections were carried out using the
Bruker Apex2 software.'® Preliminary cell constants were obtained from three sets of
12 frames. Data collection was carried out at 120 K, using a frame time of 10 sec and a
detector distance of 60 mm. The optimized strategy used for data collection consisted of
seven phi and two omega scan sets, with 0.5°steps in phi or omega; completeness was
99.1%. A total of 4961 frames were collected. Final cell constants were obtained from
the xyz centroids of 9594 reflections after integration.

From the lack of systematic absences, the observed metric constants and intensity
statistics, space group P2i/n was chosen initially; subsequent solution and refinement
confirmed the correctness of this choice. The structures were solved using SIR-92,*%
and refined (full-matrix-least squares) using the Oxford University Crystals for
Windows program.’®” All ordered non-hydrogen atoms were refined using anisotropic
displacement parameters; the hydride ion attached to Ir was refined using an isotropic
displacement parameter. Hydrogen atoms attached to carbon atoms were fixed at
calculated geometric positions and allowed to ride on the corresponding carbon atoms.

The crystal structure of 304c contained disorder of the thiazole moiety, which was

resolved successfully. The two-component disorder was described with a constraint that
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the occupancies of the major and minor components sum to 1.0. Both major and minor
component atoms were refined by using isotropic displacement parameters. Atoms S(1)
and C(38) were disordered via an approximate reflection plane passing through Ir(1),
N(2) and the midpoint of the C(38)-S(1) bond. However, the disorder is not statistical:
the occupancy of the major component is 0.779(4). The final least-squares refinement
converged to Ry = 0.0223 (I > 20(1), 8478 data) and wR;, = 0.0591 (F?, 10804 data, 397
parameters).

X-Ray data collection, solution, and refinement for 312. All operations were
performed on a Bruker-Nonius Kappa Apex2 diffractometer, using graphite-
monochromated MoKa radiation. All diffractometer manipulations, including data
collection, integration, scaling, and absorption corrections were carried out using the
Bruker Apex2 software.'® Preliminary cell constants were obtained from three sets of
12 frames. Data collection was carried out at 120 K, using a frame time of 10 sec and a
detector distance of 60 mm. A total of 3173 frames were collected. Final cell constants
were obtained from the xyz centroids of 9725 reflections after integration.

From the lack of systematic absences, the observed metric constants and intensity
statistics, space group Pbca was chosen initially; subsequent solution and refinement
confirmed the correctness of this choice. The structures were solved using SIR-92,*%
and refined (full-matrix-least squares) using the Oxford University Crystals for
Windows program.’®” All ordered non-hydrogen atoms were refined using anisotropic
displacement parameters. Hydrogen atoms attached to carbon atoms were fixed at

calculated geometric positions and allowed to ride on the corresponding carbon atoms.
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The carbene ring was placed such that the O atom was in the 2-position (as
established from spectroscopic evidence). The carbene ring lies on a crystallographic 2-
fold axis containing the Ir and C14 atoms, and thus the O and C atoms must be
disordered in the 2- and 5-positions. Beyond this expected disorder, it was noted that the
oxygen atom (O1) and the carbon atom in the 5-position (C15) are not strictly related by
the crystallographic 2 axis; further, the atoms in the 3- and 4- positions (C17, C16) are
also not related by the 2-fold axis. In the final model the occupancies of atoms O1, C15,
C16, and C17 were fixed at 0.5 and refined by using isotropic displacement parameters.
In addition, both angular and distance restraints were made to various atoms on the ring,
with an angular restraint for C14-0O1-C17 of 110.0(5)<and distance restraints of C15 to
C16, C17 to O1, C14 to C15, C16 to C17, and C14 to O1 of 1.500, 1.490, 1.400, 1.480,

and 1.350 (with esd’s of 0.005), respectively.
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CHAPTER IV
C-H AND C-O OXIDATIVE ADDITION IN REACTIONS OF ARYL

CARBOXYLATES WITH (PNP)Rh FRAGMENT"

4.1 Introduction

Catalytic transformations of aryl halides that rely on the oxidative addition (OA) of
Caryi-halogen bond to a Ni(0) or Pd(0) center are among the most explored, useful, and
celebrated reactions in chemistry.®*"**® The ability to perform similar reactions using
Ar-O,CR (O,CR = carboxylate, carbamate, carbonate) instead of Ar-Hal is an attractive
expansion because Ar-O,CR substrates are easily prepared from phenols (Ar-OH).
Phenols are available through routes and in environments not always easily duplicated
with aryl halides. In addition, Ar-O,CR groups may provide avenues for directing
functionalization of the arene ring that are not accessible with aryl halides.™*

Coupling reactions of Ar-O,CR and even other Ar-OR’ electrophiles have been

140-142

successfully explored with Ni catalysts. The interest in the use of Ar-O,CR has

increased significantly in the last few years, with reports on Suzuki-Miyaura coupling by

144 . 14 143a, 14
Shl, 5 3a, 6

Garg, 143 Nakamura, and Snieckus and on aromatic amination by
Chatani™’ using aryl pivalates and carbamates. There is sound evidence indicating that

Can-O2CR OA is part of the catalytic cycle in these reactions, "7 18 however,

*[Zhu, Y.; Smith, D. A.; Herbert, D. E.; Gatard, S.; Ozerov, O. V. Chem. Commun. 2012, 48, 218.]-
Reproduced (parts of this chapter) by permission of The Royal Society of Chemistry
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authentic, well-defined Car-O,CR OA as an individual reaction has not been studied

experimentally.'*

. 150,20,
Our group has been exploring %

oxidative addition reactions of aryl halides
with the T-shaped d* (PNP)Rh species 406 (Scheme 4-1). The (PNP)Rh fragment 406
participates in reactions similar to those of L,M’ (M = Pd, Ni), despite possessing a
different geometry and a different d-electron configuration. Recently, we have also
explored catalysis of the arylation of aryl halides with a closely related (P°C°P)Rh
fragment.”® We became interested in whether such a Rh fragment can also undergo

Can1-O2CR OA and here we disclose our results showing that it is indeed possible with

(PNP)Rh.

N—RA— Ve
. / "Ph
Me., o P 403 Vi

/

/ el b Bip
p /3344 L 2
401 o l
\ N—Rh/Me . N—Rh

/ CH2Ph -MeCH,Ph I )
P 404 PiPr2

/ (PNP)Rh, 406
Q‘(\
Ph = o

§~P PhCH,MgCl N_Rﬁs“/ph °° -PhF ﬂ +PhF
N__/Rh\CI P/ “CH,Ph T
P" 402 405 §P
N—RA—7)

P/ 407

Scheme 4-1. Synthesis of various precursors to (PNP)Rh (406).
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4.2 Results and discussion
4.2.1 Synthesis of the synthons for (PNP)Rh
The key fragment 406 cannot be isolated or observed because of its high

reactivity.™

We have devised two ways to access it in solution: a) either by irreversible
C-C reductive elimination (RE) or b) by reversible dissociation from a place holder
ligand.®™ It is more convenient (although not always necessary) to have access to an
isolable precursor to 406. For (a), the C-C RE in (PNP)Rh(Ph)(Me) (403), reported
previously,”” conveniently generates 406 from (PNP)Rh(Me)(Cl) (401),%® however it

occurs too rapidly for isolation and storage of pure 403, C-C RE in

(PNP)Rh(Me)(CH2Ph) (404) and (PNP)Rh(Ph)(CH.Ph) (405) proceeded more slowly

287 K
255K
A e " A\
1
245K | N

ﬁ_JL

LI e e e B B e e e B B e B e e B e .. By B S s s By B B B s By
-55 -60 -65 =70 -75 -0 -85 -80 -85 ppm

Figure 4-1. Variable temperature *°F NMR spectra of 407 in PhF.
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293K

Figure 4-2. Variable temperature *H NMR spectra of 407 in PhF (Referenced to trace
poly(dimethylsiloxane) as 0 ppm and only hydride region shown).

and we were able to isolate 405 as a pure solid from (PNP)Rh(Ph)(CI) (402) (Scheme 4-
1).

For (b), the weakest practical adduct of (PNP)Rh would be one with the solvent.
Given that we typically use aromatic solvents for our studies, an arene adduct was an
appealing target. Thermolysis of 403 in fluorobenzene resulted in the formation of a
product that in the pure isolated form analyzed correctly for the empirical formula of
“(PNP)Rh(PhF)” (407, Scheme 4-1). In solution at near ambient temperature, 407 is
only stable in PhF as solvent. It gave rise to a single **P NMR resonance at 20 <C at
52.4 ppm (d, Jp.rn = 113 Hz) while no identifiable *°F NMR or upfield hydride *"H NMR
resonance could be detected for 407 at 20 <C. However, upon cooling to -34 <C, a few

F NMR resonances in the -50 to -95 ppm range and a few broad *H NMR resonances
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in the -25 to -41 ppm range were detected (Figure 4-1, 4-2). The paucity of the available
data precluded conclusive identification of the species in solution, but it seems most
likely that a rapid equilibrium between various isomers (including rotamers) of
(PNP)Rh(H)(CsH4F) takes place, perhaps also involving a m-complex of PhF. This
analysis is consistent with the observed average Jp.rn = 113 Hz, that is indicative of
trivalent Rh in the PNP framework and is similar to the Jprn values of other C-H OA
products reported here and elsewhere."® Caulton et al. reported that the ground state of
(PNP)Rh (where SPNP = (‘Bu,PCH,SiMe,),N) is an intramolecular C-H OA product
that exists in equilibrium with a phenyl/hydrido “adduct” in benzene solution.™ The X-
ray structural determination on a crystal of 407 (Figure 4-3) revealed a
fluorophenyl/hydride structure. The substitutional disorder of the fluorophenyl group in
the crystal (50% F syn with Rh-H, 50% anti) is consistent with the notion of rotamers of
close energy. No C-F OA was observed after thermolysis at 95 <C for 18 h in neat PhF.
4.2.2 Reaction of (PNP)Rh with PhO,CPh and MeO,CPh

We selected several Ar-O,CR substrates for our study and monitored their reaction
with 405 (Scheme 4-2A) under mild thermolysis (60 <C, 2-3 h) by NMR spectroscopy in
situ.  These thermolytic conditions were needed to complete the C-C reductive
elimination in 405; the reaction of the presumed 406 so generated with the substrate was
much faster as no intermediates were observed. We were able to use (PNP)Rh

precursors other than 405 for these syntheses, as shown in Scheme 4-2B.
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Scheme 4-2. A (top): Reactions of 405 under mild thermolysis (60 <C, 2-3 h) with
various esters (1.1-3 equiv per Rh). B (bottom): Preparative isolation of compounds

408, 410, 412, and 413,

The reaction of 405 with phenyl benzoate and, for comparison also with methyl

benzoate, resulted in complete conversion to the C-H OA products 408 and 4009,

respectively. The C-H OA took place exclusively at the ortho-position of the benzoate

Ph ring. Harsher thermolysis (100 <C, 18 h) of 408 or 409 did not result in any further

transformations. Our group recently described™ analogous ortho-C-H OA™? taking

place in nitroarenes and arenecarboxylic acid esters.

The ortho-O chelated C-H OA
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products share common diagnostic spectroscopic features. For example, 408 gave rise to
a 'H NMR hydride resonance at & -19.9 ppm as well as a **C{*H} resonance at 181.0
ppm for the Rh-bound carbon, both of which manifested themselves as doublets of
triplets (Ju-rn = 35 Hz, Jup = 14 Hz; Jc.rn = 28 Hz, Jc.p = 10 Hz). A single crystal X-ray
diffraction study confirmed the structure of 408 (Figure 4-4). As expected, the carbonyl
oxygen is coordinated to Rh, completing the d® Rh(l11) octahedral coordination sphere.
4.2.3 Reaction of (PNP)Rh with PhO,CCF;

In terms of its basicity and leaving group ability in organic chemistry,

153 We wondered if

trifluoroacetate is probably the most “halide-like” of carboxylates.
phenyl trifluoroacetate might also be the most “aryl halide-like” in OA reactivity.
However, the reaction of in-situ generated 407 with it resulted in the acyl-oxygen OA
main product 410, with no evidence for either aryl-oxygen OA or C-H OA (Scheme 4-
2A). The diagnostic *C NMR resonance for the Rh-bound acyl carbon at 191.9 ppm
was observed as a doublet of triplets in the *C{*°F,"H} NMR spectrum with Jc.rn = 44
Hz and Jcp = 9 Hz. IR spectroscopic analysis revealed a carbonyl stretching band at
1701 cm™. We have also prepared (PNP)Rh(COCF;)(1) by OPh/I metathesis of 410 with
MesSi-1 in situ and MesSiOPh was observed by *H NMR spectrum. (PNP)Rh(COCF3)(1)
gave rise to a *C{*H} multiplet at 192 ppm and a vco = 1693 cm™. These data are
similar to other examples of trifluoroacetyl complexes of Rh as well as Pd/Pt/Ir.*>**%

Extended thermolysis of 410 led to a mixture of products that included

(PNP)Rh(CF3)(CO)(OPh)*" and the previously reported (PNP)Rh(CO),*® indicating CO
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deinsertion as the major pathway of reaction for 410, typical for late metal
trifluoroacetyl compounds.**®
4.2.4 Reaction of (PNP)Rh with PhO,CCH3;

We also tested phenyl acetate in the reaction with 405 (Scheme 4-2). A mixture of
products was obtained, one of which we tentatively identified as 411 based on the
solution NMR spectroscopic data. The presence of (PNP)Rh(CO)® in the initial mixture
and its increasing prominence upon further thermolysis indicated that the formation of
411 is reversible (unlike 408 and 409) and that decarbonylation was taking place. The
decarbonylation of PhO,CMe likely takes place through intermediates analogous to

those in the reactions of PhO,CCFs3.

4.2.5 Reaction of (PNP)Rh with PhO,C'Bu and PhO,CNEt;

P @JD
3 eq. PhO,CBu! S

N—Rh > N—RA—O

f 5 CeDs VAN
P Os¢ 90°C, 2d P O=C__ |

But « % 414 Bu

412 %0 @3 82% (NMR) + other

\e\o@ S 48% isolated

(24 oV
Q‘(\
P
N—Rh
A,
&/ L P %,
406 o)
oy 7
< %
T P P

N—Rﬁ—@ 3 eq. PhO,CNEt, - N—RA—O

/f 5 CeDe /\ _
P’ Osc- 90°C, 7-9d P O—C\NEt

\

413 NEt, 415 ?

90% (NMR) + other
46% isolated

Scheme 4-3. Formation of the aryl-oxygen OA products upon thermolysis at 90 <C. The
proposed mechanistic path is shown in green.
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Finally, we turned to PhO,CBu' and PhO,CNEt, as substrates, noting that aryl
pivalates and carbamates were successfully used in Ni-catalyzed coupling
reactions.'***® Mild thermolysis of 405 in the presence of PhO,CBuU' and PhO,CNEt,
resulted in the quantitative formation of compounds 412 and 413, respectively (Scheme
4-2A). The diagnostic NMR spectroscopic features for 412 and 413 were the *H NMR
hydride resonances (& -19.41 (412), -19.53 (413) ppm) as well as the **C{"H} resonances
for the Rh-bound carbons (6 139.9 (412) and 141.7 (413) ppm), all of which were
observed as doublets of triplets (Jy.rn = 31 Hz, Jy.p = 14 Hz for both; Jc.rn = 30 or 29
Hz, Jcp = 10 or 9 Hz for 412 and 413, respectively). The immediate coordination
environment about Rh is the same for 408/409 and 412/413; the difference is in that the
k?-C,0 chelate forms a five-membered ring in 408/409 and a six-membered ring in
412/413.

Thermolysis at 90 <C of 412 (2 d) and 413 (9 d) resulted in the conversion to the
Caryi-O OA products 414 and 415, respectively (Scheme 4-3). Isolation of analytically
pure 414 and 415 was accomplished in 46-48% unoptimized yields. The conversion of
412/413 to 414/415 was also studied in situ by NMR spectroscopy with an internal
integration standard. Interestingly, it was found that the yield of 414/415 was only ca.
50% if pure samples of 408/409 were thermolyzed in CsDg to 100% conversion. The
yield of 414/415 increased to 82-90% when the thermolysis was carried out in the
presence of 3 equiv of PhO,CBU' or PhO,CNEt,, respectively. The remainder of the
fully consumed 412/413 gave rise to a mixture of unidentified products. We hypothesize

that the reaction path from 412/413 to 414/415 involves intermediate liberation of
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PhO,CBuU' or PhO,CNEt, by C-H RE and an attack of 406 on the Cayi-O bond in the free
substrate. In the absence of added extra substrate, the substrate concentration in solution
is low and 406 may undergo unselective and irreversible attack on itself. The notion of
intermediate liberation of PhO,CBU' or PhO,CNEt; is consistent with the observation of
a mixture of 414 and 415 when 412 is thermolyzed in the presence of PhO,CNEt; or 413
in the presence of PhO,CBuU".**

Concerted RE from a six-coordinate d® metal center typically requires prior
dissociation of one of the ligands.*® In the case of 412/413, this would necessitate
dissociation of the O-donor as the first step. The longer time needed for the conversion
of 413 is likely a reflection of the stronger donor power of the carbonyl oxygen in
carbamate.

4.3 Solid-state structures of compounds 407, 408 and 415"

Three Rh compounds, 407, 408 and 415 were isolated for X-ray diffraction study.
The structure of 407 can be described as square pyramidal with the hydride ligand trans
to the apical site. The hydride ligand was located by XRD. The P-Rh-P angle is
160.58(4)< typical for PNP complexes. The orientation of fluorine in fluorophenyl

group is disordered in the crystal structure of 407 (50% F syn with Rh-H, 50% anti) and

this is consistent with the notion of rotamers of close energy.
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Figure 4-3. ORTEP drawing™® of 407 (50% thermal ellipsoids). Crystal was obtained
by Dan Smith. Hydrogen atoms (except Rh-H) and disorder of the fluorophenyl group
are omitted for clarity. Selected bond distances (A) and angles (deg) for 407: Rh1-P1,
2.2695(17); Rh1-P2, 2.2847(19); Rh1-N1, 2.059(4); Rh1-C33, 2.024(4); P1-Rh1-P2,
160.58(4); C33-Rh1-N1, 168.78(16); P2-Rh1-N1, 81.68(12).
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Figure 4-4. ORTEP drawing™® of 408 (50% thermal ellipsoids). Hydrogen atoms
(except Rh-H) are omitted for clarity. Selected bond distances (A) and angles (deg) for
408: Rh1-P1, 2.301(4); Rh1-P2, 2.291(4); Rh1-N1, 2.128(5); Rh1-C27, 2.017(5); Rh1-
01, 2.264(4); Rh1-H1, 1.46 (5); P1-Rh1-P2, 160.40(7); C27-Rh1-N1, 177.78(17); P2-
Rh1-N1, 80.18(10); C27-Rh1-01 78.9(2); P1-Rh1-H1 87(2).
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Figure 4-5. ORTEP drawing'® of 415 (30% thermal ellipsoids). Hydrogen atoms are
omitted for clarity. Selected bond distances (&) and angles (deg) for 415: Rh1-P1,
2.3061(13); Rh1-P2, 2.3215(12); Rh1-N1, 2.044(2); Rh1-C15, 2.016(3); Rh1-OL,
2.107(2); Rh1-02, 2.279 (2); P1-Rh1-P2, 165.87(3); C15-Rh1-N1, 91.24(11); P2-Rh1-
N1, 82.45(7); 02-Rh1-O1 59.78(7): P1-Rh1-O1 94.76(6); N1-Rh1-01, 171.44(8); C15-
Rh1-02, 157.08(10).

The geometry of the six-coordinate compound 408 can be described as distorted
octahedron. The hydride ligand was located by XRD study. The strong trans influence
hydride was trans to the oxygen. The hydride resonated at -19.9 ppm in ‘*H NMR
wasconsistent with the observation that the coordination of the sixth ligand would make
the hydride shift downfield compared with the hydride trans to empty site in square

pyramidal complexes. As shown in Figure 4-4, the ortho-C-H bond activation product
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was formed due to the chelating effect to form the stable five membered ring.*** The C-
H activation of benzyl ring instead of phenyl ring can probably be ascribed to the
formation of more stable five membered ring than the six membered ring.

The solid-state structure of 415 was established in a single crystal X-ray diffraction
study (Figure 4-5). The environment about Rh is distorted octahedral, with the acute
bite angle of the k*-carbamate being the major source of deviation. The two Rh-O bond
lengths differ by ca. 0.17 A and the N1-Rh1-O1 angle of 171.44(8)° is closer to linearity
than the C15-Rh1-O2 angle of 157.08(10)°. This is consistent with the bond to O trans
to N (weak trans-influence) being stronger than to O trans to Ph (strong trans-influence).
The Rh-C bond lengths in the structures of 407, 408, and 415 are very similar (2.016(3)
— 2.024(4) A). The other angles and distances in the Rh coordination spheres are
generally unremarkable.

4.4 Attempted C-C cross coupling reactions catalyzed by (PNP)Rh system

Coupling reactions of Ar-O,CR with nucleophiles have shown success with nickel
catalysts. We are interested to examine whether similar reactions would be
accomplished in a well defined (PNP)Rh system. As described above, our (PNP)Rh
fragment can successfully oxidative add Ph-O bond in PhO,CBu' and PhO,CNEt,
especially in the presence of excess substrate. However, these two reactions are very
slow (several days at 90 °C). We tested the coupling reactions of PhO,CBu' with p-F-
C¢H4B(OH), catalyzed by (PNP)Rh(Ph)(OC(O)Bu'). Not too surprisingly, we did not

observe the catalytic conversion in this reaction.
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Although (PNP)Rh(Ph)(OC(O)Bu') is not a good catalyst to couple PhO,CBu' with
p-F-CcH4B(OH),, we do observe catalytic coupling of PhOTTf with p-F-C¢H4B(OH), by
using (PNP)Rh(Ph)(OTY) (416) as the catalyst (eq.1). Aryl triflates are valuable starting
materials for C-C bond formation because of their stability and greater availability from
phenols. Compound 416 was synthesized through the oxidative addition of Ph-O to
(PNP)Rh intermediate. It is encouraging that the (PNP)Rh system can indeed conduct
catalytic C-C coupling reaction but the results are not satisfied. The best conversion was

75%, with 45% yield of the desired coupling product and fluorobenzene as by-product.

OH

/ (PNP)Rh(Ph)(OTf) (2%)

H,0/K43PO,/Toluene/110 °C

4.5 Conclusion

In conclusion, the outcome of the reaction of the (PNP)Rh fragment with Ph-O,CR
substrates is strongly dependent on the nature of R. It appears that a bulky and/or more
electron-donating R group helps block the undesirable C,-O OA and channel the
reaction towards Cary1-O OA. The competition between Cieyi-O OA and Ci,ryi-O OA has
been recognized before in the chemistry of Ni.'**!'** Our findings here also highlight C-
H OA as another potential side reaction and illustrate that pivalate and carbamate may be

particularly suitable for pursuing C,ryi-O OA reactions regardless of the metal involved.
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We hope that the insight from this study with a well-defined (PNP)Rh fragment will help
design and understand other systems as well.
4.6 Experimental

General Considerations. Unless specified otherwise, all manipulations were
performed under an argon atmosphere using standard Schlenk line or glovebox
techniques. Ethyl ether, CsDs, and pentane were dried over Na/K/Ph,CO/18-crown-6,
distilled or vacuum transferred and stored over molecular sieves in an Ar-filled
glovebox. Fluorobenzene was dried with and then distilled from CaH,.
(PNP)Rh(Me)(CI),®  (PNP)Rh(Ph)(C),*®  (PNP)Rh(S'Pr,),"*®  PhO.CBuU!, %2
PhO,CNEt,*** were prepared according to the published procedures. All other chemicals
were used as received from commercial vendors (PhLi, 1.8 M/Bu,O; BnMgCl, 1.0
M/Et,0O; MeMgCl, 3.0 M/THF). NMR spectra were recorded on a Varian iNova 300,
Varian iNova 400, and Mercury 300 spectrometer. Chemical shifts are reported in 6
(ppm). For *H and **C NMR spectra, the residual solvent peak was used as an internal
reference. *'P NMR spectra were referenced externally using 85% H3sPOjat & 0 ppm.
F NMR spectra were referenced externally using CFsCOOH at & -78.5 ppm. Elemental

analyses were performed by CALLI, Inc. (Parsippany, NJ).
Synthesis of precursors to (PNP)Rh (406).

(PNP)Rh(Me)(Ph) (403). 401 (15 mg, 0.026 mmol) was treated with PhLi (15 uL,
0.026 mmol) in Ce¢Ds in a J. Young NMR tube. After 10 min, *P{*H} NMR
spectroscopic analysis revealed complete disappearance of the starting material and only

the doublet for 403 was detected (35.9 ppm, J = 118 Hz). Complex 403 is unstable and
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thus was only characterized in situ in solution. Selected NMR spectroscopic data
collected at the early stage of the reaction (10 min after the addition of PhLi) fit our

previously reported data for complex 403.2%

(PNP)Rh(Me)(CH,Ph) (404). 401 (15 mg, 0.026 mmol) was treated with
PhCH,MgCl (26 uL, 0.026 mmol) in C¢Dg in a J. Young NMR tube. After 10 min,
$1pf1H} NMR spectroscopic analysis revealed complete disappearance of the starting
material and only the doublet for 404 was detected (32.2 ppm, J = 120 Hz). *"H NMR
spectroscopic  analysis revealed >98% conversion of (PNP)Rh(Me)(Cl) to
(PNP)Rh(Me)(CH,Ph) by using TMS as an internal integration standard. Complex 404
was not stable enough for isolation in pure solid form, and thus was only characterized
in situ in solution. NMR data collected at the early stage of the reaction (10 min after the
addition of BnMgCl). *'P{'"H}NMR (C¢Ds): 6 32.2 (d, J = 120 Hz). "H NMR (C¢Dy): &
7.84 (d, J = 8 Hz, 2H, (PNP)Aryl-H), 7.50 (d, J = 8 Hz, 2H, Bn-H), 7.09 (d, J = 8 Hz,
2H, Bn-H), 7.01 (t, J = 6 Hz,1H, Bn-H), 6.92 (br, 2H, (PNP)Aryl-H), 6.86 (d, J = 8 Hz,
2H, (PNP)Aryl-H), 3.56 (td, J = 6, 3 Hz, 2H, Bn-H), 2.36 (m, 2H, CHMe,), 2.22 (s, 6H,
Ar-CH3), 2.16 (m, 2H, CHMe»), 1.57 (td, J = 6, 2 Hz, 3H, Rh-CH3), 1.26 (app. q(dvt), J
=7 Hz, 6H, CHMe), 1.05 (app. q(dvt), J = 7 Hz, 6H, CHMe>), 0.94 (app. q(dvt), J =7
Hz, 6H, CHMe.), 0.72 (app. q(dvt), J = 7 Hz, 6H, CHMe,).

(PNP)Rh(Ph)(CH.Ph) (405). 402 (82 mg, 0.13 mmol) was treated with BnMgCl
(140 pL, 0.14 mmol) in PhF. After 10 min, the reaction mixture was passed through

Celite and silica. The volatiles were removed under vacuum. The residue was dissolved

in pentane and placed in a -35 <C freezer. The green precipitate was collected the next



128

day and dried in vacuum. Yield: 64 mg, 0.10 mmol, 72%. P NMR{*H} (CsDs): & 34.2
(d, J = 121 Hz). *H NMR (C¢Ds): & 8.01 (d, J = 8 Hz, 2H), 7.64 (d, J = 7 Hz, 2H), 7.47
(d, =8 Hz, 2H), 7.14 (m, 2H, overlapping with C¢Dg), 7.03 (d, J = 7 Hz, 1H), 6.96 (d, J
= 6 Hz, 2H), 6.94 (br, 2H), 6.91 (d, J = 5 Hz, 2H), 6.87 (t, J = 7 H, 1H), 4.16 (q, J = 4
Hz, Rh-CH,), 2.21 (m, 8H, Ar-CHs+CHMe,), 1.75 (m, 2H, CHMey), 0.90 (m, 12H,
CHMe,), 0.82 (app. q(dvt), J = 7 Hz, 6H, CHMe,), 0.71 (app. q(dvt), J = 7 Hz, 6H,
CHMey). BC{*H} NMR (CgD¢): & 160.7 (vt, J = 9 Hz, C-N), 151.5, 151.4, 150.8 (dt, J =
34, 10 Hz, Rh-C), 136.7, 133.3, 131.9, 129.7, 128.5, 126.5, 125.1, 124.3 (vt, J = 3 Hz),
122.1, 121.9 (vt, J = 18 Hz), 117.1 (t, J = 5 Hz), 25.0 (vt, J = 11 Hz), 24.5 (vt, J = 10

Hz), 21.2 (dt, J = 29, 5 Hz, Rh-CH>), 20.6, 19.4, 19.1, 18.8, 18.5.

(PNP)Rh(CgHsF) (407). To a stirred solution of CgHsF (3 mL) of 402 (25 mg, 0.039
mmol) was added MeMgCl (13 pL, 0.039 mmol). After 5 minutes the solution was
filtered through Celite, the volatile components removed in vacuo and CgHsF (1 mL)
added. After standing for 24 h a color change was noted for the solution from dark green
to brown and removal of the volatile components gave an orange-brown solid (16.9 mg,
0.027 mmol, 69 %). Brown block-like crystals suitable for an X-ray diffraction study
were grown by slow evaporation of a solution prepared by the method above but using
PhCH,MgCl (39 uL, 0.039 mmol) as the transmetallation reagent. "H NMR (CgHsF, 239
K) 8: -25.71, -29.31, -40.68 (all br), referenced to trace poly(dimethylsiloxane) grease as
0 ppm. F NMR (CgHsF, 255 K) &: -54.03 (br), -85.29 (br, overlapping) -85.50 (br,
overlapping), -90.85 (br), -95.50 (br). **P{"H} NMR (CgHsF, 293 K) &: 52.4 (d, J = 113

Hz). Elem. An.. Found (Calculated) for C3,H4sNFP,Rh: C 61.08 (61.24); H 7.16 (7.23).
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Thermolysis of 407. 407 (10 mg, 0.016 mmol) was dissolved in 0.6 mL PhF in a J.
Young NMR tube and was heated at 95 °C for 18 h. *'P NMR spectroscopic analysis

indicated no observable changes.
Reactions with PhO,CPh.

(PNP)Rh(H)(CsH4sCOOCgHs5) (408). 401 (41 mg, 0.070 mmol) was dissolved in 1
mL of PhF followed by the addition of PhCH,MgCI (78 uL, 0.078 mmol). The mixture
was passed through Celite and silica gel after stirring at ambient temperature for 10 min.
The volatiles were removed under vacuum. The residue was redissolved in about 0.6 mL
of PhF and heated at 60 <C for 3 h. The green solution gradually turned brown. *P{*H}
NMR spectroscopic analysis indicated full conversion to 407. PhO,CPh (13 mg, 0.065
mmol) was added to the solution and the reaction mixture was left at room temperature
for overnight. The brown color of the solution changed to green-yellow. The volatiles
were removed under vacuum and the residue was recrystallized from PhF/pentane at -35
< to produce a yellow solid. Yield: 21 mg, 0.029 mmol, 43%. *P{*H}NMR (C¢Ds): 5
52.6 (d, J = 110 Hz). *H NMR (CgDp): 5 8.12 (d, J = 8 Hz, 1H), 7.94 (d, J = 7 Hz, 1H),
7.70 (d, J = 8 Hz, 2H), 7.09 (d, J = 7 Hz, 2H), 7.05 (t, J = 2 Hz, 1H), 6.80-6.93 (m, 5H),
6.73 (m, 3H), 2.16 (s, 6H), 2.07 (m, 4H), 1.09 (app. q(dvt), J = 8 Hz, 6H), 0.94 (m,
12H), 0.85 (app. q(dvt), J = 8 Hz, 6H), -19.9 (dt, J = 35 Hz, J = 14 Hz, 1H).
BC{"HINMR (CgDs): 5 181.0 (dt, J = 28, 10 Hz, Rh-C), 173.7 (C=0), 161.1 (vt, J = 9
Hz, C-N), 151.4 (C-O), 144.6, 133.6, 131.8, 131.1, 130.2, 129.5, 126.0, 122.8 (vt, J = 4

Hz), 122.3 (vt, J = 20 Hz), 121.5, 120.6, 115.9 (vt, J = 5 Hz), 115.6, 25.3 (vt, J = 12 Hz),
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24.1 (vt, J = 11 Hz), 20.6, 18.3, 17.8 (two signals overlapping), 17.7. Elem. An.. Found

(Calculated) for C3gHsoNO,P,Rh: C 64.11 (64.20); H 6.84 (6.91).

Thermolysis of complex 408. Complex 408 (10 mg, 0.014 mmol) was dissolved in
0.6 mL C¢Ds in a J. Young NMR tube and was heated at 100 <C for 18 h. Both *!P and

'H NMR spectroscopic analyses indicated no observable changes.

NMR tube synthesis of 408 from 405. 405 (10 mg, 0.014 mmol) and
CsHsOC(0)CesHs (3.0 mg, 0.015 mmol) were dissolved in 0.60 mL of C¢Dg in a J.
Young NMR tube. The reaction mixture was placed in a 60 <C oil bath for 100 min. *H
NMR spectroscopic analysis indicated >98% conversion to 408 by using (MesSi),0 as

an internal integration standard.
Reactions with MeO,CPh.

(PNP)Rh(H)(CsH4sCOOCHS3) (409). 401 (30 mg, 0.052 mmol) was dissolved in
about 0.6 mL of PhF followed by the addition of PhLi (31 pL, 0.057 mmol). The
reaction mixture was stirred for about 10 min and passed through Celite and silica. The
volatiles were removed under vacuum. The residue was redissolved in about 0.6 mL of
PhF and heated at 60 <C for 3 h. The green solution gradually turned brown. *P{*H}
NMR spectroscopic analysis indicated full conversion to 407. MeO,CPh (9.0 uL, 0.068
mmol) was added to the solution and the reaction mixture was left at room temperature
overnight. The brown color of the solution changed to green-yellow. The volatiles were
removed under vacuum. The residue was redissolved in C¢Dg. 409 was not isolated and

only characterized in solution by NMR spectroscopy. *!P{"H} NMR (CgD¢): & 52.1 (d, J
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= 110 Hz). *H NMR (CgDe): 5 7.91 (d, J = 7 Hz, 1H), 7.83 (m, 3H), 7.04 (t, J = 6 Hz,
1H), 6.91 (br, 2H), 6.85 (M, 3H), 3.32 (s, 3H), 2.22 (s, 6H), 2.09 (M, 2H), 2.00 (M, 2H),
1.08 (app. q(dvt), J = 8 Hz, 6H), 0.94 (app. gq(dvt), J = 8 Hz, 6H), 0.88 (m, 12H), -19.5
(dt, J = 35 Hz, J = 14 Hz, 1H). Thermolysis of complex 409 at 100 <C for 18 h did not

lead to any observable changes by NMR spectroscopy.

NMR tube synthesis of 409 from 405. 405 (10 mg, 0.014 mmol) and MeO,CPh
(4.0 uL, 0.030 mmol) were dissolved in 0.60 mL of C¢Ds in a J. Young NMR tube. The
reaction mixture was placed in a 60 <C oil bath for 100 min. *H NMR spectroscopic

analysis indicated >98% conversion to 409 by using (Me3Si),0 as internal standard .
Reactions with PhO,CCFs.

(PNP)Rh(OPh)(C(O)CF3) (410). 401 (119 mg, 0.205 mmol) was dissolved in 3 mL
of PhF followed by the addition of BnMgCl (225 uL, 0.225 mmol). The mixture was
passed through Celite and silica after stirring at ambient temperature for 10 min. The
volatiles were removed under vacuum. The residue was redissolved in about 3 mL of
PhF and heated at 60 <C oil bath for 3 h. *P{*H} NMR spectroscopic analysis indicated
full conversion to 407. After that, PhO,CCF; (305 uL, 2.05 mmol) was added to the
solution and the reaction mixture was left at ambient temperature for 4 h. The volatiles
were removed under vacuum and the residue was recrystallized from PhF/pentane at -35
< to give a green solid. Yield: 81 mg, 0.112 mmol, 55%. **P{"H} NMR (C¢Ds): 5 50.4
(d, J = 110 Hz). *H NMR (CgDe¢): & 7.46 (d, J = 8 Hz, 2H), 7.16-7.20 (m, 2H), 6.81 (s,

1H), 6.77 (d, J = 5 Hz, 2H), 6.67-6.74 (m, 4 Hz), 2.28 (m, 4H), 2.09 (s, 6H), 1.28 (app.
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q(dvt), J = 8 Hz, 6H), 0.94 (app. q(dvt), J = 8 Hz, 6H), 0.84 (m, 12H). *C{"°F, 'H}
NMR (CsDe): 6 191.9 (dt, Jo.rn= 44 Hz, Jcp = 9 Hz, C=0), 172.9, 159.9 (t, J = 9 Hz, N-
C), 132.7, 132.0, 131.2, 129.2, 126.1, 120.3, 118.1, 115.1, 105.6, 25.6 (br), 23.8 (br),
20.5, 18.0, 17.4, 16.8. °F NMR (CgDe): 6 -66.9. IR (solid): 1701 cm™. Elem. An..
Found (Calculated) for CszsHssNO,F3P,Rh: C 56.72 (56.59); H 6.46 (6.29); N 1.90

(1.94).

NMR tube synthesis of 410. 405 (10 mg, 0.014 mmol) was dissolved in 0.6 mL of
PhF in a J. Young NMR tube. A capillary with a PPhssolution as standard was inserted
in the same NMR tube. The reaction mixture was placed in a 60 <C oil bath for 3 h.
$1p{'H} NMR indicated complete conversion to 407. After that, PhO,CCF3 (21 L, 0.14
mmol) was added to the solution and the reaction mixture was left at ambient
temperature for 4 h. *'P{*H} NMR spectroscopic analysis indicated 85% conversion to

product 510 and 15% of an unidentified product (singlet at 6 30.6 ppm).

NMR tube synthesis of (PNP)Rh(1)(C(O)CF3). 410 (11 mg, 0.015 mmol) was
treated with MesSil (7.0 uL, 0.045 mmol) in a J. Young NMR tube in 0.60 mL of CgDe.
After 1 h at room temperature, **P{"H} NMR spectroscopic analysis indicated >97%
conversion to (PNP)Rh(1)(C(O)CF;3). No NMR detectable changes were observed after
overnight. 'H NMR (CeDs): & 7.57 (d, J = 8 Hz, 2H), 6.80 (br, 2H), 6.76 (d, J = 8 Hz,
2H), 2.69 (m, 2H), 2.39 (m, 2H), 2.09 (s, 6H), 1.37 (app. q(dvt), J = 8 Hz, 6H), 1.17
(app. gq(dvt), J = 8 Hz, 6H), 1.06 (app. q(dvt), J = 8 Hz, 6H), 0.99 (app. gq(dvt), J = 8 Hz,
6H). *C{"H} NMR (C¢Dg): 6 192.5~191.5 (m, C=0), 160.0 9 (vt, J = 9 Hz, N-C), 132.7,

132.1, 126.8, 119.6 (vt, J = 19 Hz), 118.6, 103.3 (g, J = 301 Hz), 25.9 (vt, J = 12 Hz),
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25.3 (vt, J = 12 Hz), 20.5, 19.0, 181., 17.8, 17.7. *P{*H} NMR (CsDs): & 51 (d(br), J =

100 Hz). *F NMR (C¢Ds): 6 -68.9. IR (CeDg): 1693 cm™.

In another J. Young NMR tube, 410 (11 mg, 0.015 mmol) was treated with Me;Sil
(7.0 uL, 0.045 mmol) in 0.60 mL of CDCls. After 1h at room temperature, *P{*H}
NMR analysis indicated >97% conversion to (PNP)Rh(1)(C(O)CFs). *H NMR (CDCls):
7.45 (d, J = 8 Hz, 2H), 6.98 (br, 2H), 6.92(d, J = 9 Hz, 2H), 2.98 (m, 2H), 2.74 (m, 2H),
2.26 (s, 6H), 1.44 (app. q(dvt), J = 8 Hz, 6H), 1.29 (app. q(dvt), J = 8 Hz, 6H), 1.16
(app. g(dvt), J = 8 Hz, 12H). Me3SiOPh was also observed by NMR, matching the data

from a literature source.*®*

Thermolysis of complex 410. In a J. Young NMR tube, 410 (10 mg, 0.014 mmol)
was dissolved in about 0.6 mL of C¢Ds and placed in a 60 <C oil bath for 15 h. Based on
%P NMR spectroscopic analysis, (PNP)Rh(CO) (~20%) was observed together with
another new broad doublet at 6 57.0 ppm (J = 88 Hz) (~70%) and a broad signal & 53
ppm . Interestingly, free PhO,CCF3 (-75.5 ppm) was detected by *F NMR spectroscopy.
A quartet 6 3.5 ppm (J = 11 Hz) together with another small signal at ca. -4 ppm were
also observed by *F NMR. Although the Rh complexes are unidentified in this reaction,
the formation of (PNP)Rh(CO) as well as the apparent quartet in the *°F NMR spectrum
(Rh-CFs3) suggest that CO deinserted from the acyl complex. The IR spectrum of this
mixture revealed two CO stretching bands (2062 and 1942 cm™). We have not been able
to isolate analytically pure compounds from this reaction mixture. We tentatively assign
the signal & 57.0 ppm observed by **P NMR to complex (PNP)Rh(CF3)(CO)(OPh) (IR:

2062 cm™).
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Reactions with PhO,CCHs.

Reaction with PhO,CCHg;. 401 (15 mg, 0.026 mmol) was dissolved in about 0.6
mL of PhF, followed by the addition of PhLi (15 uL, 0.027 mmol). The reaction mixture
was stirred for about 10 min and passed through Celite and silica. The volatiles were
removed under vacuum. The residue was redissolved in about 0.6 mL of PhF and heated
at 60 <C for 3 h. The green solution turned to brown gradually. **P{*H} NMR indicated
full conversion to 407. PhO,CCHg; (5.0 uL, 0.039 mmol ) was added to the solution and
the reaction mixture was allowed to stand at room temperature. After 2 h, **P{"H} NMR
spectroscopic analysis revealed two doublets 6 49.9 ppm (J = 108 Hz) (57%) and 47.1
ppm (J = 131 Hz) (43%). Unfortunately, we were not able to isolate pure compounds out
of this reaction mixture. Due to the similarity in the **P{*H} NMR (& 49.9 ppm (J = 108
Hz)) and the Rh-H *H NMR signals (& -19.6 ppm (dt, J = 33, 12 Hz)) to compounds 408
and 409, we tentatively assigned the *'P signal § 49.9 ppm (J = 108 Hz) to the compound

411.

NMR tube reaction of 405 with PhO,CCHs;. 405 (15 mg, 0.021 mmol) and
PhO,CCHs; (3.0 pL, 0.025 mmol ) were dissolved in 0.60 mL of C¢Ds in a J. Young
NMR tube. The reaction mixture was heated at 60 °C for 100 min. *P{*H} NMR
spectroscopic analysis revealed the formation of (PNP)Rh(CO) (30%), the possible C-H
activation product 411 (30%) and two other unidentified species (40%). Continued
thermolysis of this reaction mixture at 95 °C for 2 days resulted in (PNP)Rh(CO) as the
only observable compound by *P NMR. However, '"H NMR spectroscopic analysis

revealed that (PNP)Rh(CO) can only account for ~50% percent of the total
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organometallic Rh by using (MesSi),0 as internal standard. Free ethane was also

observed by *H NMR.
Reactions with PhO,CBU".

(PNP)Rh(H)(CsH4sO(O)CCMe3) (412). 401 (138 mg, 0.238 mmol) was dissolved in
1 mL of toluene followed by the addition of PhLi (138 puL, 0.248 mmol). The mixture
was passed through Celite and silica after stirring at ambient temperature for 10 min.
The volatiles were removed under vacuum. The residue was redissolved in about 3 mL
of toluene. PhO,CBU' (47 uL, 0.26 mmol) was added to the solution and the reaction
mixture was heated at 60 <C for 100 min. The volatiles were removed under vacuum and
the residue was recrystallized from toluene/pentane at -35 <C. Yield: 73 mg, 0.103
mmol, 45%. **P{*H} NMR (C¢Ds): & 50.4 (d, J = 110 Hz). *H NMR (C¢Ds): 7.76 (d, J =
8 Hz, (PNP)Aryl-H), 7.67 (d, J = 6 Hz, 1H), 6.90 (br, 2H, (PNP)Aryl-H), 6.79-6.86 (m,
5H), 2.21 (s, 6H, Ar-CHs), 2.15 (m, 4H, CHMey), 1.10 (app. q(dvt), 6H, J = 7 Hz,
CHMey), 1.01 (m, 15H, CHMe, + CMej3), 0.91 (m, 12H, CHMey), -19.41(dt, J = 31 Hz,
14 Hz, 1H). ®C{*H} NMR (CgD¢): 5 177.3, 160.7 (vt, J = 10 Hz, C-N), 155.5, 149.0,
139.9 (dt, J = 29 Hz, 9 Hz, ipso-C), 131.6, 131.2, 123.9, 123.2 (vt, J = 10 Hz), 122.5 (vt,
J=3Hz),122.2,116.1, 115.7 (t, J = 5 Hz), 39.9, 26.7, 25.2 (vt, J = 14 Hz), 24.6 (vt, J =
9 Hz), 20.7, 18.3, 18.2, 17.9. Elem. An.. Found (Calculated) for Cs;Hs54NO,P,Rh: C

62.49 (62.62); H 7.61 (7.67).

NMR tube synthesis of 412. 405 (10 mg, 0.014 mmol) and PhO,CBu' (3.5 pL,

0.015 mmol) were dissolved in 0.60 mL of C¢Dg in a J. Young NMR tube. The reaction
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mixture was placed in a 60 < oil bath for 100 min. *H NMR spectroscopic analysis

indicated >98% conversion to complex 412 by using (MesSi),0 as internal standard.

(PNP)Rh(CsHs)(OC(O)CMes) (414). 412 (40 mg, 0.056 mmol) and PhO,CBuU' (30
pL, 0.16 mmol) were dissolved in about 0.6 mL CgDs in a sealed NMR tube and the
NMR tube was heated in a 90 <C oil bath. The yellow-greenish solution changed to red
gradually. After 53 h, 3P NMR spectroscopic analysis revealed complete consumption
of 412 and the appearance of a new dominant doublet of 414. The reaction mixture was
passed through Celite. The volatiles were removed under vacuum and the residue was
recrystalized from toluene/pentane at -35 <C. Yield: 19 mg, 0.027 mmol, 48%. *'P{*H}
NMR (CsDs): & 40.0 (d, J = 107 Hz). *H (CeDg): & 8.08 (d, J = 8 Hz, 1H), 7.92 (d, J =9
Hz, 2H), 6.68-6.99 (m, 8H), 2.47 (m, 2H), 2.24 (m, 2H), 2.12 (s, 6H), 1.35 (s, 9H), 1.22
(app. q(dvt), J = 8 Hz, 6H), 1.15 (app. g(dvt), J = 8 Hz, 6H), 1.07 (app. q(dvt), J = 8 Hz,
6H), 0.40 (app. q(dvt), J = 8 Hz, 6H). *C{*H} NMR (C¢De): & 189.2 (C=0), 161.3 (t, J
=10 Hz, C-N), 138.7 (dt, J = 29 Hz, 9 Hz, ipso-C), 136.0, 132.5, 131.5, 127.3, 125.4 (vt,
J =3 Hz), 123.0, 119.0, 118.8 (vt, J = 6 Hz), 118.7, 118.5, 39.3, 30.0, 24.1 (vt, J =11
Hz), 23.5 (vt, J = 12 Hz), 20.5, 19.2, 17.6, 17.5, 17.3. Elem. An.. Found (Calculated) for

Ca7HssNO,PoRh: C 62.61 (62.62); H 7.77 (7.67).

NMR tube thermolysis of 412 in the absence of PhO,CBu". 412 (10 mg, 0.014
mmol) was dissolved in about 0.6 mL C¢Dsg in a sealed NMR tube and heated in a 90 C
oil bath for two days. *!P{"H} NMR spectroscopic analysis revealed that there are

several other unidentified species in the reaction mixture in addition to 414 (50%).
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NMR tube thermolysis of 412 in the presence of excess PhO,CBu'. The NMR
sample of complex 412 generated from the reaction of 405 with PhO,CBU', as described
above, was treated with 3 equiv of PhO,CBu'. The reaction mixture was heated at 90 <C
for 2 d. *'P NMR spectroscopic analysis indicated disappearance of the C-H activation
product 412 and the formation of one doublet corresponding the C-O activation product
414. However, the "H NMR spectroscopic analysis indicated only ca. 82% formation of

the desired product. Some small amounts of impurities remain unidentified.

NMR tube thermolysis of 412 in the presence of excess PhO,CNEt,. 412 (10 mg,
0.014 mmol) and PhO,CNEt; (10 uL, 0.060mmol) were dissolved in about 0.6 mL CgDg
in a sealed NMR tube and heated in a 90 <C oil bath. After 5 d, *H NMR spectroscopic

analysis indicated the formation of compounds 414 and 415 in a ca. 1:2 ratio.
Reactions with PhO,CNEt;.

(PNP)Rh(H)(CsH4sO(O)CNEL,) (413). 401 (57 mg, 0.098 mmol) was dissolved in 1
mL of toluene followed by the addition of PhLi (57 uL, 0.10 mmol). The mixture was
passed through Celite and silica after stirring at ambient temperature for 10 min. The
volatiles were removed under vacuum. The residue was redissolved in about 3 mL of
toluene. PhO,CNEt, (22 pL, 0.12 mmol) was added to the solution and the reaction
mixture was heated at 60 <C for 100 min. The volatiles were removed under vacuum and
the residue was recrystallized from pentane/hexamethyldisiloxane at -35 <C. Yield: 30
mg, 0.041 mmol, 42%. *'P{*H} NMR (C¢Ds): & 49.7 (d, J = 111 Hz). *H (CeDs): 7.80 (d,

J =8 Hz, 2H, (PNP)Aryl-H), 7.77 (br, 1H), 6.95 (br, 2H, (PNP)Aryl-H), 6.92 (d, J = 8
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Hz, 1H), 6.89 (d, J = 3 Hz, 1H), 6.86 (d, J = 8 Hz, 2H, (PNP)Aryl-H), 6.77 (d, J = 7 Hz,
1H, (PNP)Aryl-H), 2.93 (q, J = 7 Hz, 2H, CH,CHs), 2.79(q, J = 7 Hz, 2H, CH,CHs),
2.34 (m, 2H, CHMey), 2.23 (s, 6H, Ar-CHg), 2.18 (m, 2H, CHMe,), 1.15 (app. q(dvt), J
= 8 Hz, 6H, CHMey), 1.03 (m, 18H, CHMey), 0.84 (t, J = 6 Hz, 3H, CH,CHs), 0.57 (t, J
= 6 Hz, 3H, CH,CHj), -19.53 (dt, J = 31 Hz, 14 Hz, 1H, Rh-H). *C{*H} NMR (C4Ds): &
160.9 (vt, J = 8 Hz, C-N), 155.7, 155.1, 148.5, 141.7 (dt, J = 30 Hz, 10 Hz), 131.5,
131.4, 123.6 (vt, J = 20 Hz), 123.4, 122.2 (vt, J = 3 Hz), 122.0, 115.9, 115.6 (vt, J = 6
Hz), 41.9, 25.1 (vt, J = 10 Hz), 24.9 (vt, J = 10 Hz), 20.7, 18.2, 17.9, 14.0, 13.2. Elem.
An.. Found (Calculated) for C37HssN,O,P,Rh: C 61.25 (61.32); H 7.58 (7.65); N 3.81

(3.87).

NMR tube synthesis of 413. 405 (10 mg, 0.014 mmol) and PhO,CNEt; (4.0 uL,
0.015 mmol) were dissolved in 0.60 mL of CgDg in a J. Young NMR tube. The reaction
mixture was placed in a 60 <C oil bath for 100 min. *H NMR spectroscopic analysis
indicated >98% conversion to complex 413 by using (MesSi),O as an internal

integration standard.

(PNP)Rh(CsHs)(OC(O)NEL,) (415). 413 (48 mg, 0.066 mmol) and PhO,CNEt; (37
uL, 0.20 mmol) were dissolved in about 0.6 mL CgDs in a sealed NMR tube and the
NMR tube was heated in a 90 <T oil bath. The yellow-greenish solution changed to red
gradually. After 9 d, the *'P NMR spectroscopic analysis showed complete consumption
of 413 and the appearance of a new dominant doublet of 415. The reaction mixture was
passed through Celite. The volatiles were removed under vacuum and the residue was

recrystalized from pentane/hexamethyldisiloxane at -35 <C. Yield: 22 mg, 0.030 mmol,
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46%. *'P{*H} NMR (CgDs): 5 39.9 (d, J = 108 Hz). *H NMR (CgDs): 58.10 (d, J = 9 Hz,
1H), 7.88 (d, J = 8 Hz, 2H, (PNP)Aryl-H), 7.01 (d, J = 7 Hz, 2H), 6.87 (m, 3H), 6.82 (d,
J =8 Hz, 1H), 6.78 (br, 1H), 6.75 (br, 1H), 3.32 (q, J = 7 Hz, 2H, CH,CH3), 3.24 (q, J =
7 Hz, 2H, CH,CHs), 2.52 (m, 2H, CHMe;), 2.20 (m, 2H, CHMey), 2.14 (s, 6H, Ar-CHs),
1.34 (app. q(dvt), J = 8 Hz, 6H, CHMe,), 1.01-1.21 (m, 18H), 0.55 (app. q(dvt), J =8
Hz, 6H, CHMe,). *C{*H} NMR (C¢Ds): & 165.1 (C=0), 161.1 (vt, J = 9 Hz, C-N),
140.2 (dt, J = 34 Hz, 9 Hz), 136.5, 133.7, 132.3, 131.3, 127.1, 125.4, 125.0 (vt, J = 3 Hz),
122.8,120.2 (vt, J = 20 Hz), 118.7 (t, J = 5 Hz), 40.4, 40.3, 24.6 (vt, J = 10 Hz), 24.0 (vt,
J =11 Hz), 20.5, 19.2, 18.2, 17.9, 17.6, 14.8, 14.6. Elem. An.. Found (Calculated) for

Cs7Hs5N20,P,Rh: C 61.35 (6132), H7.78 (765), N 3.79 (387)

NMR tube thermolysis of 413 in the absence of PhO,CNEt,. 413 (10 mg, 0.015
mmol) was dissolved in about 0.6 mL C¢Dg in a sealed NMR tube and heated in a 90 C
oil bath for 7 days. **P{"H} NMR spectroscopic analysis revealed that there were several
unidentified species in the reaction mixture in addition to 415 (50%). It is worth noting
that the by-products observed by this reaction are similar to the by-products observed in

the thermolysis of 412 in the absence of phenyl pivalate.

NMR tube thermolysis of 413 in the presence of excess PhO,CNEt,. The NMR
sample of complex 413 generated from reaction of 405 with PhO,CNEt,as described
above was treated with excess (10 eq) of PhO,CNEt,. The reaction mixture was heated
at 90 <C for 9 d. **P NMR spectroscopic analysis indicated disappearance of the C-H
activation product 413 and the formation of one doublet corresponding the C-O

activation product 415. However, the *H NMR spectroscopic analysis indicated only ca.
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90% formation of the desired product. Some small amounts of impurities remian

unidentified.

NMR tube thermolysis of 413 in the presence of excess PhO,CBU". 413 (10 mg,
0.015 mmol) together with PhO,CBu' (11uL, 0.060 mmol) were dissolved in about 0.6
mL CeDs in a sealed NMR tube and heated in a 90 <C oil bath. After 5 d, '"H NMR
spectroscopic analysis indicated >98% conversion to compounds 414 and 415 in a ca.

5:2 ratio.
Reactions with PhOTT.

(PNP)Rh(Ph)(OTf) (416). (PNP)Rh(SPr',) (200.0 mg, 0.31 mmol) was treated with
phenyl triflate (55.2 L, 0.34 mmol) in fluorobenzene (5 mL) in a Teflon stoppered gas
tight round bottom flask. After 1.5 h at 80 <C, (PNP)Rh(Ph)(OTf) was the major
compound observed by *'P{*H} NMR (another minor doublet at 57.4 ppm, J = 128 Hz).
Then, the resultant solution was filtered through Celite. The filtrate was evaporated to
dryness to yield to a green residue. Then, this residue was dissolved in pentane and
placed in the freezer at -35<C to afford (PNP)Rh(Ph)(OTf) by precipitation. Yield: 0.146
g, 0.192 mmol, 62 %. 'H NMR (CeD¢): & 7.84 (d, 2H, 8 Hz, Ar-H of PNP), 7.81 (br d,
1H, CgHs), 6.78 (s, 2H, Ar-H of PNP), 6.74 (br, 1H, CeHs), 6.71 (d, 2H, J = 8 Hz, Ar-H
of PNP), 6.63 (t, 1H, Ju-i= 8 Hz, CeHs), 6.61 (t, 1H, Ju-u= 8 Hz, CgHs), 6.41 (t, 1H, Ju.
w= 7 Hz, CsHs), 3.45 (m, 2H, CHMe,), 2.18 (m, 2H, CHMe,), 2.06 (s, 6H, Ar-CHj of
PNP), 1.04 (app. quartet (dvt), 6H, J = 8 Hz, CHMe;), 0.90 (app. quartet (dvt), 6H, J =8

Hz, CHMe,), 0.98 (app. quartet (dvt), 6H, J = 8 Hz, CHMe,), 0.18 (app. quartet (dvt),
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6H, J = 8 Hz, CHMe,). “C{*H} NMR (C¢Dg¢): & 161.5 (vt, 10 Hz, C-N), 139.3 (dt, Jc.p =
9 Hz, Jo.rn = 38 Hz, i-CgHs), 133.6 (br, CsHs), 132.3, 131.8, 130.7 (br, CeHs), 130.0 (s,
CeHs), 126.6(t, J = 3 Hz) 124.3 (s, CeHs), 121.2 (s, p-CeHs), 119.8 (t, J = 5 Hz), 116.8 (t,
J =18 Hz), 27.1 (t, J = 9 Hz), 24.8 (t, 9 Hz), 20.3, 19.3, 17.8, 15.4 (four s (two are
overlapping at 19.3 ppm)), 1.2 (s, Rh-CHs). *P{*H} NMR (C¢Ds): & 40.3 (d, J = 106
Hz). F{"H} NMR (C¢Ds): & -79.9.

X-Ray data collection, solution, and refinement for 407. A brown, multi-faceted
crystal of suitable size (0.3 x 0.1 x 0.1 mm) and quality was selected from a
representative sample of crystals of the same habit using an optical microscope, mounted
onto a nylon loop and placed in a cold stream of nitrogen (110 K). Low-temperature X-
ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray
tube, Ka = 0.71073 A). All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEXII software.'® An

absorption correction was applied using SADABS.'®

The space group was determined
on the basis of systematic absences and intensity statistics and the structure was solved
by direct methods and refined by full-matrix least squares on F2. The structure was
solved in the monoclinic P2:/c space group using XS (incorporated in SHELXTL). No
obvious missed symmetry was reported by PLATON.'® All non-hydrogen atoms were
refined with anisotropic thermal parameters. 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
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converged to Ry = 0.0537 (I > 2o(1), 4907) and WR, = 0.1322 (F?, 32901 data, 357
parameters). The fluorine atom on the fluorobenzene residue was found to reside with
equal occupancy on C(34) and C(35) and was refined as such.

X-Ray data collection, solution, and refinement for 408. An orange block (0.10 x
0.09 x 0.07 mm) was selected from a representative sample of crystals of the same habit
using an optical microscope, mounted onto a nylon loop and placed in a cold stream of
nitrogen (110 K). Low-temperature 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 in the monoclinic space group P2;/c by
direct methods using XS (incorporated in SHELXTL). and refined by full-matrix least
squares on F2. No obvious missed symmetry was reported by PLATON.!® All non-
hydrogen atoms were refined with anisotropic thermal parameters. 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 to R; = 0.0596 (I > 2c(1), 8357 data) and wR, = 0.1602 (F?, 38554
data, 420 parameters).

X-Ray data collection, solution, and refinement for 415. A brown, multi-faceted

crystal of suitable size (0.25 x 0.05 x 0.03 mm) and quality was selected from a
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representative sample of crystals of the same habit using an optical microscope and
mounted onto a nylon loop. Due to a fault with the cryostream, room-temperature X-ray
data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray
tube, Ka = 0.71073 A). All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEXII software.’®® An
absorption correction was applied using SADABS.'®® The space group was determined
on the basis of systematic absences and intensity statistics and the structure was solved
by direct methods and refined by full-matrix least squares on F2 The structure was
solved in the monoclinic P2;/n space group using XS™ (incorporated in SHELXTL).
No obvious missed symmetry was reported by PLATON.'® All non-hydrogen atoms
were refined with anisotropic thermal parameters. 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 to Ry =

0.0397 (1 > 20(l), 8517 data) and wR, = 0.1045 (F?, 40598 data, 410 parameters).
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CHAPTER V
SYNTHESIS, CHARACTERIZATION, AND REACTIVITY OF A
RHODIUM DIFLUOROCARBENE COMPLEX SUPPORTED BY PNP

PINCER LIGAND

5.1 Introduction

Transition metal carbene metal complexes are of great interest to organometallic
chemists due to their role in a wide variety of catalytic reactions.'®” The importance of
olefin metathesis reactions as well as of metal carbene complexes as olefin metathesis
catalysts— was recognized with the awarding of the Nobel Prize in Chemistry in 2005 to
Chauvin, Grubbs, and Schrock.

Among the metal carbene complexes, difluorocarbene complexes are relatively rare.
One of the general ways to produce the difluorocarbene complexes is via fluoride
abstraction from the trifluoromethyl ligand by a Lewis acid.’®® Examples to generate

metal difluorocarbene through a-fluorine elimination are also known.*®

H
H L ‘ oL
| & MonSICE CsF (5-10%) oc |v| -
OC—M—F + Me3SiCF3 > -
e THF |
M = Ru, Os 3 F

Scheme 5-1. Caulton’s example of generating difluorocarbene metal complexes.
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Me;3SiCF3 has been exploited in organic chemistry as a convenient CF; transfer
reagent.!” On the other hand, not until 2000 Caulton et al applied it to organometallic
synthesis.®® Caulton reported the reaction of Me3SiCF; with MHF(CO)L, (M = Ru,
Os) in the presence of a catalytic amount of F* (CsF) to give the difluorocarbene
complexes MHF(CF,)(CO)L, (Scheme 5-1). The authors proposed that in the presence
of F', Me3SiCF3; exchanged CF3; group with fluoride of MHF(CO)L; to give MesSiF and
fluorocarbene complexes MHF(CF,)(CO)L; via a-fluorine migration. In 2001, Grubbs
and coworkers reported a unique example of metathesis of 1,1-difluoroethylene with a

ruthenium carbene complex to generate the ruthenium difluorocarbene (Scheme 5-2)."*

’
0
’
”

/R|UZ“ - H,C=CHPh o | o ’ \
- F,C=CHPh
PCy, PCys PCy;

Scheme 5-2. Grubbs’ example of making difluorocarbene complex through metathesis.

_lr. /Ir\
MesP~ "/ CF, MesP” “SCF,
|

Scheme 5-3. Generation of a difluorocarbene complex through the reduction method by
Hughes.



146

More recently, Hughes et al. reported a new reductive methodology to reduce
perfluoroalkyl iridium metal complexes to perfluoroalkylidene by using KCg (Scheme 5-
3). 12 Although difluorocarbene metal complexes are approachable by different
synthetic routes, their reactivity is less studied and limited to exploration of their
nucleophilic vs electrophilic character.

In this chapter, the synthesis and characterization of a PNP pincer ligated rhodium(l)
difluorocarbene complex will be described and its reactivity towards electrophilic
silylium cation will also be discussed.

5.2 Results and discussion
5.2.1 Synthesis and characterization of (PNP)Rh(=CF,)

A small amount of (~5 % by *'P NMR spectrum) of (PNP)Rh(=CF,) (501) was first

observed in the thermolysis of (PNP)Rh(COCF;3)(OPh) (410) as described in Chapter 4.

The mechanism of the formation of carbene complex is still unclear; however, 501 could

QPIPFZ Q 'IPTQ PIPFZ Q "PI’Z

CSF
N-Rh— || + Me;SiCF, N- Rh co
‘ CeDs, 70 T Ce70°C
PiPr, P’Pr2 P’Pr2 P’Pr2
85% 14% 1%
(PNP)Rh(=CF,)
501 502

Scheme 5-4. Synthesis of (PNP)Rh(=CF,).
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be synthesized independently by reacting (PNP)Rh(TBE) (TBE = tert-butylethylene)
with Me3SiCF3 in the presence of CsF. It is worth mentioning that there is no reaction
between (PNP)Rh(TBE) and Me3SiCF; in the absence of CsF. The reaction produced
501 (85%) along with (PNP)Rh(C:F;) (502) (14%) and the previously reported
(PNP)Rh(CO)* (1%) (Scheme 5-4). No PNP-containing intermediates were observed
during the reaction.

Both 501 and 502 have been characterized spectrospically and by X-ray single
crystal studies. 501 displays C,, symmetry in solution at room temperature as indicated
by 'H NMR spectroscopy. Its *P{*H} NMR signal is a doublet of triplets due to the
coupling to rhodium and two fluorine nuclei (6 53.7 ppm, Jgrnp = 146 Hz, Jrp= 30 Hz).
The F NMR signal was found at § 95.4 ppm as a doublet of triplets as well, with Jrn.r =
49 Hz and Jep = 30 Hz. This low field "®F NMR chemical shift is characteristic of
fluorocarbene metal complexes, which normally resonate in the & 80-200 ppm region.™®
The carbene carbon resonance appears at low field as a doublet of triplets of triplets with
a large 1JC.|: coupling constant (& 206.3 ppm, Jrn-c = 85 Hz, Jc.p = 12 Hz, Jc.r = 454 Hz).
For compound 502, the most distinctive NMR spectral features are the *'P{*H} NMR
doublet of quintets resonance at & 52.3 ppm (Jrnp = 137 Hz, Je.p = 23 Hz) and the °F
NMR resonance at 6 -100.8 ppm (broad). Compound 502 was not isolated in an
analytically pure form due to its low fractional content in the reaction mixture, however,
a ‘lucky’ crystal was grown and 502 was characterized by X-ray single crystal

diffraction in the solid state.
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The formation of 501 is not fully understood. Apparently, the presence of the F
source (CsF) is very important in this reaction. It has been demonstrated that the
catalytic fluoride reacts with Me3SiCF3 to form either MesSi(CFs3),” or MesSi(CF3)(F)
anions depending on the amount of F~ used.'” It is likely that formation of the anion
increased the nucleophilicity of CF; which can attack the rhodium center. a-Fluoride

abstraction leads to the observed fluorocarbene species (Scheme 5-5 (A)).

P P o _ P
(— ] Me;Si(CF3)(F) © f ~ @ Moride f .

N—Rh » | N—Rh—CF, abLfgt'o'"» N—Rh=CF,
| ® | -F

501
:CF,
(B)

Scheme 5-5. Possible pathways for the formation of 501.

The rhodium(l) diflurocarbene could also be formed by trapping free :CF, carbene
with three-coordinate (PNP)Rh which was generated through the dissociation of TBE in
solution (Scheme 5-5 (B)). The decomposition of trifluoromethane anion to
difluorocarbene and a fluoride anion has been recognized before.!” The formation of
502 might imply that free :CF, was generated and reacted with 501 to form the side
product. On the other hand, we could not rule out the possibility that 502 might be

formed through the dimerization of free carbene to give CF,=CF,, which could then be
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trapped by the metal. However, no free CF,=CF, was observed by F NMR. The
reaction of adventitious water with fluorocarbene metal complex to give the

8

corresponding carbonyl complex is known® and is possibly responsible for the

formation of (PNP)Rh(CO).
5.2.2 Solid-state structures of compounds 501 and 502"

Like most rhodium four-coordinate d® complexes, 501 adopts an approximately
square planar geometry at the rhodium center with N1-Rh1-C1 of 171.39(15)<and P1-
Rh1-P2 of 162.14(4)°(Figure 5-1). The Rh-C1 double bond distance of 1.821(4) A is
the same as that in (PPh3);Rh(CF2)(F) (1.820(3) A) published by Grushin et al.”® The
two C-F distances are only slightly different from each other and are within the range of
the C-F bond distance in other difluorocarbene complexes.’> The F1-Rh1-F2 angle is
100.8(3)< which is also very similar to the corresponding one in (PPhs),Rh(CF;)(F)
(100.0(2)9). All other metrics relating to the PNP ligand are unremarkable.

The solid state structure of 502 is shown in Figure 5-2. The C,F4 ligand is
symmetrically bonded to the rhodium. The four F atoms are coplanar with each other
and are bent away from the metal center with C14 being displaced 0.453 A from that

plane towards rhodium. The C=C double bond distance of 1.354(7) A is significantly

shorter than its value in other structures which ranges from 1.37 A to 1.44 A" The C-
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F2

F1

Figure 5-1. ORTEP drawing'® of 501 (50% thermal ellipsoids). Hydrogen atoms are
omitted for clarity. Selected bond distances (A) and angles (deg) for 501: Rh1-C1,
1.821(4); Rh1-N1, 2.043(3); Rh1-P1, 2.3033(12); Rh1-P2, 2.3012(11); C1-F1, 1.335 (4),
C1-F2, 1.348 (5); P1-Rh1-P2, 162.14 (4); N1-Rh1-C1, 171.39 (15); F2-C1-F1, 100.8(3);
Rh1-C1-F2, 130.1(3); Rh1-C1-F1, 128.6.
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Figure 5-2. ORTEP drawing'® of 502 (50% thermal ellipsoids). Hydrogen atoms are
omitted for clarity. Selected bond distances (A) and angles (deg) for 502: Rh1-C14,
2.006(3); Rh1-N1, 2.054(3); Rh1-P1, 2.3309(11); C14-F1, 1.378(3), C14-F2, 1.361(3);
C14-C14 i, 1.354(7); P1-Rh1-P1 i, 161.57(3); C14-Rh-C14 i, 39.4(2); C14-Rh-N1,
160.28(10).

C distance in uncoordinated C,F4 is 1.313 (35) A.*"® The slightly elongated C-C
distance in 502 indicates there is only moderate back donation from metal center to n*
orbital of the olefin. The Rh-C14 bond distance of 2.006(3) A is similar to the
corresponding one in complexes [(PPhs),JRh(C.F,)Cl  (2.01 A) ' and

(CSHS)Rh(C2F4)(C2H4) (2024(2) A).177c
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5.2.3 Reactivity of compound 501

Reaction with nucleophiles. Compound 501 is stable in common solvents such as
benzene, toluene or pentane. Previously reported difluorocarbene complexes exhibited
both electrophilic and nucleophilic reactivity at carbene carbon center.® The
difluorocarbene complex can be attacked by nucleophiles such as LiBHEt;. The attempt
to make (PNP)Rh(=CHy) carbene complex by reacting 501 with LiBHEt; failed and the

150

previously reported complex (PNP)Rh(C,H,4)™" was formed instead (Scheme 5-6).

PPra PPr,
F + LiBHE,
N-Rh N-Rh—|
| F |
P'Pry P'Pr,

Scheme 5-6. Reaction of 501 with LiBHEts.

Attempts to make a fluorocarbyne complex. Halocarbyne metal complexes are
especially rare. In 2006, the Hughes group reported the first terminal fluorocarbyne
complex that was prepared via two electron reduction of the corresponding metal (Mo)
trifluoromethyl complex (Scheme 5-7).2% Since then, no other terminal fluorocarbyne
complexes have been reported until very recently. The same group published a series of
group 6 (Cr, Mo, W) metal fluorocarbyne complexes that are obtained by a similar way

as they obtained the first example.”® With compound 501 in hand and noting that CF*
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is isoelectronic with CO, it was very appealing to see if we could break one of the C-F

bonds in the carbene complex to form the terminal fluorocarbyne rhodium complex.

<=, =X

|
oc- Vi~ —_— —Mox
oc” o CFs -CO, -2F OCOC/ Nce

Scheme 5-7. Formation of terminal fluorocarbyne through 2e reduction.

By using silylium catalysis, our group accomplished hydrodefluorination of aliphatic
C-F bonds.'® The key element of that process is the use of the highly electrophilic

silylium cation'®

to break the strong C-F bond by abstracting fluoride. Inspired by the
success of the hydrodefluorination reaction, we wanted to abstract the fluoride from the
difluorocarbene with a silylium cation (Scheme 5-8).%% Reaction of compound 501 with
1 eq. of 'PrsSi*(B(CsFs)s)~C7Hg in ortho-dichlorobenzene (ODCB) led to an immediate
color change from red to bluish. *'P NMR analysis indicated the disappearance of the
carbene complex with the formation of a new doublet of douplets resonating at 6 89.4
ppm with Jgn.p = 106 Hz and Je.p = 12 Hz. Other than the *°F resonance observed for
'Pr;SiF and the anion, the only other observed *F NMR resonance appeared as a doublet
of triplets at the downfield chemical shift of 6 65.3 with Jrp.r = 136 Hz and Jp.r = 12 Hz.
This downfield chemical shift is in the range of the known group 6 metal terminal

fluorocarbyne complexes (50—90 ppm).}”? Notably, the “Jrn.r (136 Hz) is much larger

than that in the (PNP)Rh(=CF>) (49 Hz). Interestingly, the Jw.r (133 Hz) in compound
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Cp*W(CO),(CF) is also much larger than in its corresponding precursor

Cp*W(CO)3(CF3) (43 Hz)."®

_‘®
QP’PrZ P'Pr, ©
l F \ B(C¢F
_ 6Fs)a
N_Rih F + R3SiB(CgFs)s > N_R\h:CF
Q— 'Pry PPr,
501 503

Scheme 5-8. Possible reaction route to make terminal rhodium fluorocarbyne complex.

The *H NMR spectroscopic analysis of a mixture of ODCB/CgDg indicated that this
new compound adopted C,, symmetry at room temperature on the NMR timescale.
Based on this NMR evidence, we tentatively assigned this new complex as the terminal
fluorocarbyne complex [(PNP)Rh(=CF)]*(B(CsFs)4)” (503) although so far we have not
been able to observe the diagnostic carbyne resonance by *C{*H} NMR spectroscopy
due to the poor solubility of this cationic species. It is worth mentioning that the use of
triisopropylsilylium generated in situ from the PhsC" salt and the silane did not affect the
reaction result and similar NMR features were observed. Using other weakly
coordinating anions as partners to the silylium cation appears necessary in order to

increase the solubility of the new compound or to help get X-ray quality crystals.
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5.3 Conclusion

In this chapter, we described the synthesis of a PNP pincer supported Rh(l)
difluorocarbene complex (PNP)Rh(=CF,) (501) through the reaction of (PNP)Rh(TBE)
with MesSIiCF; in the presence of CsF. This rhodium carbene complex was fully
characterized by NMR spectroscopy and X-ray crystal study. The side product
(PNP)Rh(C5F,) (502) generated in this reaction was also characterized spectroscopically
and by X-ray crystal diffraction. Reaction of the rhodium difluorocarbene complex with
a silylium cation resulted in a new compound which we tentatively assigned as the
cationic terminal fluorocarbyne species [(PNP)Rh(=CF)]"(B(CsFs)s) (503). However,
more characterization is needed in order to fully confirm the proposed structure.
5.4 Experimental

General considerations. Unless specified otherwise, all manipulations were
performed under an argon atmosphere using standard Schlenk line or glove box
techniques. Toluene, ethyl ether, and pentane were dried and deoxygenated (by purging)
using a solvent purification system by MBraun and stored over molecular sieves in an
Ar-filled glove box. C¢Ds and THF were dried over and distilled from Na/K/Ph,CO/18-
crown-6 and stored over molecular sieves in an Ar-filled glove box. Fluorobenzene and
pyridine were dried with and then distilled from CaH; and stored over molecular sieves
in an Ar-filled glove box. Me3;SiCF; was degassed prior to use and stored in an Ar-filled
glove box. CsF was grounded and dried at 130 °C under vacuum for 2 days.
(PNP)Rh(TBE) was prepared according to the published procedures.”’

'Pr;SiB(CeFs)s C/Hg Was prepared similarly to the literature procedures.'®* All other
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chemicals were used as received from commercial vendors. NMR spectra were recorded
on a Varian iNova 400 (*H NMR, 399.755 MHz; *C NMR, 100.518 MHz; *'P NMR,
161.822 MHz; **F NMR, 376.104 MHz) spectrometer. For *H and *C NMR spectra, the
residual solvent peak was used as an internal reference. **P NMR spectra were
referenced externally using 85 % H3PO, at 0 ppm. Elemental analyses were performed
by CALLI, Inc. (Parsippany, NJ).

Syntesis of (PNP)Rh(=CF;) (501). (PNP)Rh(TBE) (105 mg, 0.170 mmol),
MesSiCF3 (50.0 pL, 0.340 mmol) and CsF (25.0 mg, 0.170 mmol) were placed in a
Teflon flask in about 3 mL CgDs. The reaction mixture was stirred vigorously and
heated at 70 °C for 6 days. NMR analysis revealed the presence of 85% of 501 and 14%
of 502 together with 1% of (PNP)Rh(CO). The reaction was passed through Celite. The
volatiles were removed under vacuum and the residue was extracted with pentane. The
pentane solution was passed through Celite again. The volatiles were removed under
vacuum. The residue was dissolved in isooctane and placed in the freezer at -35 °C.
Small amount of precipitate was formed the next day. The solution was filtered through
Celite. The volatiles were removed and dried under vacuum. NMR analysis indicated >
98% purity of 501. Yield, 51.0 mg, 0.088 mmol, 52% 'H NMR (CgDs): 6 7.66 (d, J = 8
Hz, 2H, (PNP)Aryl-H), 7.10 (br, 2H, (PNP)Aryl-H), 6.80 (d, J = 8 Hz, 2H, (PNP)Aryl-
H), 2.43 (m, 4H, CH(CHs),), 2.19 (s, 6H, Ar-CHz), 1.27 (app.q., J = 8 Hz, 12 H,
CH(CHs),), 1.13 (app.q., J = 8 Hz, 12 H, CH(CHs),). *'P{*H}NMR (C¢Ds) : 53.7 (dt,
Jrnp = 146 Hz, Jep= 30 Hz). °F NMR (CgDg): 95.6 (dt, Jrnr = 49 Hz, Jp.r = 30 Hz).

BCL'HINMR (CgD¢): 206.3 (dtt, Jrnc = 85 Hz, Je.p = 12 Hz, Jc.r = 454 Hz), 162.3 (t, J
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=11 Hz), 132.4, 131.9, 125.8 (t, J = 3 Hz), 122.3 (t, J = 18 Hz), 116.1 (t, J = 3 Hz), 25.4
(t, J = 11 Hz), 205, 19.3 (t, J = 3 Hz), 18.5. Elem. An.. Found (Calculated) for
Co7H4NFP,Rh: C 55.81 (55.77); H 6.96 (6.93); N 2.35 (2.41).

NMR observation of the formation of (PNP)Rh(C;F,) (502). Compound 502 was
observed in the process of generating 501 as described above. *H NMR (CgD¢): & 7.43
(d, J = 8 Hz, 2H, (PNP)Aryl-H), 6.81 (br, 2H, (PNP)Aryl-H), 6.74 (d, J = 8 Hz, 2H,
(PNP)Aryl-H), 2.30 (m, 4H, CH(CHs3),), 2.13 (s, 6H, Ar-CHjs), 1.27 (app.q., J =8 Hz, 12
H, CH(CHs),), 0.97 (app.q., J = 8 Hz, 12 H, CH(CHa),). *P{*H}NMR (CgD) : 53.7
(dqui., Jrn-p = 137 Hz, Jep = 23 Hz). *F NMR (CgDs): -100.8 (br).

Reaction of 501 with LiBHEt;. Compound 501 (10.0 mg, 0.017 mmol) was
dissolved in about 0.6 mL CgDs in a J Young tube followed by the addition of LiBHEt;
(34.0 uL, 1.0M/toluene). After 30 min, NMR analysis revealed the complete formation
of the previously reported compound (PNP)Rh(C;H,).

Reaction of 501 with triisopropylsilylium salt. Compound 501 (10.0 mg, 0.017
mmol) was dissolved in about 0.5 mL of ortho-dichlorobenzene followed by the addition
of iPrgsiB(CeF5)4 €7Hgin a J. Young NMR tube.. The red solution changed from red to
blue-greenish within a few minutes. *'P NMR analysis indicated the disappearance of
501 with the formation of a new doublet of doublet. 'PrsSiF was produced according to
the F NMR spectrum. A new doublet of triplets at the lower field region was also
present in *°F NMR spectrum. The reaction solution was transferred from the NMR tube
to a flask. About 5 mL of pentane was added to the flask and the solution was stirred

vigorously for a few minutes to get the blue-greenish oily stuff at the bottom. The liquid
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was decanted and the oily precipitate was dissolved in a mixture of ODCB/C¢Des. ‘H
NMR (CsDs/ODCB) (Due to the use of ODCB, the aromatic region is only selectively
reported): 8 6.78 (brt, J = 4 Hz, 2H, (PNP)Aryl-H), 6.73 (d, J = 9 Hz, 2H, (PNP)Aryl-H),
2.15 (m, 4H, CH(CHs),), 2.12 (s, 6H, Ar-CHjs), 0.88 (app.q. J = 8 Hz, 12H, CH(CHs3),),
0.75 (app.q. J = 8 Hz, 12H, CH(CHs),). **P{*H} NMR (CsD¢/ODCB): 89.6 (dd, Jrnp =
106 Hz, Jr.p = 12 Hz). *°F NMR (CsD¢/ODCB): 65.3 (dt, Jrn.r = 136 Hz, Jp.r = 12 Hz).
X-Ray data collection, solution, and refinement for 501. A red block crystal of
suitable size (0.30 x 0.21 x 0.15 mm) was selected from a representative sample of
crystals of the same habit using an optical microscope, mounted onto a nylon loop and
placed in a cold stream of nitrogen (110 K). Low temperature X-ray data were obtained
on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, Ka.= 0.71073 A).
All diffractometer manipulations, including data collection, integration and scaling were

carried out using the Bruker APEXII software.'®

An absorption correction was applied
using SADABS.'®® The space group was determined on the basis of systematic absences
and intensity statistics and the structure was solved by direct methods and refined by
full-matrix least squares on F2. The structure was solved in the monoclinic Pna2; space

group using XS'°°

(incorporated in SHELXTL). No obvious missed symmetry was
reported by PLATON.'® All non-hydrogen atoms were refined with anisotropic thermal
parameters. 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 to R; = 0.0357 (I > 25(l), 6606 data) and wR, =

0.0751 (F?, 30909 data, 298 parameters).
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X-Ray data collection, solution, and refinement for 502. A red block crystal of
suitable size (0.17 x 0.14 x 0.11 mm) was selected from a representative sample of
crystals of the same habit using an optical microscope, mounted onto a nylon loop and
placed in a cold stream of nitrogen (110 K). Low temperature X-ray data were obtained
on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, Ka.= 0.71073 A).
All diffractometer manipulations, including data collection, integration and scaling were

carried out using the Bruker APEXII software.'®®

An absorption correction was applied
using SADABS.'®® The space group was determined on the basis of systematic absences
and intensity statistics and the structure was solved by direct methods and refined by
full-matrix least squares on F2 The structure was solved in the monoclinic C2/c space
group using XS*® (incorporated in SHELXTL). No obvious missed symmetry was
reported by PLATON.'® All non-hydrogen atoms were refined with anisotropic thermal
parameters. 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 to R; = 0.0293 (I > 25(l), 2775 data) and wR, =

0.0862 (F?, 3031 data, 169 parameters).
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CHAPTER VI
SYNTHESIS OF PYRROLYL SUBSTITUTED PNP PINCER LIGANDS

AND THE CORRESPONDING RHODIUM COMPLEXES

6.1 Introduction

The Ozerov group has a history of working with ‘PNP’ pincer ligands. Beautiful
work has been achieved at (M*PNP™)Rh system and some has been discussed in the
previous chapters. Some of these results highlight the potential of (PNP)Rh system for
use in cross-coupling catalysis. Transition metal catalyzed C-C and C-heteroatom cross
couplings present important tools in modern synthesis. Well-established cross couplings
include the Kumada-Corriu coupling, Heck olefination, Suzuki coupling, Stille coupling,
Negishi coupling, Sonogashira coupling, Tsuji-Trost reaction, and Buchwald-Hartwig
amination.’® They are usually conducted with Pd or Ni catalysts, where aryl halide and
pseudo halide are common substrates.'®® The Sames group has successfully incorporated
oxidative addition (OA) to Rh in the catalytic direct C-arylation of indoles and pyrroles
(Scheme 6-1).*" In addition to that, quite a few examples of OA of Ar-Hal to Rh(l)
complexes have been published in the recent years.’®” Oxidative addition (OA) of the
carbon-halogen bond to the metal center is a key step in metal catalyzed coupling
reactions while C-C or C-heteroatom reductive elimination (RE) normally involves in

the catalytic cycle as the last step to form the coupling products.
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. PR3
PIVO\R:h<grl‘3iv
m'* PR; R m’” PR; = [p-(CF3)CgH4l3P
N Arl, CsOPiv, N O

OPiv =
H dioxane, 120 °C H 'O%

Scheme 6-1. C-arylation of indoles catalyzed by rhodium complex.

In 2006, we reported the ability of (M*PNP™)Rh system to undergo OA with
unactivated aryl halides (Br and CI) to Rh(l) and also to perform C-C RE from
Rh(111).>® These reactions were observed to occur at ambient temperature, were well

defined and easy to study mechanistically. Although we have examined all these

[Rh] —
AX + RM —————> ArR [Rh] = N—R‘h

Ar-X

[Rh]
Oxidative addition

Ar

Ar-R s
[Rh] X
Reductive elimination
RM
/Ar )
[Rh] - - Transmetallation

Scheme 6-2. Proposed C-C cross coupling reactions catalyzed by “(PNP)Rh”.
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stoichiometric reactions, we have not been able to accomplish the catalytic coupling
reactions as proposed in Scheme 6-2. Several problems arise when the reaction is
performed catalytically, leading to less than ideal results with the present system.

Firstly, our three coordinated (MPNPPRh is a very reactive intermediate and it is
non-innocent toward some polar solvents (e.g. Et;O) or some transmetallation
reagents.”®  For example, Dr. Gatard found (“*PNP™)Rh reacted with Ph,Zn,
presumably forming product (MePNPiPr)Rh(Ph)(ZnPh), which did not undergo further
reaction with aryl halide.*® Secondly, the C-C RE at (M*PNP™)Rh(R)(R’) is slow.
Kinetic studies have shown ti, = 7 min at 40 °C for eliminating Ph-Ph and t;, = 17 min
at 40 °C for eliminating Ph-Me.

In this chapter, we will cover the synthesis of the first m-accepting PNP ligand
bearing pyrrolyl substituents. The m-accepting ability of tris(N-pyrrolyl)-phosphine
P(pryl)s was found to fit the following trend: fluoroalkyl phosphines > P(pryl);=~P(CsFs)3
> P(OPh)3.*®° It is logical to think that in the “PNPP™' system, back donation from the
metal to the pincer ligand will decrease the electron density on the metal center which
would result in different properties and applications compared with the M®PNP™" system.
Other than MPNPPY!, this chapter will also disclose the approach of other MPNPR pincer
ligands derived from their pyrrolyl analogue. We hoped that this novel ligand system
would lead to some interesting reactivity and in this chapter we will disclose our
findings by making a series of complexes containing (MPNPPY)Rh fragment and

examing their reactivity.
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6.2 Results and discussion
6.2.1 Ligand Synthesis

6.2.1.1 Synthesis of VPN(P)PPY!

Although PNP ligands with a variety of electron-donating phosphine substituents
have been synthesized by our former group members as well as others, electron-
withdrawing substituents have not been introduced so far. The synthesis of the PNP
ligand bearing pyrrolyl groups on phosphorus was inspired by the work of Milstein'**%*
Moley and Petersen.® Moloy and Petersen demonstrated that N-pyrrolyl phosphines
possess exceptional electron-accepting properties. A series of resonance structures
(Scheme 6-3) can be drawn for the pyrrolyl phosphine ligands that suggest the N-
pyrrolyl phosphine should be relatively weak o-donors and good m-acceptors. In 2005,
the Milstein group reported the synthesis of PCP pincer ligand with pyrrolyl on the
phosphorus atoms and its coordination chemistry with rhodium.™®® Due to the strong n-

accepting ability of the ligand, formation of the first stable d® MLs PCP-based

complexes was observed.

e o . ® o) ©
S e S e e e G &
— — \ o _
S)

Scheme 6-3. Resonance structures of pyrrolyl substituted phosphine.
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We were first interested in making the pyrrolyl substituted ligand with a methyl

group bound to the center nitrogen MPN(Me)P"™', because we have found the N-Me

Z—

(-

Ppryl,

==
P4
~

W

QBr QU Ppryl, Q
2 eq. n-Buli 2 eq. CIPpryl

N-Me ———— = N-Me o0 P2

(e as
6A

Scheme 6-4. Synthesis of 601.

bond in M®PN(Me)™ can oxidatively add to rhodium center to make a useful
(MPNPPIRh(Me)(CI) metal precursor.?® We hoped that ®PN(Me)PP™" would undergo
analogous reactivity with rhodium. Synthesis of the M*PN(Me)P?™' ligand was first
tested with the similar method as making M*PN(Me)P™. However, treatment of
compound N-methylated dibromoarylamine (6A) with 2 eq. of n-BuLi and followed by
the addition of 2 eq. of CIPpryl, led to a mixture products (Scheme 6-4). We were able
to recrystallize and isolate the major product as compound 601. The formation of 601 is
likely due to the good leaving ability of pyrrolyl group and the P-N bond undergoing

nucleophilic attack by the aryl lithium to form the cyclized product.
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Scheme 6-5. Synthesis of 603.
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unidentified mixture

H,O

™ NR

In order to circumvent this cyclization problem, we tried to install relatively large

protecting groups on the nitrogen center. We first tried Boc (tert-butyloxycarbonyl).

Treatment of the dibromodiarylamine presursor (6B) with (Boc),O in the presence of

base led to formation of 602. Clean Li/Br exchange was obtained after reacting 602 with

2 eq. n-BuLi at -78 °C in Et,0. However, a mixture of three products was formed after

the addition of 2 eq. CIPpryl, as indicated by the *'P NMR spectrum. Unfortunately, we

were not able to isolate a single product from this mixture (Scheme 6-5). Another

method we tried was to make a central N-P bond by taking advantage of its ability to
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undergo hydrolysis to form the N-H bond. Trilithium salt (6C), generated from
deprotonation of N-H bond and double lithium bromine exchange, was added to 3 eq. of
CIPpryl,. After stirring at room temperature overnight, **P NMR analysis revealed that
compound 603 was the major product in the reaction mixture (**P NMR (ppm): & 63.9
(d, 2P, Jpp = 49 Hz, P-Aryl), 85.5 (t, 1P, Jp.p = 49 Hz, P-N)) (Scheme 6-5). We were
able to isolate 603 in 42% yield. Compound 603 is air stable and soluble in aromatic
solvents such as benzene and toluene. It is insoluble in alkanes such as pentane and
hexanes. The solubility in diethyl ether is also poor.

6.2.1.2 Synthesis of PN(Li)P"¥' and PN(H)P"Y'

With compound 603 in hand, we hoped to break the central N-P bond through
protolysis. The PN(H)P™ ligand was made through this route by our former group
member Lei Fan. There are seven N-P bonds in 603 and we were aiming at selectively
breaking the central N-P bond. However, in contrast to the facile solvolysis of the N-P
bond of most alkylaminophosphines by protic reagents, it was found that 603 was very
stable towards water and alcohols. None of the seven N-P bonds could be hydrolyzed
even in the presence of excess aqueous HCI at elevated temperature. The inertness of
the N-P bond in pyrrolylphosphine is probably due to the involvement of the lone pair in
the m-electron sextet of the heterocyclic ring preventing electrophilic attack of the
nitriogen. The stability of central N-P bond towards water may be attributed to the
reduced basicity of nitrogen due to the N—P = bonding effect.

Interestingly, the central N-P bond could be selectively attacked by LiNMex.

Treatment of compound 603 with LiNMe; (1.3 eq.) in THF led to the formation of the
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lithium salt 604 as the major product with the concomitant production of P(NMez)(pryl).
(*'P NMR (ppm): & 79.6 (br)). The amount of LiNMe, added to the reaction is crucial,
because excess LiNMe, would attack the P-Npyroy bonds. The lithium salt of the
MepNPPY! ligand was isolated in 58% yield. There are two THF molecules binding to the

lithium center based on the integrations of the *H NMR spectrum (Scheme 6-6).

Ppryl,
Hx0 N—H

QPprylz QPprylz Qpprylz
1.3 eq LiNMe, \/WF 605

N—Ppryl, N—-LiZ_

>
THF / THE
Ppryl, Ppryl,
EtOH

603 604 iN_
60

OEt),

P
H

+
P(NMe;)(pryl), P(OEt),

(
6
Scheme 6-6. Hydrolysis/alcoholysis of 604.

Hydrolysis of this lithium salt with water led to the formation of the ligand
MePN(H)PP™! (605). Most astonishingly, M*PN(H)P°F (606) was produced after addition
of EtOH to M*PN(Li)P""' (604) (Scheme 6-6). The different reactivity of M*PN(P)P"Y'
and MePN(Li)PP™" with alcohol seems surprising, but could be related to the basicity of

the reaction mixture. In the ®PN(Li)PP™ reaction, the system is more basic and there is

also LiOEt present which served as a better nucleophile than EtOH in the M®PN(P)PPY'
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system. It was also worth noting that the reaction of MPN(Li)P*' (604) with MeOH
was messy and gave multitude of unidentified products.

6.2.1.3 Synthesis of MPN(H)PR

As noted above, the N-P bond underwent nucleophilic attack by LiNMe,. We were
also interested to determine the reactivity of 603 with other nucleophiles such as
organolithium reagents, organozinc reagents or Grignard reagents.

The attempts to selectively break central N-P bond with organozinc or Grignard
reagents all met with failure. No reaction took place after the addition of Me,Zn or
MeMgCI to compound 603. *'P NMR data only suggested the presence of the starting
material.

Organolithium reagents, on the other hand, did attack the N-P bonds. Addition of 1
eq. n-BuLi to 603 in ether only led to about ~15% conversion of the starting material
with the formation of two new products as indicated by the *'P NMR spectrum. The
integration ratio of these two resonances in 3 P NMR was 2:1. These two compounds
were identified as M*PN(Li)P®" . (*'P NMR (ppm): & -39.7 (br)) and P(n-Bu); (**P NMR

(ppm): & -31.3 (s), which is consistent with the literature reported data'*

). The reaction
did not go to completion until the addition of 7 eg. n-BuLi. Other than the two signals
detected by 3P NMR, no other intermediate was observed upon the addition of excess n-
BuLi. Similar reactions were also done at lower temperature (-78 °C and -20 °C) and

achieved the same result. These reactions indicate that n-BuLi can attack the P-N bond

but, unlike LiNMe,, it breakes all seven P-N bonds in the molecule. Hydrolysis of
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compound MePN(H)P®" (607) which was characterized by

PRy PR,

7 eq. RLi N—Li H,0 N_H

Et,O
PR, PR,
+

R = Bu,607

PR3 Me,608

Ph, 609

Scheme 6-7. Nucleophilic attack upon 603 by organolithium reagents.

Similarly, treatment of 603 with 7 eq. MeL.i or PhL.i led to the full conversion of the

starting material to M®PN(Li)P™® and M*N(Li)P™ (Scheme 6-7). No intermediate was

observed even when only deficient amounts of lithium reagents was added. Hydrolysis

of the lithium salts generated the N-H version of the ligand M*PN(H)P™® (608) and

MePN(H)P™" (609).
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Ppryl, P(pry!)(‘Bu) P(pryl)('Bu)
t .
N—Ppryl, ~+€9- Buli N—Li H,0 N-H
Et,0 t
Ppryl, P(pryl)(‘Bu) P(pryl)(Bu)
603 + 610
P(pryl)('Bu),

Scheme 6-8. Reaction of 603 with ‘BulLi.

The synthesis of *PN(H)P™ ligand has already been published via different route™,

but M*PN(H)PM® ligand is new. The M®PN(H)PM® is special because it has the least bulky
dialkyl-phosphine donor sites, which could endow the corresponding metal complexes
with possible unusual reactivity. It is possible to synthesize the M*PN(H)P™® ligand by
the regular synthesis method as we did for MPN(H)P"™", but it involves in the use of
CIPMe; which is pyrophoric and not easily commercially available.

We were also very interested in making the ®PN(H)P® ligand considering that the
bulky substituent on phosphines (cone angle of P('Bu)s: 1829 might lead to some
interesting reactivity. The bulky pincer ligand may allow stabilization of some very
reactive species. For example, the Caulton group was able to synthesize the T-shaped
(PNP)M complexes, M = Fe, Co, Ni, PNP = [(‘Bu,PCH,SiMe,),N]™* by using Fryzuk

type PNP ligand. **

In another example, Brookhart et al. reported the NMR
characterization of a o-methane Rh(l) complex supported by P°N°P ligand, (P°N°P) =
2,6-('BuzP0),CsH3N. It was found that the c-methane complex was at lower energy

than the methyl hydride complex for that system, which allowed spectroscopic
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characterization of the methane complex.** Inspired and encouraged by the formation
of M®PN(H)P® (R = Me, Bu, Ph), we attempted to make MPN(H)P®" from M*PN(P)P"Y',
Treatment of 4 eq. of ‘BuLi with compound 603 in Et,O led to the formation of two
major products (6 62.3(br), 92.3 (s)) as well as a few other minor products as indicated
by *!P NMR (Scheme 6-8). Adding another 3 eq. of 'BuLi to the reaction mixture did
not give further reaction. Hydrolysis of this reaction with EtOH led to the appearance of
two singlets & 55.3 and 53.8 ppm as revealed by *'P NMR spectroscopy. Because the
reaction is not very clean, we could not isolate and fully characterize the major product.
Based on the *P NMR data, we propose that the stectrically imposing ‘Bu can only
substitute one pyrrolyl group on each phosphine, leading to formation of the tentatively
assigned compound 610. The by-product resonated & 92.3 ppm in the *P{*H} NMR
spectrum is consistent with the reported 3P NMR chemical shift for P(‘Bu),(pryl).**
6.2.2 Synthesis of Rhodium complexes supported by ligand 603

6.2.2.1 N-P cleavage by metal complex

The central N-P bond in 603 can not only be attacked by strong nucleophiles such as
organolithium reagents or lithium amide, but it can also be cleaved in a reaction with a
transition metal center. Reaction of 603 with [Rh(COD)CI], followed by the addition of
Me,Zn cleanly forms compound (YPNPP™)Rh(P(pryl),Me) 611 (Scheme 6-9). 611 was
fully characterized using solution NMR techniques. It displayed C,, symmetry in

solution at room temperature on the NMR time scale.
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Ppryl, Ppryl, Ppryl,
N—Ppryl, 1/2[Rh(COD)CI], N—Rh—Ppryl,Cl Me,Zn N-Rh—Ppryl,Me
Ppryl, Ppryl, Ppryl,
603 611

Scheme 6-9. Synthesis of 611 through N-P cleavage.

The solid state structure®’

of 611 was confirmed by X-ray diffraction (Figure 6-1).
The environment of the four-coordinate d® Rh(l) can be described as distorted square
planar. The pincer P-Rh distances are unremarkable and very similar to the
corresponding ones found in (M*PNP*"Rh complexes. The N1-Rh-P3 angle (177.65(5)9
only slightly deviates from linearity, but the P1-Rh-P2 is merely 156.51(2)<

Treatment of 611 with 1 atm of CO resulted in the formation of (M*PNPPY)Rh(CO)
(612) (**P NMR (ppm): & 110.7 (Jrnp = 178 Hz)) and the free phosphine Ppryl,Me (**P
NMR (ppm): & 80.2) as indicated by *P NMR (Scheme 6-10). Interestingly, this
reaction is reversible. Under vacuum, CO dissociated from 612 and the reaction shifted
back to the formation of 611. A reasonable explanation for these observations is that
due to the electron withdrawing property of the pincer ligand, there is less back donation
from the rhodium to CO which makes CO substitution reversible. The IR stretching
frequency of the carbonyl in 612 is 1995 cm™ in Cg¢Dg, which is shifted 50 cm™

compared with the corresponding one in (Y*PNP™)Rh(CO) (1945 cm™).*® The

increased CO stretching frequency strongly implies that the rhodium center in
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(MPNPPY)Rh fragment is more electron deficient than it is in the (V*PNP™)Rh

fragment.

Figure 6-1. ORTEP drawing'® of 611 (50% thermal ellipsoids). Hydrogen atoms and
disorder of the pyrrolyl groups are omitted for clarity. Selected bond distances (A) and
angles (deg) for 611: Rh-P1, 2.2696(10); Rh-P2, 2.2655(10); Rh-N1, 2.1015(19); Rh-P3,
2.2020(10); P1-Rh-P2, 156.51(2); P3-Rh-N1, 177.65(5); P2-Rh-N1, 78.03(6).
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N—-Rh—Ppryl,Me N-Rh—CO + Ppryl,Me

-CO

Ppryl, Ppryl,

611 612
Ppryl, Ppryl,
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Scheme 6-10. Synthesis of 612 and 613.

Compound 613 was obtained by adding 3 eq. MeOTf to 611. Excess amount of
MeOTTf did not precipitate the ancillary phosphine ligand as its phosphonium salt
(Scheme 6-10). 613 was characterized by multi-nuclear solution NMR. The *P{*H}
NMR spectrum of 613 exhibits a dd at 6 109.7 ppm (Jrn-p = 132 Hz, Jpp = 37 Hz, 2P)
and a dt at 6 100.2 ppm (Jrn-p = 142 Hz, Jp.p = 37 Hz, 1P). The dt observed by 'H NMR
spectroscopy at 6 0.59 ppm (Jrn-n = 2 Hz, Jp.4 = 6 Hz) is consistent with the formation

of a Rh-CHs; bond.
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6.2.2.2 Synthesis of (M*PNPPY)YRh(COD) complex

Four-coordinate Rh(l) complexes (MPNPPY)Rh(L) are attractive molecules to
synthesize especially for those compounds where L is bound to Rh very weakly and can
dissociate in solution to generate the reactive 14 e (V®PNPP™)Rh intermediate. Our

d™° synthesized a variety of (M*PNP™)Rh-L complexes

former group member Dr. Gatar
(where L = organic sulfide or sulfoxide, dinitrogen, or tertbutylethylene) by trapping
transient (M*PNP™)Rh in situ. Equilibrium studies established the relative affinity of the
(MPNP™)Rh fragment for various L in the following order (of decreasing affinity):
Ph,SO > SBu", > SPhMe > dibenzothiophene > SPh, > benzothiophene > SPr';>
thiophene ~SBu'Me > SBu®,~ H,C=CHCMe;>> SBu',, More importantly, it was found
that both (MPNPPYRh(SPr,) and (MPNP™)Rh(H,C=CHCMe;) were good starting
precursors to generate (*PNP™")Rh fragment and do further OA reactions.
(MPNPPYYRh(COD) (614) complex was quantitatively synthesized and isolated as
an orange solid via the transmetalation of (M*PN(Li)P"™") with [Rh(COD)CI], (Scheme
6-11). 614 was characterized by solution NMR techniques. P NMR spectrum displays
a doublet at 6 117.5 ppm with Jrn-p = 170 Hz. The olefinic resonances of the coordinated

COD appear at 4.13 and 3.77 ppm in the *H NMR spectrum, which is the typical region

for olefin complexes.
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Scheme 6-11. Synthesis of 614.

Reaction of (M®PNPPY)Rh(COD) with Mel. Oxidative addition of methyl iodide
to a d® metal center is well known. For example, the reaction of Mel with [M(CO)I,]
(M = Rh, Ir) is a key step in the homogeneous catalytic carbonylation of methanol.!*®
The reaction of (MPNPPY)Rh(COD) with excess methyl iodide in C¢Ds at 50 °C led to
the formation of a new product with the formula (*PNPPY)Rh(Me)(1)(ICH3) (615a) and
the release of free COD as indicated by solution NMR spectroscopy (Scheme 6-12). A
doublet resonated at & 101.6 ppm with Jrnp = 139 Hz appeared in the *P NMR
spectrum. This relatively small Rh-P coupling constant is consistent with the formation
of a Rh(Ill) species. More importantly, a triplet at 6 1.69 ppm with Jp.y = 7 Hz was
present in the *H NMR spectrum indicating the formation of Rh-CH3 bond. However,
we believe that this is a six-coordinate compound in solution. We tried to work up this
reaction by removing the solvent as well as the excess Mel under vacuum. The residue
was redissolved in CgDs. Interestingly, a new doublet shifted from 101.6 to 105.4 ppm
with Jrn.p = 145 Hz was detected by *'P NMR. A new doublet of triplets at 5 1.41 ppm

(Jp.1= 7 Hz) corresponding to Rh-CH; was also present in the *H NMR spectrum. We
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propose that this new species was an iodide bridged dimer [(MPNPPY)Rh(Me)(1)].
(615b). Compound (MPNPPY)Rh(Me)(1)(ICHs) (615a) was reformed by adding excess
Mel to the solution of 615b.

The origins of the formation of compounds 615a and 615b were probably a
combination of both steric and electronic factors. Pyrrolyl substituted phosphine is less
bulky than the isopropyl substituted phosphine (the calculated cone angle for
P(pyrrolyl)s is 145°while that for P'Prs is 1609. The smaller ligand renders its metal
complex with enough room to coordinate to the sixth ligand. On the other hand, the n-
accepting property of the M*PNPPY' ligand also makes the metal center less electron rich
than the corresponding MPNP™" supported metal center. The coordination of the sixth
ligand compensates for the relatatively electron poor metal center. These two factors
might account for the difficulty isolating five-coordinated Rh(lll) species in the
[(V*PNPPY)Rh] system.

Compound (MPNPPY)Rh(Me)(OAc) (616) was obtained quantitatively through salt
metathesis of [(MPNPPY)Rh(Me)()]. with 1 eq. AgOAc. Although we have not
characterized 616 by X-ray crystal diffraction, it is likely that the acetate binds to
rhodium in the n?-fashion to form the 18 e six-coordinate Rh(II1) compound due to the

reasons described above.



178

Ppryl, Ppryl, Q*PDFWQ pryl,P
l i \ Me ~_ vacuum

solution /
N—Rh< + Mel ——> N—I/?h/—l N Rh Rh N
\ Mel
Ppryl, Ppryl, Ppryl2 prylgP
614 615a 615b
AgOAc

Scheme 6-12. Synthesis of 615 and 616.

6.2.2.3 Synthesis of (M*PNPPYYRh(HSiEts) and (MPNPPYRh(S'Pr,) complexes

Treatment of 616 with triethylsilane in CgDs at room temperature resulted in the
release of triethylsilylacetate as well as methane as indicated by *H NMR (Scheme 6-
13). A new doublet resonated at 6 111.8 ppm with the Jrnp = 184 Hz was observed by
1P NMR. A doublet of triplets at & = -13.2 ppm with Jgn.t = 25 Hz and Jp.y = 13 Hz
was detected by *H NMR. More importantly, this up-field hydride signal displayed a Jsi.
h value of 35 Hz in the *"H{*'P}NMR spectrum indicating the interaction between the
silicon and hydrogen. We assigned the new complex as a silane oc-complex

(MPNPPYYRh(n2-HSiEts) (617). Generally, nonclassical silane complexes display a Jsi.+
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coupling constant of 20 Hz up to 200 Hz, while classic silyl hydride complexes typically
exhibit Jsi. values of 10 Hz.* It is worth noting that to the best of our knowledge, no

mononuclear Rh(I) silane o-complex has been reported in the literature so far. Most of

Ppryl, Ppryl, Ppryl,
Me : SiEt i
E Et,Si-H 3 i _
N_,RLh/TO Xcoss BLSHH N—R\h—| SP2 | N-Rh-sPr,
Ppryl, Ppryl, Ppryl,
616 617 618

Scheme 6-13. Synthesis of 617 and 618.

the group 9 silane o-complexes are cationic M(IIl) compounds. For example, the
Brookhart group reported the characterization of a series of cationic Rh(l1l) nonclassical
silane complexes by the addition of silanes to cationic Rh(II1) precursors.’® The lack of
oxidative addition of triethylsilane also illustrates the electron deficient nature of the
ligand system.

Compound 617 can be cleanly converted to (M*PNPPY)Rh(S'Pr,) (618) in the
presence of excess S'Pr, at room temperature within 5 hours. Free Et;SiH was also
observed by 'H NMR. Compound 618 displayed C,, symmetry by NMR at room
temperature. A single doublet **P NMR resonance was observed at § 106.5 ppm with

Jrnp =198 Hz.
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6.2.2.4 Aryl-halide oxidative addition at (*PNPPY\Rh center

Ar-X (X = | or Br) can oxidatively add to (M*PNPPY)Rh(I) fragment to form the
corresponding Rh(111) species. Reaction of (*PNPPY)Rh(S'Pr,) (618) or compound 614
with Phl or PhBr in C¢Ds at 70 °C did not lead to the desired OA product
(MPNPPY)Rh(Ph)(X). Monitoring the reaction by *H NMR revealed the disappearance
of the starting material and the release of the free S'Pr,, However, a few broad signals
were obtained in the P NMR spectrum and we could not identify the products from the
mixture. Itis likely that one or some of the pyrrolyl substituents on the phosphine ligand
was activated by the metal as four broad signals in the 5~6 ppm region were observed by
'H NMR spectroscopy. The five-coordinate (M*PNPPY)Rh(Ph)(X) is probably difficult
to achieve due to the steric and electronic nature of (Y*PNPPY)Rh system as described
above. Not surprisingly, the reaction of (M*PNPPY)Rh(S'Pr,) with PhX in the presence
of a donor ligand “L” such as acetonitrile proceeded cleanly to form the six-coordinate
(MPNPPYYRh(Ph)(X)(L) compounds (619, 620, 621, Scheme 6-14). Ph-1 oxidatively
added to the Rh(l) center faster than Ph-Br (2 hat 70 T vs 2 d at 90 <C). Unfortunately,
no Ph-Cl or Ph-OTf OA was observed under the similar reaction conditions. In
comparison, (YSPNP™)Rh(Ph)(CI) and (M*PNP*Rh(Ph)(OTf) can cleanly be produced
through the OA of PhCl and PhOTf to (MPNP™)Rh that is generated through the
dissociation of S'Pr, from (M®PNP)Rh(S'Pr,). The rate of OA probably depends on the
rate of 'Pr,S dissociation, and that would be affected by both sterics and electronics.

Both electronic and steric factors indicate that the dissociation of iPrZS should be more
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difficult in compound 618 than in (M*PNP™)Rh(S'Pr,). It could also be that the Ph-ClI

OA to (PNP-pryl)Rh is not more favorable than the binding of 'Pr,S.

Ppryl,
N-Rh—S'Pr,
Ppryl,
Ppryl,
618
l Ar Ar-X Ph-X (X = Br, ) o
V2 - or — » unidentified mixture of products
N-Rh™—X 0
v ‘ L = CH45CN or 'BuCN CeDe/70 °C
Ppryl, X=1,70°C, 2h Ppryl,
X =Br, 90 °C, 2d
N—thg]
Ar=Ph, X=Br,L=CH,CN 619 ‘
Ar=Ph, X=1,L=CH;CN 620 Ppryl,
Ar=Ph, X=1, L ='BuCN 621-Ph
Ar = 4-F-CgHy, X = I, L ='BuCN 621-FPh 614

Scheme 6-14. Ar-X OA at (*PNPP™)Rh in the presence of external donor ligand.

6.2.2.5 Synthesis of (M*PNPPYYRh(Ph)(OAc) and (MPNPPYYRh(Ph)(OTF)(NC'Bu)

Although Ar-1 and Ar-Br can oxidatively add to rhodium to make a Rh-I or Rh-Br
bond, we are more interested in installing harder and better leaving groups such as
triflate to the rhodium, which can later facilitate the installation of other ligands onto the
metal center. Similar to (MPNPPY)Rh(Me)(OAc), compound (Y*PNPPY)Rh(Ph)(OAc)
(622) was synthesized through the salt metathesis of (M*PNPPY)Rh(Ph)(I)(L) with
AgOAc (Scheme 6-15). The n?? coordination mode of the acetate group completes the

sixth coordination site and forms the coordination saturated 18 e Rh(111) compound.
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Ppryl, Ppryl, Ppryl,
\/Ph \ Ph _ | Ph
N-Rh™—I AgOAc . N_,RLh,_O Me;SiOTf N—Rh/—OTf
id 0= L = NC'Bu id
Ppryl, Ppryl, Ppryl,
L = MeCN
620 622 623

Scheme 6-15. Synthesis of 622 and 623 through metathesis.

(MPNPPYYRh(Ph)(OTf) is an attractive molecule to synthesize because OTf is a
good leaving group and our group has already demonstrated its versatile reactivity in
other systems. One of the common routes to generate metal-triflate is by reacting metal-
acetate/chloride with a trialkylsilyl triflate. However, no reaction was observed between
(MPNPPY)Rh(Ph)(OAC) and excess MesSiOTf in CgDs at room temperature.
Interestingly, (MPNPPY)Rh(Ph)(OAc) reacted with MesSiOTf immediately in the
presence of an external donor ligand such as NC'Bu (Scheme 6-15). With fast workup,
the six-coordinate (M®PNPPY)Rh(Ph)(OTf)(NC'Bu) (623) could be isolated as a red-
purple solid. Compound 623 was characterized by solution NMR. Five different
aromatic resonances were observed for the phenyl ring bound to Rh in *H NMR
indicating the slow rotation of the Rh-Ph bond on the NMR time scale. A distinctive
doublet of triplets was also detected at & 140.3 ppm corresponding to the ipso-C bound
to Rh in *C{*H} NMR. A singlet resonanced at & -78.3 ppm (relatively down field

compared to free triflate anion) by *F NMR also indicated that the OTf is bound to the
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rhodium center. Compound 623 is not stable in solution. The CgDs solution of 623
decomposed to form two unidentified products at room temperature after 24 h or 50 °C

after 3 h.

Figure 6-2. ORTEP drawing'® of 623 (50% thermal ellipsoids). Hydrogen atoms are
omitted for clarity. Selected bond distances (A) and angles (deg) for 623: Rh-P1,
2.304(2); Rh-P2, 2.277(2); Rh-0O1, 2.135(5); Rh-N5, 2.023(6); Rh-N6, 2.146(6); Rh-C5,
2.062(7); P1-Rh-P2, 164.46(7); O1-Rh-N5, 177.1 (2); C5-Rh-N6, 175.9(3).

The structure®®’ of 623 was further confirmed by X-ray crystal diffraction (Figure 6-
2). The six coordinate rhodium adopts the octahedral geometry with the phenyl group
trans to NC'Bu. The P-Rh-P angle is 164.46 “which is similar to what is observed in six

coordinate (MPNP™YRh complexes.*®*
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6.2.2.6 Activation of Ph,Zn by (*PNP"")Rh

One reason the C-C cross coupling reaction catalyzed by (PNP)Rh does not work
very well is that the transmetalation reagent is not innocent towards the 14 e (PNP)Rh

intermediate. For example, the Zn-Ph bond in Ph,Zn can be activated by (YPNPPY)Rh.

B Ppryl, ]
Ppryl, Ppryl, Q \p Y2
PhyZn - (Ph-Ph
l/Ph 2 _Ph #, N-Rh
N—-Rh=- N—Rh\Ph
o | |
Ppryl
Ppryl, Ppryl, P2
622 Ph,Zn
Ppryl, Ppryly
Ph or
PR PhZn—N—-Rh—Ph
N Rh\ZnF’h
Ppryl, Ppryl
624a 624b

Scheme 6-16. Ph-Zn bond activation by (M*PNPPY)Rh.

Reaction of (M*PNPPY)Rh(Ph)(OAc) with 2 eq. Ph,Zn at room temperature in C¢Dg
or CD,Cl, led to an immediate color change from red to green. Within 10 min, *'P NMR
analysis indicates complete disappearance of the starting material and the formation of
two new products resonating at & 112.4 ppm (Jrh-p = 173 Hz) (~82%) and 100.6 ppm
(Jrn-p= 107 Hz) (~18%). After 1 h, only a single compound & 112.4 ppm was observed

by P NMR. It is likely that compound 622 reacts with the organozinc transmetallation
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reagent to form (M*PNPPY)Rh(Ph)(Ph) *PNMR: & 100.6 ppm (Jrn.p = 107 Hz)) which is
unstable and undergoes C-C reductive elimination to generate the three coordinate
(MPNPPY)Rh intermediate. The expected Ph-Ph by-product was observed by *H NMR
spectroscopy. The Zn-Ph bond of Ph,Zn was activated by (M*PNPP™)Rh and resulted in
the formation of a rhodium-zinc adduct. The product has not been fully characterized
yet. We tentatively assigned it as a Zn-Ph oxidative addition product
(MPNPPY Rh(Ph)(ZnPh) (624a) The other possibility is instead of doing Zn-Ph
oxidative addition, Zn-Ph does 1,2-addition reaction adding across the Rh-N bond to
form the product (M*PN(ZnPh)PP)Rh(Ph) (624b) (Scheme 6-16). Unfortunately, we
cannot differentiate these two structures based on NMR techniques. Due to the poor
solubility of the compound, no X-ray crystal structure has been obtained. Zn-C bond
oxidative addition to Rh(l) is not without precedent. Goldberg reported an example of
the formation of (PNP)*Rh(ZnCH3)(CH3)(OTf) ((PNP)* = 2,6-bis(di-tert-
butylphosphinomethyl)pyridine) by reacting (PNP)*Rh(OTf) with dimethylzinc.
Compound 624 did not react further with aryl halide, which is direct evidence for
catalytic inhibition in the catalytic cycle.
6.2.3 Examination of the C-O reductive elimination in (MePNPpryl)Rh system

One of our goals for the utilization of the new (Y®PNPP™)Rh system is to study the
reductive elimination (C-C, C-N, C-O etc) at rhodium center by taking advantage of the
relatively electron poor nature of the metal center in contrast to the (M*PNP™)Rh system.

The formation of C-C and C-N bonds is well studied by other systems, especially the

palladium catalyzed C-C and C-N cross coupling reactions.*® C-O RE from
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palladium(lV) and platinum(IVV) centers to form carboxylates has also been
developed.”®? Palladium catalyzed C-O bond formation has emerged as an effective
method for the construction of ethers from aryl halides and phenols or alcohols.**® C-C
reductive elimination was studied at five coordinate (*PNP™)Rh(R)(R’) by Dr. Gatard
in our group. The reductive elimination of R-R” was clean and quantitative. However,
the C-N and C-O bonds elimination has not been accomplished yet by the (M*PNP™)Rh
system.

Examination of C-O RE at (M*PNPPY)Rh(Ph)(OPh)(NC'Bu).  Reductive
elimination proceeds faster at a five-coordinate d° metal center than the corresponding

33130 Unfortunately, so far only six-coordinate (M*PNPPY)Rh

six-coordinate one.
complexes have been synthesized and all the attempts to make the five-coordinate
(MPNPPYRh complexes have been unsuccessful.

Reaction of compound 623 with excess NaOPh in PhF at room temperature for 4 h
led to the formation of two new products as indicated by **P NMR spectroscopy. Two
different 'BUCN signals were also observed by *H NMR. These two products could not
be separated by recrystalization. We tentatively assigned them as the two geometric
isomers of compound (M*PNPPY)Rh(Ph)(OPh)(NC'Bu) (625). Compound 625 was
thermolyzed in the presence of Ph-I in C¢Dg at 70 °C for ~17 h. *'P NMR analysis

revealed the formation of (*PNPPY)Rh(Ph)(1)(NC'Bu) in > 95% yield (Scheme 6-17).
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N-Rh—OPh
Ppryl, L ‘ Ppryl;
l Ph NaOPh Ppryl; Phi ‘/Ph

N-Rh—OTf — = - NI}Rh" +PhOH + organic product with Mw = 158.9
4 ‘ PhF CeDg, 70°C ‘
boryt and Poryl, ( CeDs-CeDH, ?77)
(L =NC'Bu) QPprylz
| P 621-Ph
N-RH—L
623 PhO
Ppryl,

Scheme 6-17. Thermolysis of 623 and NaOPh in the presence of Phl in CgDs.

Interestingly, no C-O RE product (PhO-Ph) was detected by NMR or mass
spectroscopy. Instead, PhOH was observed in the 'H NMR spectrum and another
product with molecular weight of 158.9 was detected in the mass spectrum. Similarly,
the organic products PhOH and CgHs-CgHs were observed when thermolysis of the
reaction in C¢Hg instead of CgDs.

We investigated the reaction further in order to understand the reaction process.
Both (M*PNPPY)Rh(Ph)(1)(NC'Bu) and (M*PNPPY)Rh(4-F-CeH.,)(1)(NC'Bu) were found
when (M*PNPPY)Rh(Ph)(OPh)(NC'Bu) was thermolyzed in the presence of 4-F-CgHal.
Moreover, the organic compounds PhOH, CgHs-CgHs, and CgHs-CgH4F as well as small

amount of PhOCgH,4F and (CsH4F), were detected by GC/MS.
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Without further study, it is difficult to fully understand the mechanism of these
reactions. However, with the observation of the formation of PhO-H and 621, one can
perceive several possible reaction pathways.

One of the possible reaction pathways is shown in Scheme 6-18. Dissociation of the
pivalonitrile from 625 led to the formation of the five-coordinated intermediate 6A’.
Solvent Cg¢Hg came in and C-H activation generated PhO-H and the rhodium biphenyl
species 6C°. C-C RE formed biphenyl and generated the transient three-coordinated
intermediate 6E°. OA of Phl followed by the coordination of pivalonitrile eventually led

to the finally observed 621-Ph.

Ph Ph

_t . Ph CeH 7 PhO-H Ph
Rm<__ e _ e R | 2RO ey
|_/ OPh [ ]\OPh \HOF’h [ ]\Ph
625
(L ='BUCN) GA' 6B' 6C'
Ph
- (Ph-Ph) Phl, L /
—— [Rh ———— [Rnj*—,
4 Ppryl,
6E'
N R\h = [Rn]
621-Ph ‘
Ppryl,

Scheme 6-18. The transformation via C-H activation of benzene solvent.

The reaction pathway as described in Scheme 6-18 fits the experimental data when

the reaction was done in CgHg. However, it disagrees with the data while the reaction
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was done in C¢Dg. C-D bond in CgDg was activated and PhO-D should be observed if
the reaction followed the pathway in Scheme 6-18. In reality, only PhO-H was formed

even the reaction was done in CgDs.

. [Rh]‘/‘

P [l e P

(RN —_ [Rh]—__ ¢ [Rh]
% OPh OPh ~—c,D
625 , \ 6G'
(L ='BuCN) 6A 6F ¢
/Ph
- C¢DsC¢DH Ph-l or p-F-CgH,l
_ "~ weTsveET A [Rh] _Fh-lor p-F-Lehgl [Rh1~ or
4 /[Rh]\
6E' I |
621-Ph 621-FPh

Scheme 6-19. The transformation via a benzyne intermediate.

The second reaction pathway one can think of is via a benzyne intermediate. A Rh-
benzyne intermediate (6F’) was possibly generated due to the p-H abstraction for the
formation of PhO-H (Scheme 6-19). In the presence of benzene as solvent, the benzyne
intermediate affected the C-H (or C-D) bond activation of the solvent, forming the
rhodium bis-aryl complex (6G’) which underwent fast C-C reductive elimination to
release the biphenyl. The C-H activation mediated by a metal-benzyne complex is not
without precedence.?®* Aryl iodide oxidatively added to the transient three-coordinate
rhodium (6E”) and was trapped by the nitrile to generate the observed rhodium (111)
compound. This reaction pathway fits the observed formation of PhO-H no matter the

reaction was done in CgHg or CgDs. Based on this reaction process, the GC/MS
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observed product should be CgDs-CsDH,4 with the molecular weight of 160 when the
reaction was done in C¢Dg. However, only a product with the molecular weight of 158.9
was observed. So this reaction route is inconsistent with the GC/MS experimental data.
It is also likely that the C-H bond activation of pyrrolyl ligand was involved during
the transformation. The intermediate 6H’ might be accessible through the interaction of
C-H bond from pyrrolyl ligand with 6A’. After the release of PhO-H and followed by

C-D

6l' 6J' 6E'-d

621-Ph
Scheme 6-20. The transformation via a pyrrolyl C-H bond activation.
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bond activation, an intermediate similar to 6J> as shown in Scheme 6-20 was possibly
formed. Elimination of Ph-C¢Ds and migration of deuterium to the pyrrolyl ligand
regenerated the transient 6E’-d. This pathway fits the experimental data we have
obtained so far, including the formation of PhO-H as well as the formation of Ph-CgDs
as interoperated from GC/MS. However, more data need to be obtained in order to fully

support this pathway.

=R N

RN~ opn [Rh] RN~ opn Rl
I
6A 6K
625 621-FPh ‘
F F
tL + ’// \Rh
/[Rh]\| I [Rh]\l [Rh]\ [Rh]\o/«[ ]
L OPh Ph
621-Ph 6N’ oM’

+ Gy ~PNOH 6L’
E 6757 -FCgH4CeHs

-F-CgH,l

[Rh] 6E'

621-FPh

Scheme 6-21. 1/0OPh exchange via the intermediacy of the dirhodium complex.
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The reaction became more complicated when it is done in C¢Hg and in the presence
of p-fluoro-phenyliodide. Both  (M®PNPPY)Rh(Ph)(I)(NC'Bu)  (621-Ph) and
(MePNPPY)Rh(p-F-CeH,)(I)(NC'Bu) (621-"Ph) were formed. We propose that the
formation of both 621-Ph and 621-"Ph is due to 1/OPh exchange between 625 and 621-
"Ph, probably via the intermediacy of the dirhodium complex 6L’ as shown in Scheme
6-21.

6.3 Conclusion

In summary, we have synthesized a new m-accepting PNP ligand bearing pyrrolyl
substituent. Other PNP ligands with different substituent on the phosphorous atoms
have also been synthesized by reacting M*PNPP™ with organolithium reagents. A PNP
ligand with ethoxy groups on the phosphorus has also been successfully achieved. This
study develops a completely new method to synthesize PNP ligands with different
electronic and steric properties.

We have also synthesized several Rh(I) complexes supported by MPNP?™ ligand via
N-P cleavage, direct transmetalation, or ligand substitution. Six-coordinate Rh(lll) has
been obtained through oxidative addition of aryl-halide to rhodium. However, in
comparison to (M*PNP™)Rh system, no five-coordinate (M*PNPPY)Rh(I11) species has
been obtained and this is probably due to both steric and electronic factors. One of our
goals for exploring this new ligand system is to examine the RE reactions at rhodium
center. The lack of isolation of five-coordinate (M*PNPP™)Rh(II1) species precludes the
direct comparison of the rate of C-C reductive elimination reactions between

MPNP™)Rh and (M*PNPPY)Rh systems. On the other hand, we studied the C-O
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reductive elimination at (M*PNPPY)Rh(l11) center. Unfortunately, no C-O RE product
was observed and further examination indicated that benzene C-H activation might be
involved in these transformations.
6.4 Experimental

General Considerations. Unless specified otherwise, all manipulations were
performed under an argon atmosphere using standard Schlenk line or glovebox
techniques. Ethyl ether, CsDs, and pentane were dried over Na/K/Ph,CO/18-crown-6,
distilled or vacuum transferred and stored over molecular sieves in an Ar-filled
glovebox. Fluorobenzene was dried with and then distilled from CaH,.
[Rh(COD)CI],,%® CIPpryl,?® were prepared according to the published procedures. All
other chemicals were used as received from commercial vendors (PhLi, 1.8 M/Bu,0O; n-
BnLi, 2.5 M/hexanes; MeMgCl, 3.0 M/THF; Me,Zn, 1.0 M/Heptane). NMR spectra
were recorded on a Varian iNova 300, Varian iNova 400, and Mercury 300
spectrometer. Chemical shifts are reported in & (ppm). For *H and *C NMR spectra, the
residual solvent peak was used as an internal reference. *'P NMR spectra were
referenced externally using 85% HsPO4at & 0 ppm. *°F NMR spectra were referenced
externally using CF3COOH at & -78.5 ppm. Elemental analyses were performed by

CALLI, Inc. (Parsippany, NJ).

Synthesis of 601. Under Ar, n-BuLi (1.09 mL, 2.72 mmol) was slowly added to a
solution of N-methyl-bis(2-bromo-4-methylphenyl)amine (500 mg, 1.362 mmol) at 0 °C.
The reaction mixture was warmed to room temperature and stirred for 1 h, and then it

was cooled down to -100 °C. CIPpryl, (430 pL, 2.66 mmol) was added to it. The
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reaction mixture was warmed up to room temperature and stirred overnight. A yellow
solution with white precipitate was formed the next day. The volatiles were removed
under vacuum and the residue was extracted with toluene. The solution was passed
through Celite and silica. The wvolatiles of the filtration were removed and
recrystallization of the residue from ether afforded 601 as white solid. Yield, 160 mg,
1.04 mmol, 38.4%. *P{"H} NMR (CsDs): & 8.1. *H NMR (CgD¢): 5 7.54 (dd, J = 12
Hz, J = 2 Hz, 2H), 7.00 (dd, J = 8 Hz, J = 2 Hz, 2H), 6.90 (m, 2H), 6.65 (d, J = 8 Hz,
2H), 6.25 (M, 2H), 2.94 (s, 3H), 2.01(s, 6H).

Synthesis of 602. Bis(2-bromo-4-methylphenyl)amine (567 mg, 1.60 mmol),
(Boc),0 (553 pL, 2.40 mmol), 4-DMAP (40.0 mg, 0.32 mmol) were dissolved in about
10 mL of THF. The reaction mixture was refluxed in THF for about 40 h. '*H NMR
indicated there was only about ~ 50% conversion of the starting material. The volatiles
were removed under vacuum and the residue was extracted with ether. The ether
solution was passed through Celite and silica. The volatiles of the filtration were
removed and the residue was washed with pentane for 3 times (3 x 5 mL) to get the
white solid. *H NMR (C¢De):8 7.45 (d, J = 8 Hz, 2H), 7.24 (br, 2H), 6.58 (d, J = 8 Hz,
2H), 1.75 (s, 6H), 1.50 (s, 9H).

Synthesis of 603. Bis(2-bromo-4-methylphenyl)amine (1.18 g, 3.36 mmol) was
dissolved in about 50 mL of ether. n-BuLi (4.16 mL, 10.4 mmol) was slowly added to
the solution. The reaction mixture was stirred at room temperature for 2 h and then
slowly added to a flask containing CIPpryl (1.68 mL, 10.4 mmol) in an ice bath. The

color immediately changed to red. The reaction was stirred at room temperature for
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overnight. Slightly yellow solution together with white precipitate was formed the next
day. The volatiles were removed under vacuum and the residue was dissolved in toluene.
The solution was passed through Celite and silica. The volatiles from the filtration were
removed and the oily residue was washed with pentane to afford white power. The solid
power was dried under vacuum. Yield, 966 mg, 1.41 mmol, 42.1%. *P{'*H} NMR
(CéDe): & 63.9 (d, 2P, Jpp = 49 Hz, P-Aryl), 85.5 (t, 1P, Jpp = 49 Hz, P-N). 'H
NMR(CeDg): & 6.70 — 6.60 (m, 10 H), 6.56 (m, 8 H), 6.26 (m, 4H), 6.20 (m. 8H), 1.81 (s,
6H). C{*H}(CsDs):5 145.5 (q, Jpc = 13 Hz), 136.9, 133.4, 132.8 (t, J = 10 Hz), 132.6,
128.8 (dt, J = 10 Hz, J = 5 Hz), 124.2 (t, = 7 Hz), 123.7 (d, J = 15 Hz), 112.6 (d, J = 5
Hz), 112.4.

Synthesis of 604. Compound 603 (143 mg, 0.209 mmol) was dissolved in about 3
mL of THF followed by the addition of LiNMe, (12.0 mg, 0.231 mmol ). The solution
color changed to yellow immediately. 3P NMR analysis revealed that compound 604
was the major product together with the formation of Ppryl,(NMe,). There were also a
few other signals observed by *'P NMR spectroscopy, presumably due to the products of
the unselective cleavage of P-N bonds from the ligand back bone. The volatiles were
removed under vacuum and the residue was recrystallized from THF/pentane to get
yellow powder. The solid was washed with pentane 3 times and dried under vacuum.
Yield, 80.0 mg, 0.12 mmol, 57.1%. *P{*H} NMR (C¢Ds): & 75.2. *H NMR (C¢Ds): &
7.00 (d, J = 6 Hz, 2H), 6.92 (m, 2H), 6.85 (M, 8H), 6.77 (d, J = 6 Hz, 2H), 6.34 (m, 8H),

3.35 (m, 8H), 2.03 (s, 6H), 1.23 (m, 8H).
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Synthesis of 605. Compound 603 (665 mg, 0.973 mmol) was dissolved in about 6
mL of THF followed by the addition of LiNMe, (52.0 mg, 1.07 mmol ). The solution
color changed to yellow immediately. 3P NMR analysis revealed that compound 604
was the major product together with the formation of Ppryl,(NMe;). There were also a
few other signals observed by *P NMR, presumably due to the products of the
unselective cleavage of P-N bonds from the ligand back bone. The reaction mixture was
taken out of the glovebox and excess degassed water was added to it. The yellow
solution changed to colorless within a few minutes. The volatiles were removed under
vacuum and the residue was dissolved in toluene. The solution was passed through
Celite and silica. Remove the volatiles from the filtration and recrystalize the residue
from pentane gave compound 605 as air stable white solid. Yield, 253 mg, 0.53 mmol,
50%. *'P{"H} NMR (CgDs): 5 66.1. *H NMR (CgDe): 5 6.78 (m, 12H), 6.55 (d, J =5
Hz, 2H), 6.28 (m, 8H), 4.97 (br, 1H), 1.90 (s, 6H). *C{*H} NMR (C¢Ds): & 144.1 (d, J
= 22 Hz), 132.8, 132.7, 131.4 (d, J = 5 Hz), 124.4 (d, J = 14 HZ), 121.4, 112.9 (d, J = 4
Hz) (one aromatic ‘C’ is either missing or overlapped with other aromatic resonances)
20.7.

Synthesis of 606. Compound 604 (50.0 mg, 0.074 mmol) was dissolved in about 2
mL of THF followed by the addition of degassed EtOH (100 pL, excess). The yellow
solution changed to colorless within minutes. 3P NMR analysis indicated the
disappearance of the starting material and the formation of a new product with > 95%
purity. The volatiles were removed under vacuum. The residue was extracted with

toluene and the solution was passed through Celite. The volatiles were removed under
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vacuum. Recrystallization was attempted from several different solvents, however, we
could not isolate compound 606 as a solid form. *P{*H} NMR (C¢Ds): 5 155.6. 'H
NMR (C¢Ds): 6 7.73 (d, J = 7 Hz, 2H), 7.71 (br, 1H), 7.26 (dd, J = 8 Hz, J = 3 Hz, 2H),
6.91 (d, J = 8 Hz, 2H), 3.86 (m, 8H), 2.17 (s, 6H), 1.17 (t, J = 8H, 12H). *C{'"H} NMR
(CeDe): & 144.4 (d, J = 17 Hz),132.1 (d, J = 17 Hz), 131.9, 130.0 (d, J = 4 Hz), 129.8,
119.6, 62.6 (d, J = 10 Hz), 20.8, 17.2 (d, J = 5 Hz).

NMR observation of 607. Compound 603 (15.0 mg, 0.022 mmol) was charged with
0.6 mL of Et,O in a J Young NMR tube followed by the addition of n-BuLi (61.0 uL,
0.154 mmol). The solution turned to yellow immediately. **P NMR analysis indicated
the formation of P(n-Bu)s (-31.3 ppm) and a new signal at & -39.9 ppm. Excess
degassed EtOH was added to the reaction mixture and the yellow solution changed to
colorless immediately. The solution was passed through Celite and silica. The volatiles
were removed under vacuum. The sample was redissloved in C¢Ds for NMR analysis.
$1p£IHY NMR (CeDs): 6 -45.9. *H NMR (CgDs): 6 8.07 (t, J = 8 Hz, 1H), 7.35 (d, J = 8
Hz, 2H), 7.29 (br, 2H), 6.91 (d, J = 8 Hz, 2H), 2.18 (s, 6H), 1.70-1.66 (m, 8H), 1.46-1.32
(m, 16H), 0.80 (t, J = 7H, 12H).

NMR observation of 608. Compound 603 (15.0 mg, 0.022 mmol) was charged with
0.6 mL of Et,O in a J. Young NMR tube followed by the addition of MeLi (102 uL,
0.154 mmol). The solution turned to yellow immediately. 3P NMR analysis indicated
the formation of PMe3 (-61.3 ppm) and a new signal at 6 -62.6 ppm. Excess degassed
EtOH was added to the reaction mixture and the yellow solution changed to colorless

immediately. The solution was passed through Celite and silica. The volatiles were
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removed under vacuum. The sample was redissolved in CgDg for NMR analysis.
$pLI1HY} NMR (CeDg): & -63.3. *H NMR (CgDs): 6 7.50 (t, J = 8 Hz, 1H), 7.23 (d, J = 8
Hz, 2H), 7.15 (br, 2H), 6.89 (d, J = 8 Hz, 2H), 2.17 (s, 6H), 1.10 (br, 12H).

NMR observation of 609. Compound 603 (15.0 mg, 0.022 mmol) was charged with
0.6 mL of Et;O in a J Young NMR tube followed by the addition of PhLi (84.0 uL,
0.154 mmol). The solution turned to yellow immediately. **P NMR analysis indicated
the formation of PPh; (-4.4 ppm) and a new signal at & -14.9 ppm. Excess degassed
EtOH was added to the reaction mixture and the yellow solution changed to colorless
immediately. The solution was passed through Celite and silica. The volatiles were
removed under vacuum. Both *P and 'H NMR data are consistent with the published
NMR data for MP(H)P™"

Synthesis of 611. Compound 603 (50.0 mg, 0.073 mmol) was dissolved in about 2
mL of PhF followed by the addition of [Rh(COD)CI], (16.5 mg, 0.066 mmol Rh). *'P
NMR analysis revealed the disappearance of the ligand and the appearance of a few new
signals which we have not been able to fully characterize. Me;Zn (37.0 uL, 0.037
mmol) was added to the reaction mixture and the reaction was left at room temperature
for overnight. The solution was passed through Celite and silica. The volatiles were
removed under vacuum and the residue was washed with pentane and dried under
vacuum to get red solid as compound 611. The X-ray quality crystal was obtained by
crystallizing from PhF/pentane at -35 °C. *'P{*H} NMR (C¢D¢): & 112.6 (d, J = 190
Hz). 'H NMR (C¢Ds): & 7.45 (d, J = 8 Hz, 2H), 6.86 (br, 2H), 6.71 (br, 8H), 6.65(d, J =

8 Hz, 2H), 6.57 (br, 4H), 6.20 (br, 8H), 6.15 (br, 4H), 1.89 (s, 6H), 1.31 (br, 3H).
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BC{*H} NMR (CgDs): & 159.9 (1), 135.4, 131.0, 126.4 (br), 123.9, 122.9 (d, J = 5 Hz),
116.8 (t, J = 5 Hz), 116.7 (t, = 5 Hz), 113.2, 112.5 (d, J = 5 Hz), 23.7 (t, J.p = J-rn =
15 Hz), 20.1.

NMR observation of 612. Compound 611 (15.0 mg, 0.019 mmol) was dissolved in
0.6 mL CgDs in a J. Young NMR tube and charged with 1 atm of CO. The red solution
became orange within minutes. **P NMR analysis revealed the complete disappearance
of the starting material and the formation of the free phosphine Ppryl,Me (& 80.2 ppm)
as well as the new doublet resonated at 6 110.7 ppm. However, removal of the volatiles
under vacuum and redissolve the residue in CgDg converted the product back to
compound 611 as indicated by both *H and *'P NMR. Solution NMR characterization
for 612: *'P{"H} NMR (CgDs): & 110.7 (d, J = 178 Hz). *H NMR (C¢Ds): 5 7.40 (dt, J =
9 Hz, J = 3 Hz, 2H), 7.15 (t, J = 4 Hz, 2H), 6.93 (m, 8H), 6.64 (d, J = 9 Hz, 2H), 6.23
(m, 8H), 1.87 (s, 6H).

Synthesis of 613. Compound 611 (45.0 mg, 0.056 mmol) was dissolved in about 2
mL of PhF followed by the addition of MeOTT (20.0 uL, 0.177 mmol Rh). The reaction
mixture was left at room temperature overnight. The solution was passed through Celite
the next day. The volatiles were removed under vacuum and the residue was washed
with pentane to get a red solid. Yield, 50.0 mg, 0.052 mmol, 92%. *P{*H} NMR
(CeDs): & 109.7 (dd, Jrnp = 132 Hz, Jp.p = 37 Hz, 2P), 100.2 (dt, Jgnp = 142 Hz, Jp.p =
37 Hz, 1P) *H NMR (CeDe): 5 7.84 (dt, J = 9 Hz, J = 3 Hz, 2H), 7.33 (br, 4H), 6.84 (t, J

= 6 Hz, 2H), 7.77 (d, J = 9 Hz, 2H), 6.56 (br, 4H), 6.30 (br, 4H), 6.12 (br, 8H), 6.06 (br,
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4H), 1.85 (s, 6H), 1.28 (d, J = 6 Hz, 3H), 0.59 (dt, Jrn-n = 2 Hz, Jp.ry = 6 Hz, 3H). *°F
NMR (C¢Ds): & -78.1.

Synthesis of 614. Compound 604 (80.0 mg, 0.12 mmol) was dissolved in about 2
mL of THF followed by the addition of [Rh(COD)CI], (29.0 mg, 0.12 mmol Rh). The
yellow solution changed to orange immediately. After 30 min, the volatiles were
removed under vacuum. The residue was extracted with toluene and passed through
Celite. The volatiles from the filtrate were removed under vacuum again to get a
yellow-orange residue. The residue was washed with pentane three times to get a yellow
powder. Yield, 73 mg, 0.10 mmol, 83%. 'H NMR (C¢Ds): & 7.49 (br, 2H, (PNP)Aryl-
H), 7.20 (dt, J = 8 Hz, J = 2 Hz, 2H, (PNP)Aryl-H), 6.93 (s, 4H, pryl-H), 6.88 (s, 4H,
pryl-H), 6.65 (dd, J = 8 Hz, J = 2 Hz, 2H, (PNP)Aryl-H), 6.41 (s, 4H, pryl-H), 6.15 (s,
4H, pryl-H), 4.13 (br. 2H, COD-H), 3.77 (br, 2H, COD-H), 2.02 (m, 2H, COD-H), 1.96
(s, 6H, Ar-CHs), 1.60 (m, 2H, COD-H), 1.41 (m, 2H, COD-H), 1.24 (m, 2H, COD-H).
$1pLIHY NMR (CgDe): & 117.4 (d, J = 169 Hz).

Synthesis of 615. Compound 614 (54.0 mg, 0.074 mmol) was treated with Mel (18
uL, 0.29 mmol) in about 0.6 mL of C¢Ds. The reaction mixture was heated at 50 °C for
22 h. 3P NMR analysis indicated the disappearance of the starting material and the
formation of compound 615a. Solution NMR data for 615a *H NMR (CsDs): & 7.60 (d, J
= 9 Hz, 2H, (PNP)Aryl-H), 7.58 (s, 4H, pryl-H), 7.35 (br, 2H, (PNP)Aryl-H), 7.23 (s,
4H, pryl-H), 6.66 (d, J = 9 Hz, 2H, (PNP)Aryl-H), 6.23 (s, 6H, pryl-H), 1.89 (s, 6H, Ar-
CHg3), 1.69 (t, J = 7 Hz, 3H, Rh-CH3), 1.39 (s, 3H, CHsl, overlapping with free CHjsl).

SIpfIHY NMR: 8 101.6 (d, J =139 Hz). The excess CHsl and other volatiles were
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removed under vacuum and the residue was washed with pentane to get the red powder
of 615b. Yield, 34.0 mg, 0.045 mmol, 61%. 'H NMR (C¢De): & 7.61 (br, 6H,
(PNP)Aryl-H + pryl-H), 7.24 (br, 2H, (PNP)Aryl-H), 6.95 (br, 4H, pryl-H), 6.71 (d, J =
8 Hz, 2H, (PNP)Aryl-H), 6.22 (s, 4H, pryl-H), 6.13 (br, 4H, pryl-H), 1.89 (s, 6H, Ar-
CHs), 1.41 (t, J = 7 Hz, 3H, Rh-CHs). *'P{'"H} NMR: & 105.4 (d, J =145 Hz).

Synthesis of 616. Compound 615b (444 mg, 0.58 mmol) was treated with AgOAc
(97.0 mg, 0.58 mmol) in 5 mL of toluene and stirred at room temperature for overnight.
The reaction mixture was passed through Celite. The volatiles were removed under
vacuum. The residue was recrystallized from toluene/pentane at -35 °C to get red
crystals. Yield, 283 mg, 0.41 mmol, 70.2%. 'H NMR (C¢Dg): 8 7.61 (dt, J=9 Hz, J =4
Hz, 2H, (PNP)Aryl-H), 7.30 (br, 4H, pryl-H), 7.22 (t, J = 4 Hz, 2H, (PNP)Aryl-H), 6.94
(br, 4H, pryl-H), 6.65 (dd, J = 8 Hz, J = 2 Hz, 2H, (PNP)Aryl-H), 6.28 (br, 8H, pryl-H),
1.86 (s, 6H, Ar-CHj3), 1.53 (s, 3H, CH3CO,), 1.05 (td, J = 6 Hz, J = 2 Hz, 3H, Rh-Me)
$1pLIHY NMR (CgDe): & 103.7 (d, J = 142 Hz).

Synthesis of 617. Compound 616 (24.0 mg, 0.034 mmol) was dissolved in about 0.6
mL of CgDg in a J. Young NMR tube. Et3SiH (11.2 pL, 0.068 mmol) was added to the
solution. The solution was left at room temperature for 5 h. The volatiles were removed
under vacuum and the residue was washed with cold pentane twice. *H NMR (C¢Ds): &
7.55 (dt, 3 = 8 Hz, J = 2 Hz, 2H, (PNP)Aryl-H), 7.09 (br, 10H, (PNP)Aryl-H + pryl-H),
6.89 (dd, J = 8 Hz, J = 2 H, (PNP)Aryl-H), 6.26 (s, 8H, pryl-H), 1.90 (s, 6H, Ar-CHs),
0.99 (t, J = 8 Hz, 9H, CH3CH,), 0.44 (g, J = 8 Hz, 6H, CH3CH,), -13.2 (dt, J = 25 Hz, J

= 13 Hz, 1H, Si-H). Hydride region for *H{**P}NMR (CgD¢): & -13.2 (d, Jrn.i = 25 Hz,
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Jsin= 35 Hz). BC{*H}INMR (C¢D¢): & 160.5 (t, J = 16 Hz), 135.6, 131.6, 127.1 (t, J = 4
Hz), 124.7 (t, J = 4 Hz), 124.4 (t, J = 26 Hz), 116.6 (t, J = 7 Hz), 113.5 (t, J = 3 H2).
20.0, 10.7 (br), 10.1. *P{*H}INMR (CgD¢): & 111.8 (d, J = 184 Hz).

Synthesis of 618. Compound 616 (100 mg, 0.143 mmol) was dissolved in about 5
mL of toluene followed by the addition of Et;SiH (70.0 uL, 0.430 mmol) and Pr,S (145
uL, 1.00 mmol). The reaction mixture was left at room temperature overnight. The
reaction mixture was passed through Celite and silica the next day. The volatiles were
removed under vacuum. The residue was recrystallized from PhF/pentane at -35 °C to
get the red powder. Yield, 85.0 mg, 0.115 mmol, 80.1%. *H NMR (C¢Ds): & 7.44 (dt, J
=8 Hz, J = 2 Hz, 2H, (PNP)Aryl-H), 7.24 (br, 10H, (PNP)Aryl-H + pryl-H), 6.63 (dd, J
=8Hz, J=2H, (PNP)Aryl-H), 6.30 (br, 8H, pryl-H), 2.04 (sep. 2H, CH(CHs)>), 1.98 (s,
6H, Ar-CHs), 0.92 (d, J = 6 Hz, 12H, CH(CHs),). *P{*H} NMR (C¢Ds): 5 106.5 (d, J =
198 Hz).

Solution characterization of 619. Compound 618 (15.0 mg, 0.020 mmol) and PhBr
(5.0 uL, 0.047 mmol) were dissolved in about 0.6 mL of CHsCN in a J. Young tube and
heated at 90 °C for 2 days. The *P NMR analysis revealed the disappearance of the
starting material and the formation of a new product. Some red precipitate forms when
the solution was cooled to room temperature. The liquid was decanted and the solid was
washed with pentane three times to get the pure sample of 619. *H NMR (CgDg): & 7.85
(d, J = 8 Hz, 2H, (PNP)Aryl-H), 7.70 (s, 4H, pryl-H), 7.30 (br, 2H, (PNP)Aryl-H), 6.74
(d, J =8 Hz, 2H, (PNP)Aryl-H), 6.71 (t, J = 9 Hz, 1H, phenyl-H), 6.60 (br, 2H, phenyl-

H), 6.53 (s, 4H, pyrl-H), 6.25 (s, 4H, pryl-H), 6.03 (s, 4H, pryl-H), 1.85 (s, 6H, Ar-CHjy),
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0.21 (br, 3H , NCCH3) (2 H from the phenyl group is missing from proton NMR
spectrum at room temperature.). *P{*H}NMR (C¢D¢): 98.1 (d, J = 135 Hz).

Synthesis of 620. Compound 614 (138 mg, 0.186 mmol) and PhI (42.0 uL, 0.372
mmol) were dissolved in about 4 mL of CH3sCN. The mixture was heated at 70 °C for 2
h. Red crystals crashed out from the solution. These crystals were collected on a frit and
dried under vacuum. Yield, 116 mg, 0.268 mmol, 72%. *H NMR (C¢Ds): & 7.85 (d, J =
8 Hz, 2H, (PNP)Aryl-H), 7.59 (s, 4H, pryl-H), 7.28 (br, 2H, (PNP)Aryl-H), 6.74 (d, J =
8 Hz, 2H, (PNP)Aryl-H), 6.69 (t, J = 9 Hz, 1H, phenyl-H), 6.67 (s, 4H, pyrl-H), 6.56 (t,
J = 9 Hz, 2H, phenyl-H), 6.24 (s, 4H, pryl-H), 6.05 (s, 4H, pryl-H), 1.85 (s, 6H, Ar-
CHs), 0.29 (s, 3H , NCCHs). *P{*H}NMR (C¢Ds): 100.3 (d, J = 137 Hz). 'H NMR
(CD,Cl,): 7.84 (dt, J = 8 Hz, J = 2 Hz, 2H, (PNP)Aryl-H), 7.25 (s, 4H, pryl-H), 7.19 (t, J
=2 Hz, 2H, (PNP)Aryl-H), 7.10 (dd, J = 8 Hz, J= 2 Hz, 2H, (PNP)Aryl-H), 6.53 (t, J = 9
Hz, 1H, phenyl-H), 6.35 (s, 4H, pyrl-H), 6.33 (s, 4H, pyrl-H), 6.27 (t, J = 9 Hz, 2H,
phenyl-H), 6.01 (s, 4H, pyrl-H), 2.23 (s, 6H, Ar-CHj3), 1.66 (s, 3H, NCCH3). (2 H from
the phenyl group is missing from proton NMR spectrum at room temperature.)
BC{*H}(CD,Cl,): 159.8 (t, J = 15 Hz), 140.0 (dt, J = 27 Hz, J = 10 Hz), 135.2, 133.3,
128.1 (t, J = 4 Hz), 126.9, 125.7, 124.9, 122.9, 120.0 (t, J = 28 Hz),119.0 (t, J = 9 Hz),
112.3 (t, J =3 Hz), 112.2 (t, J = 3 Hz), 20.3, 2.8. (one C signal from the phenyl group is
missing by *C{*H} NMR at room temperature)

Solution characterization of 621. Compound 618 (15.0 mg, 0.020 mmol) and Phl
(5.0 uL, 0.045 mmol) were dissolved in about 0.6 mL of CgDg in the presence of excess

NC'Bu in a J. Young tube and heated at 70 °C for 2 h. 3P NMR and '*H NMR analysis
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revealed the disappearance of the starting material and the formation of a new product
corresponding to compound 621-Ph. *H NMR (C¢Dg): & 8.25 (br, 1H, phenyl-H), 7.75
(d, J = 8 Hz, 2H, (PNP)Aryl-H), 7.67 (s, 4H, pryl-H), 7.17 (br, 2H, (PNP)Aryl-H), 6.91
(br, 1H, phenyl-H), 6.73 (d, J = 8 Hz, 2H, (PNP)Aryl-H), 6.66 (t, J = 9 Hz, 1H, phenyl-
H), 6.53 (s, 4H, pyrl-H), 6.49 (br, 2H, phenyl-H), 6.30 (s, 4H, pryl-H), 6.00 (s, 4H, pryl-
H), 1.84 (s, 6H, Ar-CHs), 0.44 (br, 9H , NC(CHa3)3). **P{"H}INMR (C¢Ds): 100.9 (d, J =
137 Hz).

Synthesis of 622. Compound 620 (84.0 mg, 0.097 mmol) and AgOAc (18 mg,
0.108 mmol) were dissolved in about 3 mL toluene. The reaction mixture was stirred at
room temperature for overnight. The reaction mixture was passed through Celite. The
volatiles were removed under vacuum. The residue was recrystallized from
toluene/pentane at -35 °C to get a red powder. Yield, 55.0 mg, 0.072 mmol, 75%. H
NMR (CgDe): 8.7.58 (dt, J = 8 Hz, J = 2 Hz, 2H, (PNP)Aryl-H), 7.23 (d, J = 8 Hz, 1H,
phenyl-H), 7.10-7.13 (br, 6H, (PNP)Aryl-H + pryl-H), 6.72 (m, 2H, phenyl-H), 6.60 (dd,
J =8 Hz, J =2 Hz, 2H, (PNP)Aryl-H), 6.57 (br, 1H, phenyl-H), 6.52 (s, 4H, pryl-H),
6.49 (t, J = 8 Hz, 1H, phenyl-H), 6.26 (s, 4H, pryl-H), 6.03 (s, 4H, pryl-H), 1.82 (s, 6H,
Ar-CHs), 1.66 (s, 3H, CH3CO,). “C{*H} NMR (CgD¢): 5 187.4, 160.3 (t, J = 14 Hz),
140.5 (dt, J = 30 Hz, J = 10 Hz), 134.9, 1345, 131.5, 130.9, 129.3, 127.2, 125.6, 124.5
(t, J = 3 Hz), 124.4 (t, J = 4 Hz), 123.7, 120.5 (t, J = 28 Hz), 119.3 (t, J = 6 Hz), 113.4 (t,
J =3 Hz), 112.9 (t, J = 3 Hz), 22.3, 20.0. *P{*H} NMR (CgDe): 6. 100.7 (d, J = 142

Hz).
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Synthesis of 623. Compound 622 (70.0 mg, 0.092 mmol) was dissolved in about 1
mL of toluene followed by the addition MesSIOTf (50.0 pL, 0.276 mmol). NMR
analysis indicated that there was no reaction. However, the color changed to purple
immediately by adding excess CH3CN to the solution. The volatiles were removed
under vacuum immediately. The residue was recrystallized from toluene/pentane at -35
°C to get a red-purple powder. Yield, 68.0 mg, 0.073 mmol, 80 %. ‘H NMR (C¢D¢): &
7.61 (s, 4H, pryl-H), 7.54 (br, 3H, (PNP)Aryl-H+ phenyl-H), 7.07 (br, 2H, (PNP)Aryl-
H), 6.79 (t, J = 7 Hz, 1H, phenyl-H), 6.71 (t, J = 7 Hz, 1H, phenyl-H), 6.65 (br, 1H,
phenyl-H), 6.61 (d, J = 8 Hz, 2H, (PNP)Aryl-H), 6.49 (t, J = 7 Hz, phenyl-H), 6.39 (s,
4H, pryl-H), 6.33 (s, 4H, pryl-H), 5.99 (s, 4H, pryl-H), 1.78 (s, 6H, Ar-CHj3), 0.65 (s, 9H,
C(CHs)s). C{*H} NMR (CsDg): & 158.9 (t, J = 15 Hz), 140.3 (dt, J = 28 Hz, J = 8 Hz),
134.6, 134.5, 133.7, 132.0, 130.1, 128.3, 127.5, 125.5 (t, J = 3 Hz), 124.4 (t, J = 2 Hz),
124.2,122.6 (t, J = 30 Hz), 119.5 (q, J = 319 Hz), 119.1 (t, J = 7 Hz), 113.4 (t, J = 2 H2),
113.1 (t, J = 3 Hz), 29.1, 26.7, 19.9. *'P{"H} NMR (C¢D5): 8. 98.0 (d, J = 137 Hz). °F
NMR (C¢Ds): 5 -78.3.

Solution characterization of 624. Compound 622 (9.0 mg, 0.012 mmol) and Ph,Zn
(4.6 mg, 0.024 mmol) were mixed in about 0.6 mL of CD,Cl; in a J. Young NMR tube.
The color changed to green within minutes. After 10 min, P NMR analysis revealed
the disappearance of the starting material and the formation of two new products at 6
100.6 (d, J = 107 Hz) (18%) and 112.4 (d, J = 173 Hz) (82%). After 1 h, only the
product resonated at & 112.4 (d, J = 173 Hz) was observed by **P NMR. The formation

of biphenyl was confirmed by *H NMR. The volatiles were removed under vacuum and
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the green powder was washed with pentane three times. *H NMR (CDCl,): & 7.50 (dt, J
=8 Hz, J = 3 Hz), 7.08-6.98 (m, 8H), 6.94 (br, 10H), 6.86 (t, J = 9 Hz, 2H), 6.75 (d, J =
9 Hz, 2H), 6.39 (br, 8 H), 2.17 (s, 6H). **P{"H}NMR (CD,Cl,): § 112.4 (d, J = 173 Hz).

Reaction of 623 with NaOPh in the presence of Phl in C¢Ds. Compound 623 (10.0
mg, 0.011 mmol) and NaOPh (5.0 mg, 0.043 mol) were stirred in about 1 mL PhF for 4
h. 3P NMR analysis indicated the disappearance of 623 and the formation of two new
products. The reaction mixture was passed through Celite and the volatiles were
removed under vacuum. The residue was redissolved in about 0.6 mL C¢Dg and 3.0 uL
of Phl was adding to the C¢Dg solution. The solution was transferred to a J. Young
NMR tube and heated at 70 °C for 17 h. Only compound 621-Ph was observed as the
rhodium complex as shown by *'P NMR spectrum. Ph-OH was observed by *H NMR
spectroscopy. The GC/MS analysis indicated the presence of a compound with the
molecular weight of 158.9, which is corresponding to the MW of C¢Ds-CgHs.

Reaction of 623 with NaOPh in the presence of 4-F-CgH4l in CsHg. Compound
623 (10.0 mg, 0.011 mmol) and NaOPh (5.0 mg, 0.043 mol) were stirred in about 1 mL
PhF for 4 h. *'P NMR analysis indicated the disappearance of 623 and the formation of
two new products. The reaction mixture was passed through Celite and the volatiles
were removed under vacuum. The residue was redissolved in about 0.6 mL CgHg and
3.0 puL of 4-F-CgHyl was adding to the CgHg solution. The solution was transferred to a
J. Young NMR tube and heated at 70 °C for 17 h. Compound 621-Ph and 621-"Ph were
observed as the rhodium complexes as shown by *P NMR spectrum. Ph-OH was

observed by *H NMR spectroscopy. GC/MS indicated compound para-F-CgH4CeHs as



207

the major organic product. Compounds (FCgHy4), and (CgHs), were also detected by
GC/MS.

X-Ray data collection, solution, and refinement for 611. A red crystal of suitable
size and quality (0.40 x 0.04 x 0.03 mm) was selected from a representative sample of
crystals of the same habit using an optical microscope, mounted onto a nylon loop and
placed in a cold stream of nitrogen (110 K). Low-temperature X-ray data were obtained
on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K, = 0.71073
A). All diffractometer manipulations, including data collection, integration and scaling

were carried out using the Bruker APEXII software.'®

An absorption correction was
applied using SADABS.'®® The space group was determined on the basis of systematic
absences and intensity statistics and the structure was solved by direct methods and
refined by full-matrix least squares on F2. The structure was solved in the triclinic space

group P1 using XS

(incorporated in SHELXTL). No missed symmetry was reported
by the ADDSYM program within PLATON.'® All non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were located and fixed in
idealized positions then refined using riding model. The structure was refined (weighted
least squares refinement on F?) to convergence. Three of the pyrrolyl groups were
disordered and modeled accordingly.

X-Ray data collection, solution, and refinement for 623. A red crystal of suitable
size and quality (0.14 x 0.09 x 0.05 mm) was selected from a representative sample of

crystals of the same habit using an optical microscope, mounted onto a nylon loop and

placed in a cold stream of nitrogen (110 K). Low-temperature X-ray data were obtained
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on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K, = 0.71073
A). All diffractometer manipulations, including data collection, integration and scaling

were carried out using the Bruker APEXII software.'®

An absorption correction was
applied using SADABS.'®® The space group was determined on the basis of systematic
absences and intensity statistics and the structure was solved by direct methods and
refined by full-matrix least squares on F2. The structure was solved in the triclinic space

group P2y/c using XS

(incorporated in SHELXTL). No missed symmetry was reported
by the ADDSYM program within PLATON.*® All non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were located and fixed in
idealized positions then refined using riding model. The structure was refined (weighted

least squares refinement on F?) and the final least-squares refinement converged to Ry =

0.0699 (1 > 20(l), 5164 data) and wR; = 0.1933 (F?, 9277 data, 528 parameters).
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CHAPTER VII

SUMMARY

In summary, this thesis presented the strong bond activation mediated by PNP pincer
ligated group 9/10 transition metals (Pd, Rh, Ir).

In Chapter I, [(PNP)Pd]" fragment was found to be capable of net heterolytic
cleavage of the B-H bond in catecholborane and the B-B bond in catecholdiboron.
Cationic palladium hydrides and palladium boryl complexes were isolated and
physically characterized. The activation of the B-H bond by [(PNP)Pd]" resulted in the
formation of Pd-H and N-B bonds. The addition of a B-B bond across a Pd-N bond to
form a palladium boryl complex is unique. It provides another route to palladium boryl
complexes and to the cleavage of the B-B bond where oxidative addition of a B-B bond
to the palladium center is difficult. Both the N-B and Pd-B bonds are subject to
hydrolysis, forming the corresponding N-H and Pd-H bonds. Deprotonation of the partly
hydrolyzed product 204-BAr", by Et;N gave the neutral palladium boryl complex
(PNP)PdBCat.

Chapter 111 described the C-H activation at (PNP)Ir center. We have demonstrated
that the thermodynamic preference for aryl or benzylic C-H oxidative addition may in
certain cases depend on the coordination number of the metal center. A higher
coordination number favors a less sterically demanding benzylic product instead of the
preference for the mesityl isomer for the lower coordination number. We have also

presented the C-H activation of cyclic ethers by (PNP)Ir and found that the results were
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very substrate dependent. These findings highlight the challenge of catalytic
functionalization of C-H bonds with ethers by using (PNP)Ir.

Chapter IV discussed the reaction of the (PNP)Rh fragment with Ph-O,CR substrates
with an eye towards Aryl-O bond activation It appears that a bulky and/or more
electron-donating R group helps block the undesirable C,-O OA and channel the
reaction towards Cayi-O OA. Our findings also highlight C-H OA as another potential
side reaction and illustrate that pivalate and carbamate may be particularly suitable for
pursuing Cayi-O OA reactions regardless of the metal involved.

Chapter V presented the synthesis of a PNP pincer supported Rh(l) difluorocarbene
complex (PNP)Rh(=CF;) through the reaction of (PNP)Rh(TBE) with Me3SiCF; in the
presence of CsF. Reaction of the rhodium difluorocarbene complex with the silylium
resulted in a new compound, which we tentatively assigned as the cationic terminal
fluorocarbyne species [(PNP)Rh(=CF)]*(B(CgFs)s)".

A new m-accepting PNP ligand bearing pyrrolyl substituents was synthezied in
Chapter VI. Other PNP ligands with different substituents on the phosphorous atoms
have also been synthesized by reacting M®PNPPY" with organolithium reagents. This
study develops a completely new method to synthesize PNP ligands with different
electronic and steric properties. Several Rh(l) complexes with the M*PN(P)P"' ligand
via N-P cleavage, direct transmetalation, or ligand substitution have been obtained. Six-
coordinate Rh(Ill) has been generated through oxidative addition of arylhalide to
rhodium. Fast C-C RE was observed in the new system. However, attempts at the more

challenging C-O RE were unsuccessful.
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