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Abstract

Synthesis and Reactivity of M**PCP and M**POCOP Iridium Complexes

Travis T. Lekich

Chair of the Supervisory Committee:

Prof. D. Michael Heinekey

Department of Chemistry
This thesis describes new syntheses of M#*PCP and M®*POCOP pincer ligands (R*PCP =
1,3-bis(dialkylphosphinomethyl)-benzene; *POCOP = 1,3-bis(dialkylphosphinito)-benzene), and
the coordination chemistry of the corresponding iridium complexes. Bis(dimethyl)phosphine
ligands have been difficult to synthesize because their precursors are expensive or dangerous to
obtain. As such, they have not been as extensively studied as the larger R*PCP (R = 'Bu, 'Pr)
derivatives. Chapter 2 shows that aminophosphines, which can be safely synthesized on large
scales, are excellent precursors to bis(dimethyl)phosphine ligands: Me*PCP, MePOCOP, and
DMPE. Iridium complexes of Me4PCP and Me*POCOP show similar and novel reactivity compared
to that of larger analogs (R = 'Bu, 'Pr). Chapter 3 illustrates the steric environment of
(Me4PCP)Ir(CO) through structure and reactivity comparisons. Chapter 4 describes the facile nature
of H addition to (MePCP)Ir(CO) and subsequent isomerization. The nature of this reaction
allowed us to investigate the isomerization mechanism and revealed that the isomerization likely
proceeds through a CO insertion pathway. Chapter 4 also reports the surprising reactivity of DCM
and silver acetate with (M#*PCP)Ir(CO), which likely is facilitated by the ligand’s reduced steric

profile.
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Chapter 1. Introduction

1.1 Introduction

Numerous research groups have studied tridentate pincer ligands for a variety of chemical
transformations. Many of the reported pincer ligands feature two coordinating phosphine “arms”

linked with a central aromatic ring through benzylic or oxygen linkers (Figure 1.1).}

Figure 1.1 Depiction of **POCOP and **PCP ligands.

E—PR, PR, O-PR,
E = O, CH,, or NR
7\, 2
— X=CorN
E-PRZ PRZ O-PRZ
R4 R4
General Aromatic-Based PCP pocop
Pincer Ligand The Focus of this Work

This ligand motif allows for an energetically favorable 5-membered chelate, which provides a
thermally and chemically stable metal complex.! Moreover, pincer ligands can be modified both
sterically through the substituents on phosphorus, and electronically through the substituents on
the aryl ring and on phosphorus.! These favorable attributes make R*POCOP and R*PCP pincer
ligands (R*PCP = 1,3-bis(dialkylphosphinomethyl)-benzene; RipOCOP = 1,3-
bis(dialkylphosphinito)-benzene) attractive for use in many transformations, most notably
dehydrogenation and hydrogenation chemistry.? These application-based studies have also been
accompanied by extensive experimental and computational investigations of the electronic and
steric effects of the commonly-used pincer ligand derivatives. Despite the rich chemical
knowledge of these pincer ligands, many of the possible ligand derivatives are underexplored

particularly with respect to the substituents on the phosphorus arms. The lack of straightforward



and safe synthetic methods for installing substituents prevent the study of some potentially

interesting derivatives.

1.2 Synthesis of Pincer (PCP and POCOP) Complexes: Challenges
1.2.1 Benzyl-Derived Pincer Ligands (R*PCP)

In 1976, Moulton and Shaw reported the first synthesis of a ®*PCP ligand (B**PCP); this
synthesis proceeds with an Sn2 displacement of the halides from 1,3-bis(bromomethyl)benzene by
two equivalents of HP('Bu),, followed by deprotonation of the resulting bis-phosphonium HBr
salt.> Others have used this method with the secondary phosphine, HPR», or phosphide, MPR> (M
= Na, K), to synthesize other *PCP ligands (R = Me,* Ph,’ 'Pr,%” Cy,*’ 'Bu,’ Ad'%) (Scheme 1.1).

Scheme 1.1 Synthesis of **PCP ligands through nucleophilic displacement.

Br 2 HPMe, PR,
or 2 MPR,

Br PR,

R = Me, Ph, 'Pr, Cy, 'Bu, or Ad
M = Kor Na

This method is adequate for synthesizing a variety of R*PCP derivatives as well as
unsymmetrical species'!, however it relies on the electronic character of the phosphine precursor;
the secondary phosphine or phosphide must be nucleophilic enough to react with 1,3-
bis(bromomethyl)benzene. This requirement excludes the use of electron-poor phosphines.
Moreover, the reported yield of the methyl-substituted derivative, M**PCP, was reported as “trace”.*
Thus, research groups developed other methods to synthesize electron-poor and sterically-

undemanding *PCP ligands.



Scheme 1.2 Synthesis of **PCP ligands via a di-Grignard intermediate.

MgX PR,
CIPR,

MgX PR,
R = Pr, Pyr, C¢Fs

In 2005, Milstein and van Koten reported the synthesis of *YPCP and ““**PCP via a di-
Grignard intermediate (Scheme 1.2).!>"'* In this preparation, a di-Grignard reagent is formed in
situ, then it nucleophilically attacks two equivalents of CIPR; to afford **PCP. This method relies
on the availability of XPR», which is easily prepared or commercially available for large R groups

(see Chapter 2 for more details), however this is not the case when R is small (e.g. Me CF3, OR”).

Scheme 1.3 Synthesis of **PCP ligands via ““PCP.

PR,
2 HOR/NEt;

>
%: OMe, OCH,CF, OAr

PCl; 1.2 PhOH/NEt;
2.2 CF;TMS/CsF

)
x
N

P(CF3),

'

O

PCl,

\ 2 LiC,F;

P(CF3),

P(C,F5),

2,

P(C,Fs),

To access smaller and electron-deficient **PCP ligands, the Roddick group developed a
synthesis for ““PCP which they used as a precursor for **PCP (R = CF3, C2Fs, OMe, OCH,CF3,

and OAr; Scheme 1.03).!° ®“PCP is a versatile precursor, but its synthesis is tedious and involves



phosgene.'® These syntheses allow one to obtain a variety of *PCP ligands, however there is still

opportunity for a more direct and safer solution.

1.2.2 Resorcinol-Derived Pincer Ligands (R**POCOP)

Scheme 1.4 Generalized, commonly-used synthesis for *POCOP ligands.

OH > cIpR, O—PR,
2 Base
—
OH O—PR,

R = Me, Ph, Pr, 'Bu, Various OR'
Base = NaH, NEt;, DMAP

In 2000, Jensen and coworkers reported the first use of **POCOP as a ligand.!® They
reported that two equivalents of CIP'Pr; react with resorcinol (1,3-benzenediol) in the presence of
a base, DMAP (4-Dimethylaminopyridine) to afford P*POCOP. This synthesis has been further
modified by using other functional groups on phosphorus and the aryl backbone.!”!® This general
synthesis of **POCOP is more straightforward than the methods for the **PCP analogs (Scheme
1.4). However, this method relies on CIPR> which is difficult to obtain for small R groups (see
Chapter 2 for more details). Unlike Jensen and coworkers’ procedure, the method described in
Maier’s initial report in 1968 of POCOP compounds has not been widely used. Maier described
the synthesis of a variety of **POCOP compounds by the reaction of resorcinol and two equivalents
of an aminophosphine (R’2NPR)) at elevated temperatures.'® Aminophosphines (R’2NPR3), where

R is small, are more facile to synthesize than the CIPR, analogs.?’

Chapter 2 further explores the more recent and new methods for the synthesis of *PCP and
R4POCOP, with a focus on the methyl-substituted derivatives, M**PCP and M**POCOP, and other

heteroleptic bis-dimethylphosphine ligands.



1.3 Pincer Ligands in Practice: (De)hydrogenation Chemistry

An important application of metal PCP and POCOP complexes is alkane dehydrogenation.
The Goldman group found that iridium PCP and POCOP complexes are effective catalysts and
they reported multiple experimental and theoretic studies on acceptorless alkane dehydrogenation,
transfer alkane dehydrogenation, and hydrogen addition/elimination.>!'! The commonly-accepted
catalytic cycle for alkane dehydrogenation is shown in Scheme 1.5.

Scheme 1.5 Catalytic cycle for alkane dehydrogenation by (**PCP)Ir.!!

1. Precatalyst

PR, activation TH R’
| R - , 2.C-H Addition
Ir— | —~———— Ir + rl R
Q | I [
PR, PH

-H,
TRZ TRZ R'
Ir,"'| Ir.’r
| H | M
PR, PR;
4. Alkene Dissociation
R’ PR,
1 R N
H‘I|r—r| 3. B-Hydride Elimination
PR,

Initially, the 14-electron iridium(I) 3-coordinate species forms from dissociation of the alkene
(1). Then, this reactive iridium species C-H activates an alkane to form a hydrido-alkyl species (2).
The alkyl ligand undergoes B-hydride elimination to afford a dihydride alkene complex (3).
Finally, the alkene dissociates from the iridium dihydride species (4). The resulting iridium

dihydride species then can hydrogenate a sacrificial olefin or eliminate hydrogen at elevated

5



temperature to regenerate the reactive 3-coordinate iridium species. Goldman, Krogh-Jespersen
and coworkers calculated that the highest energy transition state in this cycle for (®**PCP)Ir,
(P“PCP)Ir, and (M**PCP)Ir complexes are 32.7, 32.2, and 25.9 kcal/mol respectively.!" The
(B¥PCP)Ir and (P™PCP)Ir catalysts are already highly active for alkane dehydrogenation, thus
barring any undesirable reactivity, (M**PCP)Ir derived catalysts are predicted to be more active for

alkane dehydrogenation.

Table 1.1 Table 1 Select values for the activity of (**PCP)Ir complexes for transfer-
dehydrogenation. *Average of the meso and trans isomers. "Conditions: 1 mM [catalyst], 0.2 M
[NBE], 150 °C."

Pre-Catalyst Calc Highest Energy TS Octanes Equiv. After 20 Minutes

(BPCP)IrH, 32.7 (kcal/mol) 27

(P*PCP)IrHs 32.2 (kcal/mol) 10
(B3MepCP)IrH, 28.3 (kcal/mol) 190
(‘B2M2pCP)rH, 27.1* (kcal/mol) 128

Goldman and coworkers experimented with sequentially replacing the phosphine groups
on (B*PCP)IrH, with Me groups to give (‘BV*M#XpCP)IrHy (X =2 or 3).!! Table 1.1 summarizes
the results that they found when using these complexes for alkane dehydrogenation, and the
corresponding highest energy calculated transition state. Surprisingly, (‘B**M°PCP)IrH4 was the best
catalyst as measured by total octenes produced at 20 minutes, but it was not calculated to have the
lowest energy transition state.!! Goldman and coworkers found the sterically-smaller
(‘Bu2Me2pCP)IrH, species is less active for alkane dehydrogenation because it forms dimeric species

during the course of the catalytic reaction (Scheme 1.6).!!



Scheme 1.6 Proposed mechanism for C-H activated dimer formation observed by Goldman and
coworkers.'!
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This dimer formation is likely the result of the reduced steric profile of the B*?M¢2PCP ligand
and the activation of C-H bonds on the phosphorus R groups. Thus, (M**PCP)Ir may not be ideal
for alkane dehydrogenation even though the calculated energetics suggests that (M**PCP)Ir should

be the most active species out of the series.

The Roddick group investigated their (‘“*PCP)Ir(COD) complex for alkane
dehydrogenation.?! They found that the (‘“¥*PCP)Ir(COD) species was less active than previously
reported (B“POCOP)Ir catalysts, and attributed this observation to the competition of substrates
with the COD ligand, and the complex’s reduced thermal stability.2! They did not observe catalyst
deactivation via a dimer formation like the Goldman group observed with (BU*M2pCP)Ir.!!
Through calculations, Roddick and coworkers showed that F*PCP and M®PCP iridium
complexes energetically prefer more saturated species than the ‘Bu or 'Pr PCP and POCOP analogs;
thus a 3-coordinate species with a sterically-small PCP ligand is unlikely to form or persist long
enough to complete in alkane dehydrogenation with **PCP or *POCOP (R = ‘Bu or 'Pr) iridium

complexes.?!



Scheme 1.7 Reaction pathway for alkane dehydrogenation with (Phebox)Ir(OAc)2(OH2).?

n-Octane - AcOH, H,0

160 °C
o

[e) 1. C-H Activation
O\k o\)T
3. Regeneration 2. B-Hydride Elimination
H,0 25 °C 200 °C
AcOH
Octene

0.50,

Although reducing the steric bulk of PCP and POCOP ligands is unlikely to yield a more
active 3-coordinate iridium(I) catalyst, our group, the Goldman, Goldberg, and Jones groups have
recently shown that coordinatively saturated iridium(III) bis acetate species with a different pincer
ligand, Phebox (2,6-bis(4,4-dimethyloxazolinyl)-3,5-dimethylphenyl), is active for each step of
the aerobic alkane dehydrogenation pathway (Scheme 1.7).22>*  This stoichiometric
dehydrogenation cycle proceeds with the activation of octane by a bis acetate species at 160 °C to
afford an alkyl acetate complex. Then the alkyl complex undergoes B-hydride elimination at 200
°C to afford a hydrido acetate complex. This hydrido acetate complex reacts with oxygen in the
presence of acetic acid at room temperature regenerate the bis-acetate complex. Though this
reactivity has only been observed for Phebox derived iridium complexes, no one has attempted to

synthesize similar complexes with PCP and POCOP derivatives. Phebox is sterically-



undemanding, and most likely, the steric bulk of the commonly-used PCP and POCOP derivatives

would prohibit similar reactivity.

Furthermore, our group and others have shown that a 4-coordinate iridium carbonyl species
(R*PCP)Ir(carbonyl) or (**POCOP)Ir(carbonyl) (R = ‘Bu or 'Pr, carbonyl = CO or acetone) can
facilitate (de)hydrogenation chemistry with alcohols, ketones, and aldehydes.?>?? Previous work
from our group showed that (B“POCOP)Ir(CO) complexes are active for glycerol
hydrogenation.?>*® Glycerol is a waste product of biodiesel synthesis, but some of the potential
hydrogenation products, 1-propanol, 1,2-propane diol, and 1,3-propane diol, are more valuable

chemicals. The proposed mechanisms for this transformation is shown in Scheme 1.8.

Scheme 1.8 Proposed Catalytic Cycle for Alcohol Hydrogenation by [(‘B**POCOP)Ir(H)(CO)]*.2°
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(BPOCOP)Ir(CO) is a competent catalyst for the hydrogenation of glycerol, however it is not
highly active or selective. To further understand this reaction, our group has investigated the
fundamental reactivity for each of the steps in the proposed mechanism and compared this

reactivity with both ‘Bu and 'Pr groups on phosphorus and between PCP and POCOP ligands.!"-*



As expected, the ("*PCP)Ir(CO) and ("*POCOP)Ir(CO) derived complexes generally form more
stable higher-coordinate species and are more reactive than the (‘®“PCP)Ir(CO) and
(B**POCOP)Ir(CO) analogs.'”*° We hypothesize that the methyl-substituted analogs will be even

more reactive than the iso-propyl and fert-butyl substituted complexes.

1.4 Summary

Previous dehydrogenation chemistry with PCP and POCOP iridium complexes shows that the
smaller pincer iridium complexes decompose under the harsh reaction conditions, however the
analogous chemistry facilitated by an Ir(IIl) catalyst and the C-O (de)hydrogenation chemistry
involving Ir(CO) species shows that higher-coordinate pincer iridium complexes display
interesting reactivity. Thus, research is needed to explore the coordination environment and
reactivity of smaller, electron-rich PCP and POCOP ligands. The M**PCP and M**POCOP ligands
are likely understudied because of their difficult syntheses. This work describes the synthesis of
MeApCP and M**POCOP (see Chapter 2), investigates the coordination chemistry of M**PCP and
MeApOCOP iridium complexes (see Chapter 3), and compares the reactivity of these M**PCP and
Me4pOCOP systems to that of the larger *PCP and **POCOP (R = 'Pr or ‘Bu), and electron-poor

R4PCP (R = CF;) complexes (see Chapter 4).
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Chapter 2. Aminophosphines as Precursors to Pincer Ligands
Sections of the following chapter have been previously published.’

2.1 Introduction

Ligands featuring dimethylphosphino (Me>P-) moieties offer an open steric environment but
are underexplored because their syntheses involve dangerous reagents and cumbersome
methods.?? The methyl derivatives of the commonly-used *PCP, **PNP, and **POCOP ligand
families are prime examples (**PCP = 1,3-bis(dialkylphosphinomethyl)-benzene; *PNP = 1,3-
bis(dialkylphosphinomethyl)-pyridine; **POCOP = 1,3-bis(dialkylphosphinito)-benzene).

Research groups found that (**PCP)Ir (R = Bu or 'Pr) complexes are excellent alkane
dehydrogenation catalysts.* Yet, they have not studied the (M**PCP)Ir analogs, even though
calculations suggest that reducing the ligand’s steric profile decreases energy barriers within the
catalytic cycle.’ This may be because the synthesis of M**PCP is low-yielding and requires a
pyrophoric gas dimethylphosphine (HPMe,; Scheme 2.1).%7 Furthermore, the synthesis of

Me:P(S)P(S)Me., the precursor to HPMes, has caused numerous explosions.®’

Scheme 2.1 Previous synthesis of M*‘PCP.

(7]

S

4 MeMgBr 1 0.5 LiAIH
2PSCl; ———2—3» Me,P—PMe, ————3~  HPMe,
Et,0 Et,0
74 % Yield 80 % Yield b.p = 21.1°C
Br
0.5
PMe,

KH KPMe, Br
THF

30 % Yield Trace Yield

PMeZ
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Many groups have also used derivatives of R*PNP ligated (R = Bu, Np, 'Pr) late-transition
metal complexes for a variety of transformations.*® However, the M*PNP analogs have never been
reported.? Previous synthetic methods for *PNP proceed through the reaction of a lithium picoline
salt and a chlorodialkylphosphine, or an alkyl halide and a secondary phosphine (Scheme 2.2).1*
13 Again, HPMe; is a pyrophoric gas at room temperature.” Additionally, unlike bulkier
chlorodialkylphosphines, CIPMe: is difficult to synthesize because it is volatile and spontaneously

flammable 1416

Scheme 2.2 Previous syntheses of *PNP ligands.!!"!

in situ
Li PR,
@ ¢ SN 2Bubi g |7\ _2CPR: o N R = iPr, Np
Li | 55-71 % Yield PR,
X 2 Base, PR,
(b) /i \N 2 HPR; or 2 MPR, - /i \N R = iPr, 'Bu
X  71-79 % Yield PR,

Typically chlorodialkylphosphines are synthetized through the reaction of PCl3 and two
equivalents of MR (R = 'Bu or 'Pr) in a one pot or stepwise procedure.'*!> However, if R = Me,
the distribution of alkylated products spreads to afford Cl,PMe, CIPMe;, and PMes (Scheme 2.3).!¢
Because Cl,PMe and CIPMe; have similar boiling points, they are difficult to separate. Therefore,
others have reported various methods to synthesize CIPMe;. Slota reported that treating
Me,NPMe; with HCI results in impure CIPMe».!” A more recent CIPMe; preparation involves a
two-step process: SO2Cl chlorinates Me>P(S)P(S)Me; to afford Me,P(S)Cl, then "BusP abstracts

the sulfide from Me>P(S)Cl to afford CIPMe; (Scheme 2.4).!¢
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Scheme 2.3 Syntheses of chlorodialkylphosphines from PCls.!4-1¢

R
R = 'Bu or Pr 2 MR CI—P(
R
cl R R
2 MR / / /
PCl; ——CI—P, + CI-K + R-R
R R R
R = Me
cl R R
2 HNR / / /
3 CI-F, ZMR R-P, 2Hd,, R-P impure
NR,’ NR,’ X
Scheme 2.4 Parshall’s synthesis of CIPMe..
4 MeMgB s0,Cl s "Bu,P
2 PSCl; ——9" 3 Me,P(S)P(S)Me, ———2—2—3» 2 CIP(S)Me, ———3—3» 2 CIPMe,
Et,0 CeHe 125 °C
74 % Yield 86 % Yield 73 % Yield

Like the *PCP and **PNP analogs, **POCOP ligated metal complexes see significant use in
various catalytic transformations, and the M**POCOP derivates are underexplored for similar
reasons.>!® Commonly-used syntheses of *POCOP ligands are straightforward, but require the

use of CIPR; precursors (Table 2.1).19-22

Table 2 Select previous syntheses of *POCOP.

OH O-PR,
2 CIR,, 2 Base
Q R = tBu, ‘Pr, Ph, Me > Q
OH O—PR,

R Base Yield Ref
‘Bu NaH 93 % 19
'Pr NEt3 95 % 22,23
Ph NEt3 86 % 20
Me NaH Not Isolated 21
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The precarious nature of preparing CIPMe> and HPMe; creates the need for a safer and more
convenient -PMe; reagent. Newly-developed syntheses of heteroleptic phosphines (R’PR>) bypass
some of these difficult and dangerous-to-obtain synthetic precursors, but introduce other
difficulties when R = Me.?*28

In 2014, Tyler and coworkers described the synthesis of phosphine oxides and phosphines
through the alkylation of a phosphonate (Scheme 2.05).2* This preparation begins with an Arbuzov
reaction between a phosphite and alkyl halide to afford a phosphonate, then a Grignard reagent
alkylates the phosphonate to afford a phosphine oxide (Scheme 2.5).** Tyler and coworkers
provided a wide substrate scope of phosphine oxides, but only reduced a few of these examples to
the corresponding phosphines.?* They noted that the alkylation step is highly sensitive to the
temperature and addition rate of the Grignard reagent, which can make this procedure

irreproducible and arduous.**

Scheme 2.5 Synthesis of R’PR; reported by Tyler and coworkers.

o 2 R®*MgBr o
Py 2 NaOTf 1 DiBAI-H _Pers
RZLEN THE 66°C2h  RUR Tol, 110°c 12k R7LR
R’ = alkyl, aryl R R" = aryl
R? = Me, Et, "Bu, Ph R? = Me, Ph

Subsequently, the Tyler and Ashley groups built upon Hays’s method originally reported in
1968 (Scheme 2.6).>>” This method proceeds with the reaction of a secondary phosphite and three
equivalents of MeMgX to form a magnesium-phosphinite intermediate.?® Then, this nucleophilic
intermediate undergoes an Sn2 addition with an alkyl halide to afford a heteroleptic phosphine

oxide or undergoes protonation to afford a secondary phosphine oxide.?®
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Scheme 2.6 Synthetic method reported by Hays for R2P(O)H and RoR’P(O).
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prop R "R

R

Ashely and coworkers modified Hays’s method to synthesize 1,2-bis(dialkylphosphino)-
ethane derivatives and ®"PNP (Scheme 2.7).2” They found that reducing aliphatic phosphine oxides
via reported procedures, which generally use phenyl-substituted phosphine oxides as substrates,
was not effective.?”*” They found that converting the phosphine oxide to a chlorophosphonium

chloride was preferable because they could efficiently reduce the chlorophosphonium chlorides

with NaAlH4.%’

Scheme 2.7 Ashley and coworkers’ general synthetic method for 1,2-bis(dialkylphosphino)-
ethanes.

o 1.3 R'MgX o i _ICI NaAIH,
I 2. R%X I (cociy, ! NaH p
% rd % L d e
H” '\ OEt R?| R’ RZ"} "R > R | R’
OEt R
72-92 % Yield R 94-97 % Yield R 73-95 % Yield

Although convenient and high-yielding, Ashley and coworkers’ method is difficult to adapt to
other substrates because the purity of the initial phosphine oxide varies significantly depending on
the alkyl halide.?® Tyler and coworkers improved the reproducibility of this reaction by using a

sodium phosphinite instead of a magnesium phosphinite (Scheme 2.8).%
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Scheme 2.8 Tyler and coworkers’ synthetic method for heteroleptic phosphine oxides. *Reported
by Hays.?®

o 1. NaHMDS
g 1.3 R'MgX I 2. RX I
—_— -
H”\“OEt ~ 2.H,0 H7IR'  3.H,0 RZ"| R’
OEt R! R!

63 % Yield? 72-99 % Yield

Tyler and coworkers’ modification to the preparation of heteroleptic phosphines is effective for
a variety of RX substrates, including 1,3-bis(chloromethyl)-benzene (a possible precursor to
MetpCP). However, this procedure adds an extra step to obtain the desired phosphine and requires
the isolation of the dialkylphosphine oxide. Dimethylphosphine oxide needs to be distilled, but
readily disproportionates to dimethyl phosphine and dimethylphosphinic acid under distillation
conditions.?*® Additionally, Tyler and coworkers showed that their method was surprisingly
ineffective at synthesizing DMPE oxide (dimethylphosphinoehtane oxide), a precursor to DMPE

which is a commonly-used bis(dimethyl)phosphine.?’

These methods involving a phosphine oxide intermediate are effective for obtaining the desired
phosphine oxide or phosphine but involve laborious and hazardous preparations. This is
particularly true of synthesizing dimethylphosphine oxide via a magnesium phosphinite. Ozerov
and coworkers devised a more convenient method to directly synthesize a halo phosphonium
halide.?® In their method, a dialkylchlorophosphine nucleophilically adds to a benzyl halide to
afford the respective halo phosphonium halide (Scheme 2.9).?® They showed that magnesium or
nickel powder can reduce the halo phosphonium halides to the corresponding phosphine or nickel

phosphine complex respectively.?®
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Scheme 2.9 Ozerov and coworkers’ synthetic method for heteroleptic phosphine oxides.

X |00,
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Br RZ PRZ
2 CIPRZ XS Mg
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Ozerov and coworkers’ method is elegant for synthesizing PCP and PNP ligands with large R
groups on phosphorus. However, the use of CIPR; makes a direct adaptation of this method to
synthesize M**PCP challenging.!® Furthermore, this method’s scope is confined to electrophilic
substrates because chlorodialkylphosphines are insufficiently nucleophilic to react with aliphatic
halides or other electron-rich halocarbons. Synthesizing a phosphonium salt then reducing it to a

phosphine is an interesting strategy that one could extend to other phosphine precursors.

In 1957, Buckley and Bailey reported the synthesis of phosphines through a phosphonium
intermediate (Scheme 2.10).3° This method is step-wise: P(Bn); reacts with MeBr to afford
[P(Bn)3(Me)]Br, LiAlHs reduces [P(Bn)3(Me)|Br to afford P(Bn).Me, then this cycle is repeated
until the desired P(Bn);.xMex is obtained.** This method is not ideal because it requires many steps,
but it is encouraging that a phosphonium can be selectively reduced to afford the desired
phosphine.

Scheme 2.10 Buckley and Bailey’s synthetic method for P(Bn)s.xMex.

LiAIH LiAIH
P(Bn); 2B 3 [P(Bn);Me]Br ——3m P(Bn),Me 1B 3o [P(Bn),Me,1Br ———t3 P(Bn)Me,

We hypothesized that an aminophosphine could be used in place of CIPR> in a pathway like
that described by Ozerov and coworkers (Scheme 2.09).!7:2%3132 Aminophosphines and their

precursors, aminodichlorophosphines, are oxygen and water sensitive, but can be safely prepared
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and stored in large quantities with commercially available reagents PCl3, HNR», and MR’ (M = Li,
MgX (X = Cl, Br, I); Scheme 2.11a).!73!3334 Furthermore, aminophosphines react with alkyl

halides to form the corresponding aminophosphonium salt (Scheme 2.11b).*

Scheme 2.11 A generalized synthesis of aminophosphines (a) and aminophosphonium salts (b).

p 2 HNR, or MNR p 2 MR’ p
@ a”ya 2 23 R,N”| ~Cl —— R,N” | R’
cl cl R’
RZ |X
/P\ RZX |!’\—I
(b) R,NTVSR! = R,N7I R
R R

Conveniently, aminophosphines also react with alcohols to afford the corresponding
phosphinite. In 1968, Maier reported the synthesis of phenolic phosphinites from the reaction of
aminophosphines and phenol derivatives (Scheme 2.12).%° This precedent shows that one can also

use aminophosphines as precursors to *POCOP derivatives.

Scheme 2.12 A generalized synthesis of phosphinites from aminophosphines.

1

OH R
O 7
P Sp—R!
©/ + R;NTIVR! —————— PR
R' Neat, 130 °C
R

R
- HNR,

Here, we use an aminophosphine as a starting reagent for bis-phosphine (M**PCP, DMPE,
Me4pPNP) and bis-phosphinite ligands (M**POCOP, M°POP), which are representative of commonly
used ligand frameworks. we discuss how these methods were optimized through the difficulty in

modifying the aforementioned syntheses.
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2.2 Results and Discussion
2.2.1 Towards the Synthesis of M**PCPr>

I initially attempted to adapt Tyler and coworkers’ phosphonate alkylation method to
synthesize M**PCP derivatives. Two equivalents of diethylphosphite undergo an Arbuzov reaction
with 1,3-bis(bromomethyl)-4,6-dimethylbenzene (1%") to afford 1,3,4,6-Me>CsHo(CH2PO;3Et,),
(2%%; Scheme 2.13a). Similarly, two equivalents of dimethylphosphite undergo an Arbuzov reaction
with 1,3-bis(chloromethyl)-4,6-dimethylbenzene (1¢') to afford 1,3,4,6-MexCsHo(CH2POsEt),

(2Me; Scheme 2.13b).

Scheme 2.13 Synthesis of 25t and 2M¢.

o
Br Ir'>(ost)2
@) 2.4 P(OEt), - .
Neat, 170 °C, 24 h 2
Br 371 % Yield P(OEt),
1Br g
o)
Cl I|'>(0Me)2
b) 2.5 P(OMe); - e
Neat, 110 °C, 24 h
cl 77 % Yield IT(OM o),

1C|

Compounds 2** and 2M* react with two equivalents of methyl magnesium halide under similar
conditions to those described by the Tyler group to afford an mixture of intractable products
(Scheme 2.14).2* The literature suggests that this reaction is extraordinarily sensitive to the
addition rate of the Grignard reagent to the phosphonate.>* We initially attempted this Grignard
reaction with 2E* and hypothesized that the ethyl groups were participating in extraneous reactivity
with the Grignard reagent. However, we observed similar reactivity with 2M¢. With no obvious

route to proceed with this method, we decided to investigate other strategies to synthesize M**PCP.
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Scheme 2.14 Attempted syntheses of M**PCPwue, by nucleophilic substitution.

I o
P(OR), 5 MeMgX 'Me,
6 NaOTf
THF, 66 °C, 2 h
P(OR), PMe,
1 3
2Me o 2Ft 3me

Next, I attempted to adapt Hays and Ashley and coworkers’ method to synthesize M*PCPye2
(Scheme 2.15). Subsequent additions of 3 equiv. MeMgCl and 0.5 equiv. 1,3-bis(chloromethyl)-
4,6-dimethylbenzene to diethylphosphite affords M**PCPye2 oxide (3me). However, consistent with
reports by Tyler and coworkers,” I was unable to purify 3me. At the time of this work, Tyler and
coworkers had not published their strategy of using a sodium phosphinite, so I proceeded to reduce

3me with the hypothesis that I could purify the final product, M**PCPume2 (Sme).

Scheme 2.15 M**PCPye2 (Sme) and M*PCP (5) by modification of Ashley and coworkers’ method.

1.6 MeMgCl, 0°C, 3 h
2.RT, 6 h
3. m-BrCH,PhCH,Br, 12 h, 66 °C
4. xs K;CO3(,q)

2 (cocl),

1]
2 HP(OEY), DCM._RT

a ),
PMe, 1. 4 NaAlH,,

THF, 0 °C -> RT
2. H,0,
II>Me2 0°C->RT
Cl
4 or 4y, 5 o0r 5y,
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Table 2.2 summarizes attempts to reduce 3me. Consistent with reports by Ashley and
coworkers, I was unable to obtain 5 cleanly and in good yields when using commonly reported
reduction procedures for phosphine oxides.?’ I hypothesize that this results from a discrepancy
between the electronic character of 3me versus phenyl-substituted phosphine oxides that are
commonly used as substrates in the phosphine-oxide reduction literature.? Phenyl-substituted

phosphines are electron poor, and thus are less likely to oxidize (easier to reduce).

Table 3 Attempts to reduce 3M¢ or 4™¢

Starting Material Reductant Result
MeAPCPwme; dioxide (3me) LiAIH4 40 % Crude Yield
TMDS/Ti(O'Pr)4/BH3 Intractable
P(O)Cl3 Intractable
Me4PCPwme; bis(dichloride) Mg(s) Turnings No Reaction
(4me) Mg(s) Powder Intractable
NaAlH4 91 % Crude Yield
NaAlHs/NaH 36 % Crude Yield
Zn(Cu) Intractable
Na/Naphthalene Intractable
Ni Intractable
[MesS][1] No Reaction

Ashley and coworkers’ method of reducing a phosphine oxide by converting it to a
chlorophosphonium chloride, then subsequently reducing the chlorophosphonium halide with
NaAlH4/NaH was inadequate to reduce 3wme cleanly and in good yields.?” This result may be due
to a combination of factors including the purity of 3me, the purity of NaAlHs or NaH, and the
difference in structure between 3me and the substrates used by Ashley and coworkers. Nevertheless,
we attempted to reduce both 3me and 4me with a variety of reductants (Table 2.2). Reducing 4me
with four equivalents of NaAlH4 ultimately was the most successful in terms of purity and yield of

MeAPCPumea (Sme). Unfortunately, the impurities of 3me were carried through the entire synthetic

23



route. These impurities made the metallation of Sme difficult to study because we was unable to
discern if the impurities or the ligand’s steric profile was the cause of unsuccessful metallation

attempts. Thus, we explored other methods to synthesize M**PCP.

2.2.2  Synthesis of M**PCP and DMPE!

Next, we investigated the synthesis of M**PCP and other heteroleptic phosphines via a
phosphonium intermediate. Table 2.3 summarizes the syntheses of aminophosphonium salts. In
general, an aminophosphine equivalent reacts with an alkyl halide equivalent to afford the
respective aminophosphonium halide. Aminophosphonium halides (7-10) are benchtop-stable but
hydrolyze in the presence of alkali aqueous conditions. As expected, benzyl halides are more

reactive towards aminophosphines than the alkyl halides.

Table 4 Synthesis of aminophosphonium salts.

NR, ';le—| (X)2
|

XR'X
(@) 2 RZN’I:\Me —_— Me’IP\R1’F|'\Me
Me Me Me
6'"" (R = 'Pr) 7 (R=Et;R" = Et)
65t (R = Et) 8 (R = Et; R" = m-Xyl)
R? —|X
|
P R'X P
(b) R,N") Me —— R,N”| Me
Me Me

9kt (R = Et; R! = Bn)
9" (R = 'Pr; R! = Bn)
10 (R = Et; R' = "Pr)

Aminophosphine RIX Result Yield Conditions
6t m-dibromoxylene 7 92 RT, 15 h
6E 1,2-dibromoethane 8 75 80 °C, 15 h
6E benzylbromide OFt 89 RT, 15 h
6" benzylbromide giPr 90 RT, 15 h
6E lodopropane 10 88 60 °C, 15h
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Table 5 Reduction of aminophosphonium salts.

NR NR
I 2 Z—I(X)Z Reductant

P
(a) Me’lp\R1’ \ ~Me
Me Me

7 (R = Et; R' = Et)
8 (R = Et; R' = m-Xyl)

R

P
—_— Me’,P\R1’ | “Me

Me Me
5 (R = m-Xyl)
11 (R' = Et)

Reductant P
(b) RZN,En\eMe —_— R1"b|\eMe
9kt (R = Et; R' = Bn) 12 (R' = Bn)
9" (R = iPr; R" = Bn) 13 (R' = "Pr)
10 (R = Et; R? = "Pr)
smd Reductant Result Yield (%0)? Solvent Conditions
7 4 NaAlH. 5 88 THF RT,2h
7 xs NaAlH, 5 Quant.? THF RT,2h
7 1.5 NaAlH4 5 63 THF RT,2h
7 xs LiAlIH, 5° 55P THF RT,2h
7 xs Red-Al Intractable - THF/Tol RT,2h
7 xs Mg Powder Intractable - MeOH/Dioxane RT,15h
8 4 NaAlH. 11 81, Quant.” THF RT, 2h
8 xs LiAIH4 11 Quant. THF RT, 2h
OFt xs NaAlH,4 12 Quant. THF RT, 3h
OFt xs Mg Powder No Reaction 0 THF RT,8h
QEt xs LiAlIH, 12¢ 70° THF RT,3h
giPr xs NaAlH, 6" Quant. THF RT,1h
10 xs Mg Powder No Reaction 0 MeCN 80 °C,15h
10 xs LiAlHg 13 Quant.” THF RT,3h

4Tsolated yield unless otherwise stated. ® Measured by 3'P{'"H} NMR. ¢ Accompanied by multiple

P-containing species.d Starting aminophosphonium halide.

Table 2.4 summarizes attempts to reduce aminophosphiniums 7-10. Using two equivalents of

NaAlHs per phosphonium equivalent was the most effective for reducing 7 and 8 to the desired

phosphines M**PCP (5) and DMPE (11). Under similar conditions, using less than two equivalents

of NaAlH4 per phosphonium equivalents results in lower yields; this may be due to the weaker
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reducing potential of [AlHnXxn.m|™ species. Surprisingly, LiAlH4 cleanly reduces 8 but not 7. Others
observed similar discrepancies between the reactivity of MAH4 salts and attributed these
differences to variations in the solubility of the resulting MX salt.3”°

The reductions of the benzyl phosphoniums 9% and 9" show that the small differences
between amino groups dictates if the P-N or P-Cpenzyt bond cleaves during reduction. NaAlHy4
reduces 9! to afford the desired dimethylbenzylphosphine, but NaAlH4 reduces 9™ to afford the

aminophosphine 6'**. Fortunately, 6% is an excellent precursor in this synthetic pathway for both

benzyl and aliphatic-derived RPMe,.

2.2.3 Towards the Synthesis of V**PNP

We investigated if this synthetic method for aliphatic and benzylic phosphines could be
extended to R*PNP derivatives. Two equivalents of aminophopshine 6F' react with 2,6-
bis(bromomethyl)pyridine to afford 145t (Scheme 2.16a). Aminophosphinum 14t reacts with 1.5
equivalents of NaAlH, to afford the phosphorus-containing products 15, 16, 65, and HPMe; (by

31p{*H} NMR spectroscopy; Scheme 2.16b).

Scheme 2.16 (a) Synthesis of 14. (b) Reduction of 14 with NaAlHa.

|}|Et2—|(3r)z

Br PMe,
- 2 Et,NPMe, (6 —

@A MezN, RT,21(5 h) W

Br 93 % Yield PMe,
NEt,
14

lilEtz_I(B")z
PMe, Me,P PMe, PMe,

(b) \—/N 1.:;:'3;“:4 IN\ + IN\ + HPMe, + Et,NPMe, + Non-P Containing
|l>|\/|e2 Quant. Conv. Z Z
NEt, 15 16 6t

12 % 15 % 2% 71 %

Distribution of P-Containing Species
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We hypothesized this mixture would shift in the favor of the desired phosphine if we used a
more electron-deficient aminophosphine so that the reductant would selectively cleave the
aminophosponium P-N bond. We chose to use -NMe(Ph) as the amido moiety because it was one
of the most electron deficient amido synthons among reported aminophosphine derivatives that
can be synthesized via a R2NPCI; intermediate (Scheme 2.17).%° Nielson and coworkers reported
the synthesis of -N(SiMes). derived aminophosphines which are similarly electron-deficient;
however, they showed that silyl groups migrate when these aminophosphines react with

halocarbons.*:43

Scheme 2.17 Synthesis of Me(Ph)NPMe..

2 HN(Ph)Me 2 MeMgX
— T e  Me(Ph)NPCl, ————————3 Me(Ph)NPM
PCs 00> RT e(PhNPCl, 0. 0°C-> RT e(PhNPMe,
61 % Yield 43 % Yield 17

Scheme 2.18 (a) Synthesis of 18. (b) Reduction of 18 with NaAlHa.

r;l(Ph)Me—l(Br)Z
Br PMe,
@ N 2 Me(Ph)NPMe, (17) =\
a
\_/ MeCN, RT, 15 h S/
Br 75 % Yield PMe,
N(Ph)Me
18
r;l(Ph)Me_l(B’)Z
PMe, Me,P PMe, PMe,
(b) B N 4 NaAlH, N\ + N\ + HPMe, + Non-P Containing
S/ THF, 2 h | |
PMe, Quant. Conv. Z Z
I
N(Ph)Me 15 16
67 % 16 % 17 %

Distribution of P-Containing Species

Me(Ph)NPMe; (17) is synthesized in a similar manner to EtzNPMez (65%), though MeMgX must

be used because stronger alkylating reagents such as MeLi will cleave the P-N bond of
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Me(Ph)NPR: to give PR2Me (Scheme 2.17).%° Two equivalents of Me(Ph)NPMez (17) react with
2,6-bis(bromomethyl)pyridine to afford 18 (Scheme 2.18a). Aminophosphonium 18 reacts with 4
equivalents of NaAlH, to afford the phosphorus-containing products 15, 16, and HPMe; (Scheme
2.18b); this mixture favors the desired phosphine 15, but a mixture of 15 and 16 is still unideal.
Interestingly, 1 did not observe 17 after the reduction; this may be the result of aminophosphine P-
N bond cleavage by the nucleophilic NaAlH4 hydrides. Attempts to separate 15 and 16 were

unsuccessful.

2.2.4 Synthesis of M*POCOPR>

Aminophosphines are also competent precursors for phosphinite ligands. Two equivalents of
ProNPMe: (6'P7) or Et,NPMe; (6%) react with resorcinol at 130 °C to afford M*POCOP (19; Table
2.5). This synthesis is highly sensitive to the purity of resorcinol; commercially-obtained samples
need to be recrystallized and dried extensively prior to use. This preparation is convenient,
however as discussed further in Chapter 3, M**POCOP (19) is difficult to metallate because
sterically-undemanding phosphinite pincer ligands tend to form oligomers with common metal

precursors.**

Bulky substituents in the 4 and 6 positions of the aryl ring prevent or reduce the tendency of
these ligands to form oligomers during metallation.?>* With this design criterium, I targeted two
bulky yet electronically different ligands: M**POCOP gy (20) and M*POCOPcoomep (21). Two
equivalents of ‘Pro,NPMe; (6'") react with 4,6-ditertbutyl-1,3-benzenediol at 130 °C to afford
MeAPOCOPy2 (20). In contrast, two equivalents of 'Pr,NPMe; (6''") react with 4,6-dimethylester-
1,3-dihydroxybenzene to afford a mixture of M*POCOPcoomey (21) and intractable byproducts.
In this later case, trace impurities of the resorcinol derivative likely prevented a clean reaction with

the aminophosphine.
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Table 6 Summary of M*POCOPr, Synthesis.

R OH R  O-PMe,
2.5 R',NPMe, - .
Neat, 130 °C, 4 h + 2HNRS
R oH R' = iPr or Et R 0~PMe;
R =H (19)
R = 'Bu (20)

R = COOMe (21)

R R Product Yield
Resorcinol Pr (6'P) 19 >95%
Resorcinol Et (6% 19 > 95 %
4,6-ditertbutyl-resorcinol Pr (6i7) 20 >95%
4,6-dimethylester-resorcinol Pr (6'P) 21 60 % Crude

2.2.5 Synthesis of Me2P(O)PMe:

Aminophosphines, RoNPMe,, also react with other -OH containing functional groups. For
example, E,NPMe; (6%Y) reacts with one equivalent of H,O to afford HP(O)Me, and HNEt,.
HP(O)Me;, which is in equilibrium with its tautomer HOPMe>, reacts with one equivalent of
Et:2NPMe; (6FY) to afford MexP(O)-PMe: (22). Unsurprisingly, two equivalents of Et,NPMe; (654
react with one equivalent of H>O to afford Me,P(O)-PMe: (22) (Scheme 2.19). Figures 2.1 and 2.2
show the NMR spectra and crystal structure of MeaP(O)-PMe: (22) respectively. The 'H NMR
spectrum of Me>P(O)-PMe; shows two doublets for the chemically inequivalent methyl groups
coupled to the two chemically inequivalent phosphorus atoms. The 3'P{'H} NMR spectrum of
Me2P(O)PMe; shows two coupled phosphorus signals for the two chemically inequivalent
phosphorus atoms. This synthetic method provides a convenient synthesis of methyl-substituted
diphosphane monoxides. Previous syntheses for diphosphine monoxides use CIPR: reagents.*’

Like secondary phosphine oxides, diphosphane oxides are in equilibrium with their tautomer, a
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diphosphoxane (Scheme 2.19).¢ Groups have used diphosphane monoxides as fire retardants and

the diphosphoxane tautomers as a phosphinite analog to dialkylphosphinomethane ligands.*

Table 7 Synthesis of Me;P(O)PMe> from EtoZNPMe;.

Et,NPM ﬂ» ﬂ —_—  _ P __P—
2 e, 15 h, RT /P\P// Y (o)
6Et 22

Figure 2.1 NMR Spectra of Me,P(O)PMe,. 'H (left), *'P{'H} (middle), 3C{'H} (right) NMR
Spectra of Me,P(O)PMe,.

85848 5538 N mS ®BRYS 55

- - o ©O O O H . O N O O O VO g
N YA ¥% ¢ LT Q9
@ \/ — %

[ e §
1.0 1.0 1.0 0.8

T T T T T T T T T T T T T T T T T T T T T T

1.10 1.05 1.00 0.95 50 0 -50 18 16 14 12 10 8 6
ppm ppm ppm
1H NMR | 700.07 MHz | C6D6 31P NMR | 283.39 MHz | C6D6 13C NMR | 176.05 MHz | C6D6

2.3 Conclusions

These presented methods show that aminodimethylphosphines (R;NPMe») are convenient
reagents for synthesizing methyl-substituted, heteroleptic phosphines. Synthetic control can be
tuned to the alkyl halide substrate by changing the aminophosphine amino group. Since
aminophosphines are modular, I hypothesize that these synthetic methods could be modified to
use other aminophosphines with varying P-R groups. When possible, the CIPR; precursors should
be used, however, these methods provide an attractive alternative for replacing CIPR: reagents

when they are difficult or dangerous to obtain.
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2.4 Experimental
General Considerations

All manipulations and reactions used standard Schlenk techniques under an argon atmosphere
unless otherwise stated. Glassware, diatomaceous earth, and sodium sulfate were stored in an oven
maintained at 140 °C for at least 24 h prior to use. All protio solvents were passed through activated
alumina and activated 3A molecular sieves prior to use. Deuterated solvents (CsDs, THF-ds, and
CD:Cly) were dried over calcium hydride or molecular sieves. CD3CN was used as received. 'H,
3IP{'H}, and PC{'H} NMR spectra were recorded on a Bruker AV-500, DRX-499, or AV-300
instrument. '"H NMR and *C{'H} NMR spectra were referenced to residual solvent signals.*
3IP{TH} NMR spectra were referenced to an 85% H3POj4 standard. All NMR spectra were recorded
at ambient temperature unless otherwise stated. 1,5-bis(chloromethyl)-2,4-dimethylbenzne (1¢")*,
1,5-bis(bromomethyl)-2,4-dimethylbenzne (18, 2,6-bis(bromomethyl)-pyridine,’! EtuNPMe;
(679,335 PPr,NPMe; (6''7),%* and Me(Ph)NPMe; (17)* were synthesized as previously described.
Reagents MeLi (in Et;0), MeMgX (in THF or Et;O; X = Cl or Br), PCl;, HNEt,, 1,2-
dibromoethane, o,a’-dibromo-m-xylene, iodopropane, benzyl bromide and reagent grade 90%
NaAlH4 were purchased from Sigma Aldrich. MeLi solutions in Et,O and MeMgX (X = Cl or Br)
solutions in THF or Et,O were titrated with salicylaldehyde phenylhydrazone to determine their
concentrations prior to use.’? 1,2-Dibromoethane and HNEt, were stored over activated 3A
molecular sieves prior to use. o,a’-dibromo-m-xylene, resorcinol, and di-tertbutyl resorcinol were
recrystallized prior to use. Elemental analysis was performed at the CENTC facility at the

University of Rochester (funded by NSF CHE-0650456) and at Atlantic Microlab, GA.
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-U=°

(OEt),

P(OEY),

ZEt

2E%: 1,5-bis(diethylphosphono)-2,4-diemthylbenzene. A round bottom
flask was charged with 1,3-bis(bromomethyl)-4,6-dimethylbenzne (1.00 g,
3.42 mmol) and triethylphosphite (1.35 g, 8.14 mmol). The round bottom
flask was equipped with a Dean Stark trap and condenser to remove the

generated ethyl bromide. The mixture was heated to 170 °C for 24 h. The

volatiles were removed under vacuum and the resulting white solid was eluted through a silica plug

with hexane:acetone (2:1). The volatiles were removed under vacuum to afford 25 (0.43 g, 1.06

mmol, 31 % yield). *H NMR (300 MHz, CDClz): § 7.14 (t; “Jup = 2.8 Hz; 1H; Ar-H), 6.97 (s; 1H;

Ar-H), 4.00 (dg; 8H; P-(O-CH2-CHz3)), 3.12 (d; 3Jwp = 22.1 Hz; 4H; P-(-CH.-)), 2.31 (Vt; 6H; Ar-

(CHa3)), 1.25 (t; 3Jun = 7.1 Hz; 12H; P-(O-CH2-CH3)). 3'P{*H} NMR (121.5 MHz, CDCls): § 27.2

(s).

-g:O

(OMe),

P(OMe),

ZMe

2Me: 1 5-bis(dimethylphosphono)-2,4-diemthylbenzene. A round bottom
flask was charged with 1,3-bis(bromomethyl)-4,6-dimethylbenzne (1.00 g,
3.42 mmol) and triethylphosphite (1.35 g, 8.14 mmol). The round bottom
flask was equipped with a Dean Stark trap and condenser to remove the

generated ethyl bromide. The mixture was heated to 170 °C for 24 h. The

volatiles were removed under vacuum and the resulting white solid was eluted through a silica

plug with hexane:acetone (2:1). The volatiles were removed under vacuum to afford 2M¢, (0.43 g,

1.06 mmol, 31 % vield). H NMR (300 MHz, CD2Cl): & 7.09 (t; “Jup = 2.8 Hz; 1H; Ar-H), 7.00

(s: 1H; Ar-H), 3.64 (d; 3Jwp = 10.8 Hz; 12H; P-(O-CHs3)), 3.11 (d; 3Jnp = 22.0 Hz; 4H; P-(CH,)-),

2.30 (vt; 6H; Ar-(CHa)). 3IP{*H} NMR (121.5 MHz, CD:Cl,):  30.8 (s).
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ﬂ 3ume: MPCPwe dioxide. Method A. A solution of Mel (1.90 g, 13.4 mmol) in
PMe; THF (10 mL) was added dropwise to a mixture of magnesium turnings (0.42

g, 17.4 mmol) in THF (10 mL) at room temperature. A crystal of I was added

EI)': e to the mixture during the addition. The brown solution became cloudy gray
Sme after 1 hour of reflux. The concentration of the Grignard reagent was

determined by titration. The Grignard reagent was added dropwise (1 drop every 10 seconds,
through a chilled (0 °C.) reflux condenser) to a solution of 2% and NaOTf in THF at 0 °C. After
the addition, the mixture was refluxed for 2 hours, resulting in a yellow-green solution. The
solution was stirred for an additional 15 h at room temperature. The solution was cooled to 0 °C,
then 0.1 M H>SO4 (34 mL) was added dropwise. The organics were extracted with DCM (3 x 30
mL) and dried over Na,SOs4. The volatiles were removed under vacuum to afford a yellow oil. The
yellow oil was dried under vacuum at 50 °C for 1 hour. 'H and *'P{'H} NMR spectroscopy showed

the presence of multiple intractable species in similar concentrations.

Method B. A solution of MeMgCl in THF (14.4 mL, 43.1 mmol) was added dropwise (1 drop
every 10 seconds, through a chilled (0 °C.) reflux condenser) to a solution 2M¢ (3.41 g, 8.62 mmol)
and NaOTT (8.89 g, 51.7 mmol) in THF at 0 °C. After the addition, the mixture was refluxed for 2
hours, resulting in a yellow-green solution. The solution was cooled to 0 °C, then 0.1 M H2SO4
(100 mL) was added dropwise. The organics were extracted with DCM (3 x 30 mL) and dried over
Na,SO4. The volatiles were removed under vacuum to afford a white solid. As determined by 'H
and *'P{'H} NMR spectroscopy, the solid contained multiple species. Attempts to isolate a single

species by recrystallization in chloroform were unsuccessful.
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Method C. EXPLOSION WARNING: Methane is produced upon deprotonation of
dimethylphospite with MeMgCIl — make sure the reactor has proper ventilation and that the rate of
dimethylphospite addition is SLOW. MeMgCl (3 M, 102 mL) in THF was added to a 500 mL 3-
neck round bottom flask. A solution of dimethylphospite (13.0 mL, 0.102 moles) in THF (15 mL)
was added dropwise to the Grignard solution at 0 °C. The solution was stirred for 4 h at room
temperature, over which time a white precipitate formed. 1,3-bis(dichloromethyl)-4,6-
dimethylbenzne (10.28 g, 0.051 mol) was added to the mixture as a solid. The mixture was heated
to reflux overnight (ca. 15 hours). The mixture was cooled to room temperature, opened to air,
then poured over an aqueous K>COj solution (42.3 g, 0.306 mol) at 0 °C. The abundant precipitate
was removed by filtration and washed with boiling methanol (10 x 20 mL). Note: The precipitate
tends to clog filters. The volatiles were removed under vacuum to afford a hydroscopic white solid,
3me (13.2 g; 92 % yield*). *The final product is accompanied by ca. 10 % unidentified impurities
that could not be removed by recrystallization in chloroform. 'H NMR (300 MHz, CDCl3): § 6.81
(t, “Jup = 2.6 Hz 1H; Ar-H), 6.74 (s, 1H; Ar-H), 2.85 (d, 2Jup = 14.8 Hz; 4H; -(CH>)-), 2.03 (s; 4H;

Ar-(CH3)), 1.18 (d; 2Jup = 12.8 Hz; 12H; P-(CH3)). *'P{'H} NMR (121 MHz, CDCl;): § 43.5.

Pl 3: Me4pCP dioxide. EXPLOSION WARNING: Methane is produced upon
PMe. deprotonation of dimethylphospite with MeMgCl — make sure the reactor has
proper ventilation and that the rate of dimethylphospite addition is SLOW.

g e MeMgCl (2.14 M, 84 mL) in THF was added to a 500 mL 3-neck round bottom
? flask. A solution of dimethylphosphite (7.72 mL, 0.060 moles) in THF (15 mL)

was added dropwise to the Grignard solution at 0 °C. The solution was stirred for 4 h at room

temperature, over which time a white precipitate formed. 1,3-bis(dibromomethyl)benzne (7.90 g,
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0.030 moles) was added to the mixture was a solid. The mixture was heated to reflux overnight
(ca. 15 hours). The mixture was cooled to room temperature, opened to air, then poured over an
aqueous potassium carbonate solution (24.8 g, 0.180 moles) at 0 °C. The abundant precipitate was
removed by filtration and washed with boiling methanol (5 x 20 mL). Note: The precipitate tends
to clog filters. The volatiles were removed under vacuum to afford a hydroscopic white solid, X

(3.30 g; 43 % yield).

al 4me: M*PCPMme2 bis(dichloride). In a well ventilated Schlenk flask, oxalyl

|

z:\nez chloride (6.85 g, 52.9 mmol) was added dropwise to a solution of MepPCP

g dioxide (X) (7.39 g, 25.8 mmol) in DCM. The addition was accompanied by

z:wez vigorous gas evolution. The mixture was stirred for 2 hours at room
e temperature. The volatiles were removed under vacuum to afford an off-white

solid. The solid was washed with Et20 (2 x 25 mL) to afford Me*PCPwe bis(dichloride) (4me) (8.43
g, 21.3 mmol, 83 % yield). 4wme is sparingly soluble in common organic solvents. *H NMR (300
MHz, CD2Cl,): & 7.24 (s; 1H; Ar-H), 7.16 (s; 1H; Ar-H), 3.52 (d; Z2ue = 14.2 Hz; 4H; -(CHy)-),

2.29 (s; 6H; Ar-(CHs)), 1.80 (d; 2Jrp = 13.1 Hz; 12H; P-(CH3)).

PMe, | 5 MedpCP. [MAPCP][Br]: (2.14 g, 4.03 mmol) and NaAlH4 (0.87 g, 16.0
mmol) were stirred together in THF (15 mL) for 2 hours at room temperature.

PMe, | The reaction was cooled to 0 °C, and a 15 % NaOH aqueous solution was

added dropwise to quench the reductant and byproducts. The volume of the
solution was reduced under vacuum, and pentane (3 x 10 mL) was used to extract from the aqueous

layer. The organic layer was dried over anhydrous Na>SOs. The drying agent was removed by
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filtration, and the volatiles were removed under vacuum to afford M**PCP (0.80 g, 88 % yield).
The spectroscopic data is consistent with previous reports.*>* 'H NMR (300 MHz, C¢D¢): & 7.11
(t; *Jun = 7.8 Hz 1H; Ar-H), 6.90 (d; *Jun = 7.8 Hz, 2H; Ar-H), 2.50 (br s; 4H; -(CHa)-), 0.79 (d;
2Jup = 3.4 Hz; 12H; -P(CH3)2). *'P{'H} NMR (121 MHz, C¢Dg): & -49.0. *C{'H} NMR (125.8
MHz, C¢Dg): & 138.4 (s; Car), 130.2 (t; *Jep = 4.0 Hz; Car), 128.5 (s; Car), 126.8 (d; *Jcp = 3.6 Hz;

Car), 39.09 (d; 2Jcp = 15.5 Hz; Ar(-CHa.)), 13.68 (d; 2Jcp = 16.5 Hz; -P(CH3),).

PMe, | SMe: MedpCPume2. Solid NaAlH;4 (1.02 g, 18.9 mmol) was added portion-wise
to a well-ventilated suspension of M**PCPye; bis(dichloride) (X) (1.826 g, 4.61

PMe, | mmol) in THF at 0 °C. The additions were accompanied by effervescence.

5Me

After the addition, the mixture was warmed to room temperature and stirred
for 2.5 hours. The mixture was cooled to 0 °C, and a deoxygenated solution of 15 % NaOH in
water (10 mL) was added dropwise. The volume was reduced under vacuum, then the organics
were extracted with Et;O (3 x 25 mL). The organic fraction was filtered through diatomaceous
Earth and Na,SOa. The volatiles were removed to afford a colorless oil (1.10 g, 4.30 mmol, 47 %
yield*). *The final product is accompanied by ca. 10 % unidentified impurities. 'H NMR (300
MHz, CD2ClL): 6 6.91 (s; 1H; Ar-H), 6.74 (s; 1H; Ar-H), 2.65 (s; 4H; -(CH>)-), 2.26 (s; 6H; Ar-

(CH3)), 1.00 (d; “Jup = 3.0 Hz; 12H; P-(CH3)). *'P{'H} NMR (121.5 MHz, CD>Cl,): § -46.6.

36



I;lEtz
Fl’Mez
Br

Br
PMez

NEt,

7: Bis(diethylamino) M**PCP dibromide. 2,6-dibromomethylbenzene (1.53
g, 5.77 mmol) was added to a solution of N,N-diethylamino-P,P-
dimethylphosphine (1.69 g, 12.7 mmol) in MeCN (30 mL). The solution was
stirred for 15 hours. The resulting white precipitate was collected by vacuum

filtration in air, then washed with cold MeCN (0 °C, 3 x 5 mL) and diethyl

either (3 x 5 mL) to afford 7 (2.76 g, 5.19 mmol, 90 % yield). Crystals of 7 suitable for X-ray

diffraction were grown from a saturated MeCN solution at -30 °C. '"H NMR (300 MHz, CD3CN):

§7.52-7.29 (m; 4H; Ar-H), 3.83 (d; Yip = 15.5 Hz; 4H; Ar(-CH>-)), 3.10 (m; 8H; -N((CH>)CHs)y),

1.96 (d; 2Jup = 14.8 Hz; 12H; -P(CH3),), 1.02 (t; *Jun = 7.3 Hz; -N((CH2)CHj3),). *'P{'H} NMR

(121 MHz, CD3CN): § 60.0. *C{!H} NMR (125.8 MHz, CD3CN): § 131.0 (t, 2Jcp=2.72 Hz, Ca,),

130.8 (t; 2Jep = 3.7 Hz; Car), 41.73 (s; -N((CH2)CHs),), 33.89 (d; Jep = 49.1 Hz; Ar(-CHs-)),

14.77(s; -N((CH2)CHs),) 10.03 (d; 'Jep = 65.8 Hz; -P(CH3),). Anal. Caled: C, 45.30; H, 7.60; N,

5.28. Found: C, 45.20; H, 7.53; N, 5.27.

NEt,
I|3r I|9Me

Me,P” N7 2
] Br
NEt,

8: [(DMPE)(NEt2):][Br]z.. 1,2-dibromoethane (1.76 g, 9.37 mmol) was
added to a solution of N,N-diethylamino-P,P-dimethylphosphine (2.74 g,

20.6 mmol) in MeCN (30 mL). The solution was stirred for 15 hours at 80

°C. The volatiles were removed under vacuum, and the resulting white

solid was washed with cold MeCN (-45 °C, 3 x 5 mL) and Et:O (3 x 5 mL) to afford 8 (3.20 g,

7.04 mmol, 75 % yield). '"H NMR (300 MHz, CDsCN): & 3.20 (m; 8H; -N(CH.CHs),), 2.81 (d;

2Jup = 4.5 Hz; 4H; -CH>CH>-), 2.18 (vt; 12H; -P(CHs)2), 1.16 (t; *Jun = 7.0 Hz; 12H; -

N(CH2CHs),). 3'P{'H} NMR (121 MHz, CDsCN): § 61.4. 3C{'H} NMR (125.8 MHz, CD:CN):
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0 40.62 (s; -N((CH2)CHz3)2), 18.75 (vt; -CH2CHz-), 13.90 (s; -N((CH2)CH3)2), 9.55 (vt; -P(CH3)2).

Anal. Calcd: C, 37.02; H, 7.99; N, 6.17. Found: C, 36.99; H, 8.11; N, 6.05.

9%t [Etz2NP(Bn)Me:|Br. A Schlenk flask was charged with Et;NPMe; (0.209
g, 1.57 mmol), benzyl bromide (0.268 g, 1.57 mmol) and MeCN (5 mL). The
mixture was stirred overnight at room temperature. The white precipitate was

collected by filtration and washed with cold MeCN and Et,O to afford 9*

(0.429 g, 1.43 mol, 90 % yield). "H NMR (300 MHz, CD,Cl,): § 7.48-7.30 (m; 5H; Ar-H), 3.72

(d; 2Jip = 14.8 Hz; 2H; Ar(-CH>-)), 3.07 (dsp; 4H; N(CH(CHs)a)2), 1.94 (d; 2Jup = 13.0 Hz; 3H; -

P(CHj3)2), 1.02 (t; *Jun = 7.0 Hz; 6H; N(CH(CHs)2)2), *'P{'H} NMR (121 MHz, CD,Cl): § 55.4.

l;liPrz

eMez
vk

9iPr

9iPr: [[ProNP(Bn)Me:|Br. A Schlenk flask was charged with 'Pr.NPMe: (51.6
mg, 0.32 mmol), benzyl bromide (54.7 mg, 0.32 mmol) and acetonitrile (0.5
mL). The mixture was stirred overnight at room temperature. The white

precipitate was collected by filtration and washed with cold MeCN and Et,O

to afford 9", 'H NMR (300 MHz, CD»Cly): § 7.62-7.28 (m; 5H; Ar-H), 4.20 (d; 2Jup = 17.7 Hz;

2H; Ar(-CH>-)), 3.77 (dsp; 2H; N(CH(CHs)2)2), 2.29 (d; 2 = 13.6 Hz; 6H; -P(CHj3)a), 1.20 (d;

3 Ju = 6.8 Hz; 12H; N(CH(CH3)2)2), 3'P{'H} NMR (121 MHz, CD,Cl): § 55.4.

I—PMe,

10

NEt, 10: [ENP("Pr)Me:]I. A Schlenk flask was charged with Et2NPMe> (0.185 g, 1.38
)
"pr mmol), iodopropane (0.236 g, 1.38 mmol) and acetonitrile (5 mL). The mixture was

stirred overnight at 60 °C. The white precipitate was collected by filtration and

washed with pentane to afford 10 (0.367 g, 1.21 mmol, 88 % yield). 'H NMR (300 MHz, CD;CN):
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§2.90 (dq; 4H; -N(CH>CHj3)) 2.00 (m; 2H; -(CH>)-), 1.70 (d; “Jup = 13.2 Hz; 6H; -P(CHs),) 1.37
(m; 2H; -(CH>)-), 0.94 (t; *Juu = 7.20 Hz; 6H; -N(CH2CHz),), 0.87 (td; *Jun = 7.2 Hz; *Jup = 1.3

Hz ; 3H; -P(CH,CH,CH3)). 3'P{'H} NMR (121 MHz, CD;CN): & 60.8.

PMe, 11: BnPMez. A J-Young tube was charged with 9¥* (31.0 mg, 0.10 mmol),

NaAlH4 (22.0 mg, 0.58 mmol) and THF-dg (350 pL). The mixture was

periodically agitated for 4 hours, over which time gas evolved. The white
11

precipitate was separated from the solution by centrifugation. The species

in solution matched previous spectroscopic reports of BnPMe,.3%3

"PrPMe, 12: "PrPMea:. A J-Young tube was charged with 10 (0.32 mg, 0.10 mmol), NaAlH4

12 (0.08 mg, 0.21 mmol) and THF-ds (350 pL). The mixture was periodically agitated

for 4 hours, over which time gas evolved. The white precipitate was separated from the solution

with centrifugation. The species in solution matched previous spectroscopic reports of "PrPMe,.>

~_PMe, 13: DMPE. Compound 8 (2.32 g, 4.91 mmol) and NaAlH4 (1.06 g, 19.6
Mezp

13 mmol) were stirred together in THF (15 mL) for 2 hours at room

temperature. The reaction was cooled to 0 °C, and a 15 % NaOH aqueous solution was added
dropwise to quench the reductant and byproducts. The volume of the solution was reduced under
vacuum, and pentane (3 x 10 mL) was used to extract from the aqueous layer. The organic layer
was dried over anhydrous Na>SO4. The drying agent was removed by filtration, and the volatiles
were removed under vacuum to afford 13(0.60 g, 4.00 mmol, 81 % yield). The spectroscopic data

is consistent with previous reports.?’” '"H NMR (300 MHz, C¢Ds): § 1.30 (vt; 4H; -CH>CH>-), 0.81
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(vt; 12H; -P(CH;)2). *'P{'H} NMR (121 MHz, C¢Ds): & -47.3. 1*C {'H} NMR (125.8 MHz, C¢Ds):

5 28.16 (vt; -CH2CHa-), 14.01 (dd; -P(CHs)y).

l;lEtZ
PMe,

Br
PMeZ

NEt,
14

14: [(M“PNP)(NEt2)2][Br]. A mixture of N,N-diethylamino-PP-
dimethylphosphine (0.274 g, 2.05 mmol) were added to a solution of 2,6-
bis(bromomethyl)-pyridine (0.220 g, 0.84 mmol) in MeCN. The solution was
stirred overnight (ca. 15 h), over which time an abundant white precipitate

formed. The precipitate was collected by filtration and washed with cold

MeCN (0 °C) (3 x 10 mL), then EtO (3 x 10 mL) to afford 14 (0.420 g, 0.79 mmol; 94 % yield).

"H NMR (300 MHz, CD3CN): & 7.8 (t; *Jup = 7.5 Hz 1H; Ar-H), 7.4 (d; *Jup = 7.5 Hz 2H; Ar-H),

3.92 (d; 2Jup = 15.0 Hz; 4H; -(CH»)-), 3.05 (dsep; 8H; -N(CH>CH3)), 2.03 (d; 2Jup = 13.5 Hz;

12H; -P(CHz)), 0.97 (t; 2Jup = 7.0 Hz; 2H; -N(CH2/H5)). 3'P{'H} NMR (121 MHz, CD;CN): §

60.0.

15: M4PNP. NaAlH4 (0.059 g, 1.1 mmol) was added portion-wise to a solution
of 14 (0.506 g, 0.84 mmol) in THF at room temperature. The solution was
stirred for 2 h. An argon sparged aqueous solution of NaOH (15 %) was added

dropwise to the reaction mixture at 0 °C. The mixture was stirred for 30

minutes at RT. The volume of the mixture was reduced under vacuum, then the organics were

extracted with pentane. The volatiles were removed under vacuum to afford a mixture of 15 and

the analogous mono-phosphine 16 (0.298 g, 80:20). The following characterization omits signals

for 16 unless specified. 'H NMR (500 MHz, CD,Cl,): & 7.48 (t; *Jun = 7.8 Hz; 1H; Ar-H), 6.90
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(d; *Jun = 7.8 Hz; 2H; Ar-H), 2.87 (app s; 4H; -(CHb»)-), 1.01 (d; 2Jup = 3.2 Hz; 12H; -P(CHs),).

3IP{'H} NMR (121 MHz, CD,Cl,): & -42.7 (M*PNP; 80 %). -43.0 (M2PN; 20 %).

a | 17a: Me(Ph)NPClz.. A solution of methylaniline (18.7 g, 0.17 mol) and
@ i triethylamine (17.3 g, 17 mol) in diethyl ether was added dropwise to a solution

of PCl3 (23.5 g, 0.17 mol) in diethyl ether (250 mL) at - 78°C. After the addition,

the mixture was warmed to room temperature and stirred overnight (ca. 15 h).
The abundant precipitated was removed by filtration and washed with diethyl ether (3x 50 mL).
The diethyl either was removed under vacuum, then the remaining yellow oil was distilled under
vacuum to afford 17a (14.0 g, 0.07 mol, 40 % vyield). *H NMR (300 MHz, CsD¢): § 7.18-6.9 (m,

5H; Ar-H), 3.08 (d; 3Jue = 4.6 Hz; 3H; -N(CHj3)). 31P{*H} NMR (121 MHz, C¢Ds): & 157.5.

/ | 17: Me(Ph)NPMez. Method A: A solution of MeMgBr in diethyl either (23.3 mL,
@ \ 0.070 mol) was added dropwise to a solution of Me(Ph)NPCl,(7.37 g, 0.035 mol)

in diethyl either at 0 °C. After the addition, the mixture was stirred for 2 hours at

room temperature. The resulting precipitate was removed by filtration and was
washed with diethyl ether (3 x 20 mL). The precipitate was reactive when exposed to moisture and
smelled of phosphine. The diethyl either was removed under vacuum and the resulting oil was
distilled under vacuum to afford 17 (1.60 g, 0.01 mol, 30 % yield). '"H NMR (300 MHz, C¢Ds): &
7.4-6.4 (m, 5H; Ar-H), 2.64 (d; *Jup = 2.1 Hz; 3H; -N(CHs)), 1.02 (d; Jup = 6.7 Hz; 6H; -P(CHs)2).
3SP{'HY NMR (121 MHz, C¢Dg): & 31.7. Method B: A solution of N,N-diethylamino-P,P-

dimethylphosphine (6"%) (0.100 g, 0.75 mmol) and methyl aniline (0.072 g, 0.68 mmol) was heated
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to 100 °C for 15 hours under a flow of argon to afford a mixture of N,N-methylphenlamino-P,P-

dimethylphosphine and methyl aniline (62 : 38).

18

18: [(M““PNP)(N(Ph)Me):][Br]:2. A mixture of N,N-methylphenylamino-
P,P-dimethylphosphine (0.588 g, 3.52 mmol) and Me(Ph)NH were added
to a solution of 2,6-bis(bromomethyl)pyridine (0.430 g, 1.60 mmol) in

MeCN. The solution was stirred overnight (ca. 15 h), over which time an

abundant white precipitate formed. The precipitate was collected by

filtration and washed with cold MeCN (0 °C) (3 x 10 mL), then diethyl either (3 x 10 mL) to afford

18 (0.73 g, 1.22 mmol; 76 % yield). 'H NMR (300 MHz, CD3CN): § 7.9-7.0 (m, 13H; Ar-H), 4.04

(d; 2Jup = 15.5 Hz; 4H; -(CH>)-), 3.10 (d; *Jup = 9.5 Hz; 3H; -N(CHs)), 2.00 (d; 2Jup = 13.6 Hz;

12H; -P(CHs)). *'P{'H} NMR (121 MHz, CD3CN): § 61.6.

0—PMe,

0—PMe,
19

mmol; 99 % yield).

19: M4POCOP. A J-Young tube was charged with 1,3-benzenediol (0.019 g,
0.17 mmol) and N,N-diisopropylamino-P,P-dimethylphosphine (6%) (0.075
g, 0.47 mmol). The mixture was heated to 130 °C for 4 h to afford a yellow
solution. The volatiles were removed under vacuum to afford 19 (0.040 g, 0.17

"H NMR (300 MHz, Tol-ds): § 7.17-6.83 (m, overlapping Tol-ds; Ar-H), 1.18

(d; 3Jip = 6.3 Hz; 12H; -P(CHs),). 3'P{'H} NMR (121 MHz, Tol-ds): § 123.5.
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tBu 0—PMe, 20: M4POCOP®u2. Method A: A J-Young tube was charged with 4,6-

ditertbutyl-1,3-benzenediol  (0.049 g, 0.22 mmol) and N,N-

*Bu O—PMe, | diisopropylamino-P,P-dimethylphosphine (6'*") (0.96 g, 0.59 mmol). The

20 mixture was heated to 130 °C for 4 hours to afford a light-yellow solution.

The volatiles were removed under vacuum to afford a yellow solid, M**POCOPp,2 (0.067 g, 0.22
mmol; 98 % yield). '"H NMR (500 MHz, Tol-ds): & 7.44 (t; “Jup = 4.7 Hz; 1H; Ar-H), 7.30 (s; 1H;
Ar-H), 1.42 (s; 18H; -C(CHx)3), 1.24 (d; *Jup = 6.4 Hz; 12H; -P(CH3)2) . *'P{'H} NMR (202 MHz,
Tol-dsg): 6 117.9.

Method B>°: A Schlenk flask equipped with a Teflon stopper was charged with 4,6-ditertbutyl-1,3-
benzenediol (0.202 g, 0.90 mmol). NaH (0.047 g, 2.00 mmol) and THF (3 mL). The mixture was
heated at 60 °C for 2 hours. The mixture was degassed, then CIPMe> (0.184 g, 1.9 mmol) was
added. The yellow mixture was stirred overnight at room temperature. The volatiles were removed
under vacuum, and the remaining solids were extracted with Et,O (4 x 3 mL). The solvent was
removed under vacuum to afford a yellow oil, 20 (0.065 g, 0.21 mmol; 23 % crude yield). The
spectroscopic characterization shows peaks matching those from method A, and several other

unidentified species.

OMe 21: M4POCOPcoomer. Attempted Synthesis: A J-Young tube was charged

o 0—PMe,
with 4,6-dimethylester-1,3-benzenediol (0.020 g, 0.09 mmol) and N,N-

diisopropylamino-P,P-dimethylphosphine (6'"") (0.037 g, 0.23 mmol). The
o O0—PMe,

OMe mixture was heated to 130 °C for 4 hours to afford a dark-brown mixture.

21

The volatiles were removed under vacuum to afford a brown oil. The

3P {'H} NMR spectrum showed 6+ phosphorus-containing species.
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0—PMe,

MeO

21a

21a: MPOCOPcoome: Method A: A J-Young tube was charged with
5-methylester-1,3-benzenediol (0.030 g, 0.18 mmol) and N,N-
diisopropylamino-P,P-dimethylphosphine (6*") (0.80 g, 0.49 mmol).

The mixture was heated to 130 °C for 4 hours to afford a light-yellow

solution. The volatiles were removed under vacuum to afford a yellow solid, 21a (0.050 g, 0.18

mmol; 97 % yield). "H NMR (500 MHz, Tol-ds): 8 7.17-6.83 (m, overlapping Tol-ds; Ar-H), 3.44

(s; 3H; COO(CHs)), 1.09 (d; 3Jup = 6.3 Hz; 12H; -P(CHs),). *'P{'H} NMR (202 MHz, Tol-ds): &

125.5.

o 22: Me2P(0)-PMez. Water (3 pl, 0.17 mmol) was added to a solution of Et;NPMe»
/P\p// (0.05 g, 0.37 mmol) in THF; the solution was stirred for 15 h at RT. The volatiles

22 were removed under vacuum to afford 22 (0.02 g, 0.14 mmol; 85 % yield). Crystals

of Me,P(0O)-PMe; were grown from a concentrated solution of Me,P(O)-PMe; in THF at room

temperature.*H NMR (300 MHz, C¢De): § 1.06 (dd; 2Jup = 11.8 Hz, 3Jpp = 5.8 Hz 3H; P(CHa)2),

0.96 (dd; 2Jkp = 14.8 Hz, %Jup = 3.4 Hz 3H; P(0)(CHa)y). 3P{'*H} NMR (121.5 MHz, CeDs): &

42.2 (d; WJpp = 195.4 Hz; P(O)(CHs)2), -66.7 (d; XJpp = 195.4 Hz; P(CHs)2).
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2.5 Crystal Structures

—

Figure 2.1
. \
Resfe
il
A «7/
o \g*‘ e
* \ _\PZ
kﬂ N»—-‘L"“ I
®

Bond (A) or Angle (°) Value
N(1)-P(1) 1.618 (3) A
N(Q2)-P(2) 1.618 (3) A

P(1) to Br(1) 4.5283 (6) A

(Left) ORTEP of 7 shown with thermal ellipsoids at 50% probability. (Right) A table of
selected angles and bond-distances for 7. The bromide ions are omitted for clarity.

Figure 2.2

R '0(1)

u\ipm

/ ~L

Bond (A) or Angle (°) Value
P(1)-P(2) 2.1973 (6) A
P(1)-0(1) 1.4989 (10) A

0-P(1)-P(2) 112.99 (4) °

ORTEP of 22 shown with thermal ellipsoids at 50% probability. (Right) A table of selected

angles and bond-distances for 22.
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Chapter 3. Coordination Chemistry of Methyl-Substituted Pincer
Iridium Complexes

3.1 Introduction

Several investigations of hydrogenation and dehydrogenation chemistry have employed *PCP
(C6Has-1,3-[CH2PR]>) and **POCOP (C¢Ha-1,3-[OPR;]) iridium compounds (R = ‘Bu or 'Pr).!?
However, there are a limited number of reports of pincer complexes with steric or electronic
variation of the phosphine R-groups.*’ This shortcoming may result from the difficulty in
synthesizing other **PCP and **POCOP ligands (where R # ‘Bu or 'Pr). We developed a convenient
synthesis of M*PCP (5) and M**POCOP (19) (see Chapter 2 for more information), which has
allowed us to explore the coordination chemistry of M**PCP (5) and M**POCOP (19) with focus on

the corresponding iridium complexes.®

Ligands S and 19 have been previously synthesized and metallated, but only limited examples
exist. The Kaska and Goldman groups reported the synthesis of organometallic M**PCP complexes
(Scheme 3.1).>!° Kaska and Creaser synthesized (M**PCP)Fe(H)(DMPE) by reducing an
oligomeric material [(M**PCP)FeCl,]. (prepared by treating M**PCP with FeCl,) with Na/Hg in the
presence of DMPE (DMPE = 1,3-bis(dimethylphosphino)ethane); however they did not report a
yield or extensive characterization of the complex. Like Kaska and Creaser, others have reported
oligomer formation during metallation of sterically-undemanding pincer ligands.!! Goldman and
coworkers synthesized (M**PCP)Rh(CO) via the reaction of [Rh(COE),Cl],, M*PCP, and
Li(HMDS) under a CO atmosphere (HMDS = hexamethyl-disilylamine).! However,

(Me*PCP)Rh(CO) was not fully characterized, and a yield was not reported.'® Guan and coworkers
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reported the synthesis of (M**POCOP)NiCI by forming M**POCOP in situ, then adding NiCl,

(Scheme 3.2).!2

Scheme 3.1 (a) Synthesis of (M**PCP)Fe(H)(DMPE). ? (b) Synthesis of (M**PCP)Rh(CO).!"°

Me,P PMe, 1. DMPE T'[VFI’?Z
FeCl, Me4 2. Na/Hg (30 %) ~ >
(a) W [( PCP)FEC|2]n THF 0 °C ’ o /Fe [P]
: H |
65 % Yield Unreported Yield PMe,
[P] = PMe,
Me,P PMe, 1.0.5 [Rh(COE),CI], PMe,
(b) 2. Na(HMDS), 1 atm CO Rh-CO
Tol'ds
Unreported Yield PMe,

Scheme 3.2 Synthesis of (M**POCOP)NiCI. 2

Mezp ?Mez O_PMeZ
o o NiCl, I

y Ni—Cl
THF/Tol, Reflux, 30 h I

62 % Yield Overall O—PMe,

in situ

Because these examples are limited and do not involve iridium, we turned to adapting
metallation techniques for other **PCP and **POCOP ligands to the metallation of M**PCP and
MetPOCOP. As shown in Scheme 3.3, Roddick and coworkers reported a sterically-similar but
electronically quite different *PCP derivative, ‘™"PCP, which they metallated with iridium
through the reaction of 0.5 equiv. [Ir(COE),Cl], or [Ir(COD)Cl],, “***PCP, and an L-type ligand
(e.g. CO, MeCN, or ethylene). Roddick and coworkers found that commonly-used iridium
precursors, especially those that react with pincer ligands to form a 5-coordinate species, react with
(CE3PCP to afford oligomeric complexes in the absence of added L-type ligands.** Our group has
previously reported the metallation of sterically-undemanding **POCOP ligand (R = OMe) with

Ir(CO):Cl(p-toluidine) to afford stable 6-coordinate iridium complexes (Scheme 3.4)."
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Scheme 3.3 Synthesis of (“**PCP)Ir(HCI)L.

(CF3),P P(CF3); 0.5 [Ir(COE),ClIl, P(CF3),
. Cl
L-T L d &
ype ~19em r Ir—L
L or Tol, Reflux HII
50-77 % Yield P(CF;),

Scheme 3.4 Synthesis of (°M*PCP)Ir(HCI)CO.

(MeO),P P(OMe),

o o Ir(CO),Cl(p-toluidine)
o
Tol, 110 °C, 18 h
R R

R = 'Bu

Here, we describe the synthesis of (M**PCP)Ir, (M**PCP)Rh, and (M*POCOP)Ir derived
complexes through the adaptations of the aforementioned syntheses. Initially, we hypothesized that
functional groups on the aryl moiety of the M**PCP or M*POCOP ligands would be necessary to
prevent oligomerization described by previous reports, however we found that these modifications
were not necessary in certain cases. Additionally, we compare the steric and electronic properties

of these compounds with previously reported **PCP and **POCOP iridium complexes.
3.2 Results and Discussion

3.2.1 Synthesis and Coordination Chemistry of (M&*PCP)Ir Complexes

3.2.1.1 Synthesis of (M**PCPgr2)Ir(HCI)CO (23M¢ and 23"M¢)

Scheme 3.5 Synthesis of (M**PCPue)Ir(HCI)CO (23™M¢).

Me,P PMe, PMe,
Ir(CO),Cl(pyr) I| “\(go
Tol, 110°C, 1 h le
75 % Yield PMez
5Me 23-Me
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Previously reported metallations of *RPCP generally proceed through a 5-coordinate iridium
species, (M*PCP)Ir(HCI).>'*!> However, attempts to synthesize analogs of these 5-coordinate

species with M*PCPye4 gave intractable products. Thus, we focused on adapting the previously
reported synthesis of (*™*POCOP)Ir(HC1)CO to prepare (M*PCPue2)Ir(HCI)CO (23°M¢). As shown
in Scheme 3.5, Ir(CO)x(pyridine)Cl reacts with M**PCPye> (Sme) at 110 °C over 1 h to afford
(MPCPMme2)Ir(HCI)CO (23M¢). The 'H NMR spectrum of 23"M¢ exhibits two doublets of virtual

triplets at 3.55 ppm and 3.20 ppm for the inequivalent methylene protons; two overlapping virtual
triplets centered at 1.75 ppm for the methyl protons (-P(CH5),); and a triplet at -18.8 ppm (3Jup =

13.8 Hz) for the iridium-bound hydride.

Scheme 3.6 Synthesis of (M**PCP)Ir(HC1)CO (23M¢).

Me,P PMe, PMe,
Ir(CO),Cl(pyr) &
Tol, 110 °C, 15 h Ir=Co
95 % Yield H PMeZ
5 23Me

Due to previous reports, we were operating under the hypothesis that metallating M**PCP (5)
required steric bulk to prevent organometallic oligomers;'>!%!* however, steric bulk is not
necessary with M**PCP (5) and specific metal precursors. As shown in Scheme 3.6, 5 reacts with
Ir(CO).Cl(pyridine) at 110 °C to afford (M*PCP)Ir(HCI)CO, (23M¢; Scheme 3.06). The '"H NMR
spectrum of 23M¢ exhibits two doublets of virtual triplets at 3.75 ppm and 3.36 ppm for the
inequivalent methylene protons; two overlapping virtual triplets centered at 1.84 ppm for the
methyl protons; and a triplet at -18.8 ppm (*Jup = 13.9 Hz) for the hydride. Attempts to metallate
5 with other precursors such as [Ir(COE)»Cl], and [Ir(COD)»Cl], resulted in products insoluble in

common organic solvents even when CO, H, or MeCN was present.>> These presumably
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polymeric materials may form because smaller pincer ligands tend to form oligomers with metal

precursors and/or the methyl groups may become activated by coordinately unsaturated iridium

species.!>16:14

3.2.1.2 Synthesis of (M**PCPRr2)Ir(CO) (24M¢ and 24°Me)

Scheme 3.7 Synthesis of (M**PCPume2)Ir(CO) (24™¢).

PMe, PMe,
e LIHMDS
Hlllr—CO CHo RT, 1h r Ir—=CO
PMe, 95 % Yield PMe,
23'Me 24°Me

LiHMDS (Li[N(SiMe3)2]) dehydrohalogenates 23"M¢ to afford (Me*PCPe2)Ir(CO) (24"Me;
Scheme 3.7). The *H NMR spectrum of 24"M¢ is as expected with symmetrical signals for the

methylene protons at 3.12 ppm and methyl protons (-P(CHz),) at 1.36 ppm. The *!P{*H} NMR

spectrum of 24"M¢ shows a singlet at 16.6 ppm.

Scheme 3.8 Synthesis of (M**PCP)Ir(HCI)(CO) (24™¢).

PMe, PMe,
||“\cclo LiHMDS
H/r CeHe RT, 1h lr=CO
PMez 91 % Yield PMez
23Me 24Me

KHMDS (K[N(SiMes)2]) dehydrohalogenates 23M¢ to afford (M*PCP)Ir(CO) (24M¢; Scheme
3.8). The 'H NMR spectrum of 24™¢ shows a virtual triplet at 3.07 ppm for the methylene protons,
and a virtual triplet at 1.23 ppm for the methyl protons. The *'P{'H} NMR spectrum of 24™¢ shows

a singlet at 17.1 ppm. Figure 3.1 shows the solid-state structure of 2M¢. The bond lengths of 24™¢
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are similar to other (**PCP)Ir(CO) complexes, however the Cs twist (e.g. C(3)-C(1)-Ir(1)-P(1)

torsion angle) is larger than other (**PCP)Ir(CO) (R =

'Pr, 'Bu) species. Roddick and coworkers

have attributed a larger C, twist in (‘“"*PCP)Ir(CO) to its reduced steric bulk; 24™¢ likely shows

a relatively large C, twist for the same reason. The C» twist originates from spatial configuration,

and is generally more pronounced for the R**PCP systems because the Caryl - Chenzyl - P length is

larger than the Caryi - O - P length.®

Figure 3.1 (Left) ORTEP of (M*PCP)Ir(CO) (24™¢) shown with thermal ellipsoids at 50%
probability. (Right) A table of selected angles and bond-distances for 24M¢.

jf'“\c<4)
/cm N

Y N
[

Bond (A) or Angle (°) Value
Ir(1)-C(1) 2.109 (4) A
Ir(1)-C(2) 1.883 (10) A
Ir(I)-O(1) 3.023 (8) A

P(1)-Ir(1)-P(2) 160.61 (9) °

C(1)-Ir(1)-C(2) 177.7 (4) °
C(3)-C(1)-Ir(1)-P(1) 16.2 (5)°
C(4)-C(1)-Ir(1)-P(2) 17.7 (5) °

3.2.1.3 Synthesis of trans-(M**PCPr2)Ir(H)2(CO) (trans-25M¢ and trans-25°M¢)

Scheme 3.9 Synthesis of trans-(M**PCPye)Ir(H)2(CO) (trans-25™¢).

PMeZ
50 eq NaBH, K
Ir-CO
1:1 MeCN:EtOH, o |
RT, 15 h PMe,
88 % Yield trans.25°Me

Compound 23"™¢ undergoes transmetalation with NaBHy in a 1:1 mixture of EtOH:MeCN to

afford trans-(M**PCPwme2)Ir(H),CO (trans-25"¢; Scheme 3.9). The 'H NMR spectrum of trans-
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25'Me shows a virtual triplet at 3.14 ppm for the methylene protons, a virtual triplet at 1.49 ppm
for the methyl protons (-P(CHs),), and a triplet at -9.45 (3/up = 16.4 Hz) for the hydrides. Like

other trans-dihydride metal complexes, trans-25"™¢ reacts with DCM to afford the HCI complex,

23'Me.17

Scheme 3.10 Synthesis of trans-(M**PCP)Ir(H)2(CO) (trans-25M¢).

PMe, PMe,

||r‘icclo 20eqMaBH, ||r‘cho
H/| 1:1 MeCN:EtOH, !

PMe, RT, 15 h PMe,

62 % Yield trans_ste

Compound 23™¢ undergoes transmetalation with NaBH4 in a 1:1 mixture of EtOH:MeCN to
afford trans-(M**PCP)Ir(H),CO, (trans-25M¢; Scheme 3.10). The 'H NMR spectrum of the
dihydride complex shows a virtual triplet at 3.21 ppm for the methylene protons, a virtual triplet

at 1.49 ppm for the methyl protons, and a triplet at -9.16 (*Jup = 16.4 Hz) for the hydrides. Like
trans-25"™¢, trans-25™° reacts with DCM to afford the HCI complex, 23™¢. Figure 3.2 shows the
solid-state structure of trans-25™¢. The bond lengths of trans-25™¢ are similar to other (**PCP)Ir
complexes, and like trans-25"M¢, the C,-twist torsion angles are larger than analogous (*PCP)Ir

complexes (R = Pr, Bu).
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Figure 3.2 (Left) ORTEP of trans-(M**PCP)Ir(H)2(CO) (trans-25M¢) shown with thermal ellipsoids
at 50% probability. (Right) A table of selected angles and bond-distances for trans-25™¢. The
hydrogen atoms, except for the hydrides, are omitted for clarity.

Bond (A) or Angle (°) Value
l\——ﬁ\%“” ) Ir(1)-C(1) 1.877 (10) A
a I, *o < Ir(1)-C(2) 1.877 (10) A

) I
jcc’)m\l / Ir(1)-0(1) 3.046 (2) A
\ 1f“\’ P(1)-Ir(1)-P(2) 161.19 (9) °

b T e C(1)-Ir(1)-C(2) 178.1 3) °
p/!j | C(3)-C(1)-Ir(1)-P(1) 152 (6)°
- C(4)-C(1)-Ir(1)-P(2) 14.2 (6)°

3.2.1.4 Synthesis of [(M**PCP)Ir(H)(pyr)CO][OTf] (26M°)

Scheme 3.11 Synthesis of [(M*PCP)Ir(H)(pyr)CO][OT{] (26™°).

PMe, PMeZ—I oTf
r
[Hpyr][OTf] Py
Ir—CO THF, RT. 5 h > Hlllr co
PMe, 05 % Yield PMe,
24Me 26Me

One equivalent of pyridinium triflate [Hpyr][OTf] protonates 24M¢ to afford
[(MeAPCP)Ir(H)(pyr)COJ[OTHS] (26M¢; Scheme 3.11). The 'H NMR spectrum of 26™¢ shows three
sharp signals for bound pyridine (8.16(d), 7.97(t), 7.39(t) ppm), two doublets of virtual triplets at
3.57 ppm and 3.44 ppm for the diastereotopic methylene protons, two virtual triplets at 1.97 ppm
and 1.39 ppm for the methyl protons, and a triplet at -19.35 ppm (*Jup- 16.4 Hz) for the hydride.
One equivalent of acid with weakly-coordinating conjugate bases such as H[BF4], H[Bar'4], and
lutidinium protonate 24™¢to afford new species [(M**PCP)Ir(H)(L)CO][X] (L is the conjugate base
or solvent, and X may be the conjugate base). [(M**PCP)Ir(H)CO]" coordinates adventitious

ligands because of its reduced steric bulk.
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3.2.1.5 Synthesis of (M#*PCP)Ir(OACc)2(CO) (27V°).

Scheme 3.12 Synthesis of (M**PCP)Ir(OAc)2(CO) (27M°).

PMez
\‘CI 3 AgOAc
a Ir-Cco 3 (Me4pCP)Ir(CO)(0A
(@) Hllr THE, 66 °C.15h 0 ¢ )Ir(C0)(OAc),
PMe, 95 % Vield
23Me 27Me
PMe; 1. xs HOAc
2. xs AgOA
(b) Ir—CO s AQOAC__ o (Medpcp)ir(CO)(OAC),

CeDg 80 °C, 15 h
PMe, Quant. Conv.

24Me 27Me
PMeZ
2 AgOA
©) Ir-CO 9OAc o (Metpcp)ir(co)(0AC),
CeDg 2 h
PMe, Quant. Conv.
24Me 27Me

Compounds 23Me and 24Me show interesting reactivity with silver acetate. Three equivalents
of silver acetate react with 23M® to afford a species with spectroscopic features consistent with
assignment to (M**PCP)Ir(OAc)2(CO) (27; Scheme 3.12a). During this reaction in Scheme 3.12a,
a gray precipitate forms and acetic acid is observed by *H NMR spectroscopy. The *H NMR
spectrum of 27M¢ shows two doublets of virtual triplets at 3.35 ppm and 2.66 ppm for the
diastereotopic benzyl protons, two virtual triplets at 1.44 ppm and 1.39 ppm for the methyl protons,
and two singlets at 2.27 and 1.76 for the acetate ligands. The *C{*H} NMR spectra shows three
distinct C=0 functional groups, and an HMBC experiment shows that two of these three C=0
functional groups are related to the acetate methyl protons. The IR spectrum shows a single CO

stretch at 2035 cm™. Thus, the iridium center has two chemically inequivalent acetates, a CO, and
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the M®*PCP ligand bound. Similarly, compound 24M¢ reacts with excess acetic acid to form a
hydride acetate intermediate, then that intermediate reacts with excess silver acetate to afford a
species with identical spectroscopic features as 27M¢ (Scheme 3.12b). Compound 27M¢ can also be
synthesized directly from 24M¢ through the reaction of 24M¢ and two equivalents of silver acetate
at RT. This reaction to afford 27M® is interesting in that redox chemistry must be taking place
between the iridium center and silver acetate. Figure 3.3 shows a proposed mechanism for this
reaction based upon the syntheses in Scheme 3.12. Starting from 23M¢, one equivalent of silver
acetate undergoes transmetalation with 23M® to afford the hydrido acetate complex, 23aMe.
Alternatively, 24Me reacts with acetic acid to afford 23aMe. Then, 23a™® could reductively eliminate
acetic acid at elevated temperatures to afford 24M¢ (Figure 3.3, top pathway); or, 23aM®¢ could
undergo a redox reaction with another equivalent of silver acetate to afford a 20-electron, Ir(IV)
complex (Figure 3.3, bottom pathway). Then, the Ir(IV) could reductively eliminate acetic acid to
afford the proposed Ir(I11) complex (Figure 3.3, bottom pathway); or 24M could undergo a redox
reaction with silver acetate to afford the proposed Ir(Il) complex (Figure 3.3, bottom pathway).
Finally, this proposed Ir(I1) complex could undergo a redox reaction with the final equivalent of
silver acetate to afford 27M. The heat required to form the acetate complex from the protonated
species, 23M¢ and 23aM¢is likely needed to eliminate the acid or form the Ir(1V) intermediate. Van
Koten and coworkers observed similar reactivity between silver acetate and a sterically-
unencumbered rhodium complex.® They found that their rhodium(l) complex quickly reacts with
two equivalents of silver acetate to form the corresponding bis-acetate complex.’® They
hypothesized the high-availability of the metal center allowed for an Ag-Rh, followed by an
electron transfer event.'® This explanation is plausible for the reactivity we observe with our

system.
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Figure 3.3 Proposed mechanism for the synthesis of 27M¢.

PMeZ
|
Ir-CO 23Me
‘
H
PMeZ
PMeZ
A: ci:?c |I co —R90Ac
A9 / HOAc > l’ "Ag°
Fl’Mez PMe;, Fl’Me2 Fl’MeZ
OAc 24Me OAc OAc
> > >
Ir-co or ir—co -A90Ac o Ir~OAc
H| | A |
PMe PMe S pm
" 2 PMe, 2 €2
23aMe Ir(l Me
Noasone 4 M A" §
-Aqg° 71|\ -HOA Proposed Structure
Ag H | oA OAc
HOAc PMe,
Ir(Iv)

TMeZ
Cgllr-co 24Me
PMeZ
3.2.1.6 Coordination of L-type ligands to (M#*PCP)Ir(CO)

Scheme 3.13 Coordination of CO (a; 28M¢) or PMe; (b; 29M¢) to (M*PCP)Ir(CO) (24M°).

PMe, PMe,
©
a. Ir—CO 1atmCO Ir—Co
Tol-dg, RT, <5 Min
PMe, Quant. Conv. PMe,
24Me 28Me
PMe, PMe,
b. Ir—co xs PMe; - IIr‘\—PCI\:I)e?’
Tol-dg, RT, <5 Min
PMe, Quant. Conv. PMe,
24Me 29Me

Compound 24M¢ coordinates CO under 1 atm CO at room temperature to afford
(Me4PCP)Ir(CO)2 (28M¢; Scheme 3.13a). The *H and *'P{*H} NMR spectra of 28M¢ are shifted

relative to 24M¢, and the IR spectrum of 28M¢ shows two CO stretches at 2010 and 1930 cm".
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Compound 24M¢ also coordinates PMes to give (Me*PCP)Ir(PMes)(CO) (29M¢; Scheme 3.13b). The
3IP{*H} NMR spectrum of 29M¢ shows a doublet at -1.79 ppm and triplet at -56.5 ppm (2Jpp = 112
Hz). Heating 29M¢ at 80 °C in toluene-ds does not result in conversion to a new species. *H and
3Ip{*H} NMR spectroscopy shows no evidence for interaction of weakly coordinating ligands,
such as pyridine or triethylamine, with 24Me Attempts to crystallize 28M¢ or 29M® were

unsuccessful.

3.2.1.7 Electronic Comparison of (R**PCP)Ir Complexes (R = 'Bu, 'Pr, Me, CF3)

Table 3.5 (see section 3.4) shows the Ir-CO and Ir-H stretching frequencies for compounds
(23-26, and 28). The v(CO) of the M**PCP iridium complexes are slightly higher in energy than the
PPCP and B*PCP analogs because methyl groups are less electron rich than fert-butyl and iso-
propyl groups. Though, the electronic differences between the aliphatic-substituted complexes are
not very pronounced, so one should not expect large electronic differences between the methyl,
tert-butyl and iso-propyl substituted complexes. The CF3 substituted complexes are electron
deficient compared to the aliphatic series, and one should expect significant electronic differences

between the methyl and CF3-substituted complexes.

3.2.1.8 Steric Comparison of (R**PCP)Ir Complexes (R = Bu, 'Pr, Me, CF3).

Table 3.1 shows the space-filling models and Table 3.2 shows select structural values of
compounds 24M¢ 241Pr 2418 24CF3 - A5 expected, 24M° has the lowest %Vyur out of the set of
complexes. The metric %Vyur is the volume percentage that specified ligand takes up in a given
sphere originating at the metal center.!” Like 243 24M¢ has a large C» twist (measured by the
dihedral angle between the CH,-Ca,-CHa and P-Ir-P planes).® This C twist is more pronounced

for sterically small PCP ligands on square planar iridium complexes because of the reduced steric
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clash between phosphine groups.® Compound 24™* also has a relatively small P-M-P angle, which

is also congruent with a lower %V and larger Cs twist.®

Table 8 Space-filling models of 24™¢, 241Pr 2484 and 24€F3,

Me (24Me) iPI’ (24iPr)20 tBu (24tBU)21 CF3 (24CF3)4

Table 9 Select Structural Data for (**PCP)Ir(CO) (24®). a Calculated by the SambVca 2.0
program.'® ® The torsion angle between the benzyl carbon, ipso carbon, iridium and respective
phosphorus.

2R % Vur® Twist® (°) P-M-P (°)
2Me 55.7 16.2(5), 17.2(5) 160.61(9)
2iPr 67.6 8.0(3), 10.4(3) 163.71(4)
2tBu 72.2 5.1(7), 1.0(7) 164.11(12)
2CF3 61.4 12.5(14) 159.86 (2)

The fluxionality of pyridine on the NMR time scale in compounds 26™¢, 26" 26" can be
used as proxy for understanding the steric environment in the cis-void space. The 'H NMR
spectrum of 26M¢ shows three sharp resonances for bound pyridine. In contrast, the 'H NMR
spectrum of 268" shows five sharp signals for bound pyridine, and the '"H NMR spectrum of 26"
shows three broad signals for bound pyridine.? The spectral differences suggest that the pyridine

ligand of compound 26M freely rotates, the pyridine ligand of 26" undergoes hindered rotation,
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and the pyridine ligand of 26'B" is static on the NMR time-scale. The differences in the rotation of

the pyridine is most likely due to its steric interactions with the respective PCP ligand.

3.2.2 Attempts to Metallate M#*PCP (5) with Rhodium Complexes

Table 3.3 summarizes the attempts to metallate M*PCP (5) with rhodium. Like iridium
derivatives, rhodium precursors that usually lead to a 5-coordinate R*PCP species (R = 'Pr or ‘Bu)
form oligomeric materials in non-coordinating solvents. Rhodium precursors, Rh(CO)CI(PPhs)a,
Rh(CO)H(PPh3)3, and Rh(CO).Cl(pyridine) react with 5 to form multiple intractable species or
oligomeric materials.

Scheme 3.14 Synthesis of (M“PCP)(Rh(COD)Cl), (30).

CI(COD)Rh Rh(COD)CI
MeZP PMeZ : :
0.5 [Rh(COD)CI], Me,P PMe,
Tol-dg, 140 °C, 1 h
50 % Yield
5 30

However, as shown in Scheme 3.14, 0.5 equiv. [Rh(COD)CI]. reacts with 5 in toluene at 140
°C to afford a single species which we hypothesize is 30, based upon NMR spectroscopy. The *H
NMR spectrum of 30 shows three aryl signals, four broad signals for a COD ligand(s), a doublet
for the benzylic protons, and a doublet for the methyl protons (-P(CHz)2). The three aryl signals
show that C-H activation did not occur. The four broad signals for COD signify that the COD
ligands are in an unsymmetrical environment, and the doublets for the benzyl and methyl protons
signify that one rhodium is not bonded to both phosphine arms. Further heating did not result in

conversion to a new species, nor did addition of excess NEts.
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Scheme 3.15 Synthesis of (M**PCP)Rh(MeCN)(HCI) (31).

Heating 0.5 equiv. [Rh(COD)CI]> with 5 in MeCN at 80 °C results in two similar species
(Scheme 3.15) by *H NMR spectroscopy (hydride region) and 3!P{*H} NMR spectroscopy. We
hypothesize that these two species are isomers of (M¢*PCP)Rh(H)(CI)(MeCN), 31. The hydride
region of the *H NMR spectrum of 31 shows two doublets of triplets at -17.6 and -18.1 in a 40:60
ratio. The 3P{*H} spectrum of 31 shows two overlapping doublets at 5.40 and 5.42 in a similar

ratio. The hydrides signify that C-H activation did occur and that the rhodium is coordinated to

Mezp PMeZ

PMez
0.5 [Rh(COD)ClI], <l
MeCN, 140 °C, 1 h g
Quant. Conv. PMe,
31

Rh-NCMe + Isomer
Y

both phosphorus arms. Further heating did not change the ratio of the two isomers.

Table 10 Attempts to metallate M**PCP with rhodium.

Entry Rh Precursor Conditions (Adapted From) Result
1 0.5 [Rh(CO).Cl]2 Tol-ds, 110 °C, 15 h Intractable
2 0.5[Rh(CO):Cl]2  Tol-dg, 110 °C, 15 h, xs K(N(SiMe3)3) Intractable
3 0.5 [Rh(COE):Cl]> Tol-dg, 110°C, 1 h 30
4 0.5 [Rh(COE).Cl]2 Tol-ds, 110 °C, 1 h, 1 atm CO Intractable
5 0.5 [Rh(COE).Cl]2 THF, 66 °C, 4 h, xs PMes Intractable
6 0.5 [Rh(COE).Cl]2 THF, RT, KO'Bu, CO Intractable
7 0.5 [Rh(COD)CI]2 Tol-dg, 140 °C, 3 h Intractable
8 0.5 [Rh(COD)CI]2 MeCN, 80 °C, 15 h 31
9 Rh(CO)2(pyridine)Cl Tol-dg, 110 °C, 4 h Intractable
10 RhH(CO)(PPhs) Tol-dg, 110 °C, 4 h 2-3 species
11 RhH(CO)(PPhs) Tol-ds, 110 °C, 4 h, xs K(N(SiMe3)3) Intractable
12 RhCI(CO)(PPhs) Tol-dg, 110 °C, 4 h Intractable
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3.2.3 Synthesis and Coordination Chemistry of (M#*POCOP)Ir Complexes
3.2.3.1 Synthesis of (M*POCOPR2)Ir(HCI)CO (32M¢ and 32'M¢)

Scheme 3.16 Synthesis of (M“POCOPR2)Ir(HCI)CO (32M°).

Me,P PMe, O0—PMe,
! ! Ir(CO),Cl(pyr) <l
(o] (o) »
\©/ ToL 110°C.2h > Hzllr co
23 % Yield o_PMe2
19 32Me

As shown in Scheme 3.16, M**POCOP (5) reacts with Ir(CO)>Cl(pyridine) at 110 °C to afford
(MAPOCOP)Ir(HCI)CO (32M¢). The 'H NMR spectrum of 32M¢ exhibits two overlapping virtual
triplets at 2.18 and 2.15 ppm for the methyl protons; and a triplet at -18.3 ppm (*Jup = 15.3 Hz)
for the hydride. Attempts to metallate 5 with other precursors such as [Ir(COE)>Cl]> and
[Ir(COD),Cl]> resulted in products insoluble in common organic solvents even when CO, H» or
MeCN was present.> In contrast to the M*PCP system, metallations of M**POCOP with
Ir(CO)Cl(pyridine) or Ir(CO).Cl(p-toluidine) resulted in abundant precipitates which do not
dissolve in common organic solvents. This apparent oligomerization affects the yield and
consistency of this metallation reaction. We observed better yields with more dilute reactions,
however oligomerization was always an issue. Moreover, (M*POCOP)Ir(HC1)CO (32M¢) is stable
as a solid in air, however it may decompose similarly to (M**PCP)Ir(HCI)CO (23M¢) when in

solution on the benchtop.
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Figure 3.4 (Left) ORTEP of (M**POCOP)Ir(HCI)CO (32M¢) shown with thermal ellipsoids at 50%
probability. (Right) Table of selected bond lengths.

Bond (A) or Angle (°) Value
Ir(1)-C(1) 2.046 (5) A
Ir(1)-C(2) 1.899 (6) A
Ir(D)-O(1) 3.041 (4) A

P(1)-Ir(1)-P(2) 158.85(5) °©

C(1)-Ir(1)-C(2) 173.1 (4) °
C(3)-C(1)-Ir(1)-P(1) 264)°
C(4)-C(1)-Ir(1)-P(2) 1.44)°

Scheme 3.17 Synthesis of (M**POCOP;p,)Ir(HCI)CO (32'M°),

'Bu O—PMe, 'Bu O—PMe,
Ir(CO),Cl(pyr) | “\cclo
Tol, 110°C, 2 h H/r
'Bi O—PMe, <20% Yield 'BU  O—PMe,
20 32'Me

Similarly, M**POCOP,. reacts with Ir(CO).Cl(p-toluidine) at 110 °C to afford
(MAPOCOPy)Ir(HCI)CO (32'M¢). The 'H NMR spectrum of 32°M¢ exhibits two overlapping

virtual triplets at 2.20 and 2.16 ppm for the methyl protons; a singlet at 1.32 for the tert-butyl
groups; and, a triplet at -18.3 ppm (3Jup = 15.3 Hz) for the hydride. The metallation of
MeAPOCOPpy2 with Ir(CO),Cl(p-toluidine) suffers from the same oligomerization and purification
issues as M**POCOP. Unpublished work from Dr. Gene Wong shows similar results.??> He reported

the crystal structure of 32"M¢ (Figure 3.5), which shows that bond lengths and angles are congruent

with other (**POCOP)Ir(HC1)(CO) complexes. '
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Figure 3.5 (Left) ORTEP of (M*POCOP;p2)Ir(HCI)CO (32"™¢) shown with thermal ellipsoids at
50% probability. (Right) Table of selected bond lengths for 32™¢ 22

Bond (A) or Angle (°) Value
Ir(1)-C(1) 2.0723) A
Ir(1)-C(2) 1.917(3) A
Ir(I)-O(1) 3.050(2) A

P(1)-Ir(1)-P(2) 157.67(3) °

C(1)-Ir(1)-C(2) 176.27(12) °
C(3)-C(1)-Ir(1)-P(1) 1.2(2) °
C(4)-C(1)-Ir(1)-P(2) 1.0(2) °

3232 Synthesis of (M#POCOP)Ir(CO) (33V°)

Scheme 3.18 Synthesis of (M“POCOP)Ir(CO) (33M°).

O—TMeZ O_PMeZ
Cl

) t

ir—co —KOBu. _ Ir—CO
W CeDs. RT, 1h

O—PMe, Quant. Conv. O—PMe,
32Me 33Me

Potassium tert-butoxide (KO'Bu) dehydrohalogenates 33M¢ to afford (M**POCOP)Ir(CO)
(33M¢; Scheme 3.18). The '"H NMR spectrum of 33™¢ shows a virtual triplet at 3.07 ppm for the
benzyl protons, and a virtual triplet at 1.23 ppm for the methyl protons. The *'P{'H} NMR

3Me

spectrum of 33M¢ shows a singlet at 17.1 ppm. Compound 33™¢ is highly sensitive to oxygen and

moisture.
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3.2.3.3 Electronic Comparison of (R*POCOP)Ir (R = 'Bu, 'Pr, Me) Complexes

Table 3.7 (see section 3.4) shows the Ir-CO stretching frequencies for **POCOP (R = Me,
'Pr, 'Bu) iridium complexes. The v(CO) of the M*POCOP iridium complexes are slightly higher
in energy than the P*POCOP and B““POCOP analogs because methyl groups are less electron

rich than tert-butyl and iso-propyl groups.

3.2.3.4 Steric Comparison of (R**POCOP)Ir (R = 'Bu, 'Pr, Me) Complexes

Table 3.4 shows select structural values and Table 3.5 shows the space-filling models of
compounds 32M¢, 321Pr 328U Ag expected, 32M¢ has the lowest %V out of the set of complexes.
Additionally, 32™¢ has a smaller %Vpur than 23M¢, R*POCOP ligands are generally sterically-
smaller than the respective *PCP ligand.® Compared to the analogous (**PCP)Ir complexes, the
P-M-P angles are closer to linear and the C» twist angles are smaller for complexes 32M¢, 32iFr,
and 328", In general, when ligated, **POCOP ligands are less distorted from the plane than the

R4PCP analog.®

Table 11 Selected structural data for (*POCOP)Ir(HCI)CO (32R). a Calculated by the SambVca
2.0 program.!® *The torsion angle between the oxygen, ipso carbon, iridium and respective
phosphorus.

R %Vbur® Twist” (°) P-M-P (°)
3Me 54.4 1.4 (4) 158.85 (5)
32iPr 64.9 3.1(5) 157.36 (7)
32Bu 72.3 0.2 (4) 157.57 (5)
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Table 12 Space-filling models of 32M¢, 321Pr 328 The H, Cl, and CO ligands have been removed
for clarity.

Me (32Me) iPI’ (32iPr)13 tBU (32tBU)23

3.3 Conclusions

Depending on the metal, metal precursor, and ligand, the metallation of M*PCP or M**POCOP
may result in oligomeric material. This oligomeric material likely results from the small steric
profile of these ligands. Careful choice of the reaction conditions and metal precursor allow for
successful metallation of unsubstituted Me*PCP and M**POCOP ligands. Ir(CO).Cl(amine) is an
effective precursor for metallating both M**PCP and Me*POCOP. The resulting iridium complexes
show electronically similar but sterically different properties to other **PCP and R*POCOP (R =

'Bu, 'Pr) iridium complexes.
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3.4 Tables of Selected Spectroscopic Data?

Table 13 Selected spectroscopic data for compounds 23-26 and 28.

Compound 'HIr-H 2Jup (H2) 31p {1H} v(CO) (cm’)  v(Ir-H)  Ref
(ppm) (ppm) (cm)
23R: (R*PCP)Ir(HCI)(CO)
23Me -18.72 13.82 -2.682 2020° 2171° -
231Pr -18.3¢ 11.6° 50.8¢ 2010¢ 2197¢ 17
23tBu -7.609 15.0¢ 56.19 19947 2165 24
23CF3 -16.52 14.42 56.72 2091° N/A 5
2R: (R*PCP)Ir(CO)
24Me - - 17.12 19332 - -
24'Pr - - 66.2% 1920°¢ - 17
24Bu - - 82.9 1913¢ - 13
24CF3 - - 69.72 2018° - 4
trans-3R: trans-(R*PCP)Ir(H)2(CO)
trans-25Me -9.16° 16.42 -6.08? 1992¢ 1722¢ -
trans-25"" -9.69° 15.0° 57.8¢ 1978¢ 17461 17
trans-25¢F3 -9.10? 19.22 59.72 2068° 2090° 4
cis-3R: cis-(R*PCP)Ir(H)2(CO)
cis-25Me -9.85? 19.42 -15.62 a 20552 -
-11.12 12.62 19502
cis-25P" -10.9? 16.92 51.7¢ 1950¢ 2066¢ 17
-11.92 11.9° 1965¢
4R [(R*PCP)Ir(H)(Pyridine)(CO)]*
26Me -19.4¢ 16.4° 1.07° 2032° 2182° -
26'F" -19.18 12.02 47.82 2023° N/A 2
26B¢ -19.72 14.0 60.8? 2018¢ N/A 2
5Me: (RPCP)Ir(CO);
2gMe - - - 20102, 1920? - -
28CF3 - - - 2068¢, 2020° - 4
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Table 14 Selected spectroscopic values for compounds 1-4.

Compound 'H Ir-H (ppm) 2Jup (Hz) 31p {14} (ppm)  v(CO) (cm)  Ref
32: (R*POCOP)Ir(HCI)(CO)

32Me -18.32 15.32 128.32 20432 -

32/Pr -18.52 12.0? 166.5" 2035° 13

32ty -17.6¢ 13.3° 170.6¢ 2031° 13
33: (R4POCOP)Ir(CO)

33Me - - 151.1° 1951¢ -

331Pr - - 191.22 1944° 13

33®Bu - - 199.0° 1937° 13, 25

In CD1Cly. °In CH2Cl. °In C6Dg. °In toluene-ds.
3.5 Experimental
General Considerations

All manipulations and reactions used standard Schlenk techniques under an argon atmosphere
unless otherwise stated. Glassware, diatomaceous earth, and sodium sulfate were stored in an oven
maintained at 140 °C for at least 24 h prior to use. All protio solvents were passed through activated
alumina and activated 3A molecular sieves prior to use. Deuterated solvents were dried over
calcium hydride (CD,Cl,) or sodium (C¢Ds, Tol-ds, THF-ds) and stored over molecular sieves. 'H,
31P{IH}, and *C{'H} NMR spectra were recorded on a Bruker DRX-700, AV-500, DRX-499, or
AV-300 instrument. 'H NMR and "C{'H} NMR spectra were referenced to residual solvent
signals.?6 3'P{'H} NMR spectra were referenced to an 85% H3PO4 standard. All NMR spectra
were recorded at ambient temperature unless otherwise stated. M*PCP?’ [Ir(COE).Cl]p,%
Ir(CO)Cl(pyridine),” [Rh(CO):Cl]»,** [Rh(COE)Cl]»,2® [Rh(COD)Cl]»,*! RhH(CO)(PPhs)s,*
RhCI(CO)(PPh;)2,* and Rh(CO).Cl(pyridine)** were synthesized as previously described.
Reagents KHMDS, [Hpyr][OTf], AgOAc, and PMe; were purchased from Sigma Aldrich. PMes
was vacuum transferred prior to use. Elemental analysis was performed at the CENTC facility at

the University of Rochester (funded by NSF CHE-0650456) and at Atlantic Microlab, GA.
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PMe, 23Me: (Me4pCP)Ir(HCI)CO. Ir(CO).Cl(pyridine) (0.505g, 1.54 mmol) was
Ir-co | added to a solution of M**PCP (0.350 g, 1.54 mmol) in toluene (15 mL). The

PMe, addition was accompanied by effervescence, and an abundant precipitate.

The mixture was heated at 110 °C for 15 h, resulting in a yellow solution.
The solution was filtered through diatomaceous earth to remove trace particulates. The volatiles
were removed under vacuum to afford a white powder. The white powder was triturated with
pentane (3 x 1 mL), and then dried under vacuum to afford 23 (0.704 g, 1.46 mmol, 95 % yield).
X-ray quality crystals of (Me*PCP)Ir(HCI)CO were grown from a concentrated solution of
(Me*PCP)Ir(HCI)CO in benzene (1 part) layered with pentane (9 parts) at -35 °C after 1 day. *H
NMR (300 MHz, CD2Cl,): § 7.07 (d; 3Jun = 7.5 Hz; 2H; Ar-H), 6.93 (t; 3Jun = 7.5 Hz; 1H; Ar-H),
3.80-3.30 (m; 4H, Ar(-CH-)), 1.84 (m; 12H, -P(CH3)), -18.8 (t; 2Jup = 13.8 Hz; 1H; Ir-H). 3P{*H}
NMR (121.5MHz, CD,Cly): § -2.68. BC{*H} NMR (126 MHz, CsD¢): & 178.4 (s; Ir-CO), 147.3
(S; Car), 125.1 (s; Car), 122.7 (s; Car), 46.0 (vt; -(CH2)-), 17.7 (vt; P(CH3)), 11.8 (vt; P(CH3)). IR

(solution, CH2Cl, cm’) v(CO) 2020, v(Ir-H) 2171. Calc: C 32.40; H 4.18, Found: C 33.57; H 4.12.

PMe, 23'Me: (Me4pCPye2) Ir(HCI)CO. A Kontes flask with a Teflon pin stopper
<l
I-|I||r~_c° was charged with Ir(CO)2Cl(pyridine) (0.300 g, 0.827 mmol), M*PCPye:
Mme2 (0.215 g, 0.845 mmol) and toluene (3 mL). The mixture was heated to 110
23'Me

°C for 1 h. The solvent was removed under vacuum to afford a light-orange

solid. The solid was dissolved in DCM and eluted through neutral alumina. The volatiles were
removed to afford a light-orange solid 23"M¢ (0.315 g, 0.618 mmol, 75 % yield). 'H NMR (300
MHz, CD,Cl,): 6 6.55 (s; Ar-H), 3.60-3.15 (m; 4H; Ar(-CH>-)),2.15 (s; 6H; Ar(CHz)), 1.75 (m;

12H; -P(CHa)), -18.8 (t; 2Jp = 13.8 Hz; 1H; Ir-H). *P{"H} NMR (121.5 MHz, CD,Cl,): 5 1.28.
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PMe,
Ir—CO

PMe,
24Me

24Me - (MedpCp) Ir(CO). (M*PCP)Ir(HCI)(CO) (1M#) (0.22 g, 0.46 mmol) and
KHMDS (0.092 g, 0.46 mmol) were stirred in CeHe for 1 hour at room
temperature. The mixture was filtered through diatomaceous earth, and then

the solvent was removed under vacuum to afford 24™¢ (0.188 g, 0.42 mmol,

91 % vyield). X-ray diffraction quality crystals of 24M¢ were grown by slow evaporation of a

concentrated solution of 24M¢ in pentane at -35 °C over 7 days. *H NMR (300 MHz, CsD¢): 6 7.17

(d; 3Jun = 7.3 Hz; 2H; Ar-H), 7.09 (t; 3Jun = 7.3 Hz; 1H; Ar-H), 3.07 (vt; 4H; Ar(-CH-)), 1.84

(vt; 12H: -P(CHs)). 3P{*H} NMR (121.5 MHz, C¢De): & 17.1. 3C{*H} NMR (126 MHz, C¢De):

5 196.8 (m; Ir-CO), 180.8 (M; Car), 152.9 (M; Cay), 126.3 (M; Car), 121.3 (m; Car), 47.7 (Vt, -

(CH>)-), 16.9 (vt, -P(CHBa). IR (solution, CsDs, cm’). Calc: C 35.05; H 4.03; Found C 34.67; H

4.04.

PMe,
Ir—CO

PMe,
24'Me

24'Me: (MeApCPye0)Ir(CO). A J-Young NMR tube was charged with 23"M¢

(0.008 g, 0.01 mmol), LiHMDS (0.002 g, 0.01 mmol), and CsDs¢ (350 pL). The
solution immediately turned from light yellow to dark orange. The solvent was

removed, then the remaining orange solid was extracted pentane (2 mL) and

filtered. The volatiles were removed under vacuum to afford an orange solid, 24"™¢ (0.006 g, 0.01

mmol, 97 %). *H NMR (500 MHz, CsDs): § 6.79 (s; 1H; Ar-H), 3.12 (vt; 4H; Ar(-CH2-)), 1.35 (Vt;

12H; -P(CHa)). 3P{*H} NMR (202 MHz, C¢Dg): § 16.5.
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PMe,
‘\H
Ir-CO
4
H|
PMeZ
trans-25Me

trans-25M¢: trans-(M**PCP)Ir(H)2(CO). NaBH, (0.416 g, 11.0 mmol) and
23Me (0.106 g, 0.220 mmol) were stirred in 1:1 ethanol (10 mL): acetonitrile
(10 mL) in a 50 mL Schlenk tube. The solvent was removed under vacuum,

resulting in a white solid. The solid was extracted with benzene and the

mixture was filtered through diatomaceous earth. The solvent was removed under vacuum to give

a white solid, which was washed with cold (-35 °C) pentane to afford trans-25M¢ (0.061g, 0.136

mmol, 62 % yield). *H NMR (300 MHz, CeDs): § 7.09 (m; 3H; Ar-H), 3.14 (vt; 4H; Ar(-CHz-)),

1.42 (vt; 12H, -P(CH3)), -9.23 (t; 2Jvp = 16.4; 2H; Ir-H). 31P{*H} NMR (121.5 MHz, C¢Dg): & -

6.08. *C{'H} NMR (126 MHz, CcDs): 5 179.8 (s; Ir-CO), 153.6 (5; Car), 146.2 (s; Car), 123.1 (s;

Ca), 122.0 (5; Car), 50.3 (vt; -(CH2)-), 20.9 (vt; P(CHs)). IR (solution, CsDs, cmt) v(CO) 1992,

v(Ir-H) 1722. Calcd: C 34.89; H 4.73 Found C 35.78; H 4.77.

PMGZ
\\H
Ir—CO
4
H |
PMeZ

trans-25'Me

trans-25"M¢: trans-(M**PCPwme2) Ir(H)2(CO). NaBH4 (0.046 g, 1.20 mmol)

and 23'Me (0.012 g, 0.002 mmol) were stirred in 1:1 ethanol (2 mL):

acetonitrile (2 mL) in a 50 mL Schlenk tube. The solvent was removed under

vacuum, resulting in a white solid. The solid was extracted with benzene and

the mixture was filtered through diatomaceous earth. The solvent was removed under vacuum to

give a white solid, which was washed with cold (-30 °C) pentane (2 mL) to afford trans-25"M¢

(0.010 g, 0.002 mmol, 88% yield). *H NMR (300 MHz, CeDe): 8 6.97 (s; 1H; Ar-H), 3.85 (vt; 4H;

Ar(-CHz-)), 2.67 (s; 6H; Ar(CHs)), 2.35 (vt; 12H, -P(CH3)), -9.45 (t; 2Jue = 16.4; 2H; Ir-H).

SLp{1H} NMR (121.5 MHz, CsDg): & -6.74.
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26Me: [(Me*PCP)Ir(H)(pyr)CO][OTf]. Compound 24M¢ (42 mg, 0.09
oo, Jore [(*PCP)1r(H)(pyr)CO][OT]. Comp (42 mg
Ir'\—prC; mmol) and [HPyr][OTf] (15 mg, 0.09 mmol) were stirred in THF (1
/
H PMe, mL) in a scintillation vial for 5 h. The precipitate was removed by
Me
26 filtration through diatomaceous earth, then the volatiles were removed

under vacuum. The resulting off-white solid was washed with benzene, then the volatiles were
removed under vacuum to afford 26M¢ (54 mg, 0.08 mmol, 95 % yield). *H NMR (300 MHz,
CD,Cly): § 8.09 (d; 3Jun = 5.2 Hz; 2H; CsHsN), 7.89 (t; 2Jun = 7.45 Hz; 1H; CsHsN), 7.32 (app t;
2H; CsHsN), 7.17 (m; 2H; Ar-H), 7.09 (m; 1H; Ar-H), 3.55-3.32 (m; 4H; Ar(-CH>-)), 1.89 (vt; 6H;
-P(CHa)y), 1.31 (vt; 6H; -P(CH3)2), -19.4 (t; 3Jun = 14.2 Hz 1H; Ir-H). 3*P{*H} NMR (121.5 MHz,
CD:Cly): 8 1.07. BC{*H} NMR (176 MHz, CD2Cly): & 177.3 (s; Ir-CO), 157.9 (s; Car), 154.1 (s;
Car), 147.9 (t; 3Jcp = 7.5 Hz; Car), 140.1 (s; Car), 128.0 (s; Car), 127.3 (s; Car), 124.6 (t; 3Jcp = 8.6
Hz; Car), 45.5 (vt; -(CH2)-), 19.0 (vt; P(CHs)), 16.1 (vt; P(CH3)). IR (solution, CD2Cl,, cm™)v(CO)

2032, v(Ir-H) 2183. Calcd: C 33.83; N 2.08; H 3.74, Found: C 33.82; N 2.11; H 3.57.

PMe, 27Me: (Me4PCP)Ir(OAC)2(CO). A 100 mL Schlenk flask equipped with a
/llr‘::g‘)) glass stopper was charged with 23M¢ (87 mg, 0.18 mmol), AgOAc (100 mg,

o o""V'ez 0.60 mmol), and THF (8 mL). The brown mixture was heated to 66 °C
27Me overnight (ca. 15 h). The volatiles were removed to give a gray solid. The

gray solid was washed with benzene (ca. 5 x 3 mL) and the gray precipitate was removed by
filtration through diatomaceous Earth. The volatiles were removed under vacuum, and the sticky,
off-white solid was recrystallized in toluene and pentane (1:9) at -35 °C to afford an off-white
solid, 27M¢ (96 mg, 0.17 mmol, 96 % yield). *H NMR (300 MHz, CsDs): & 6.88-6.78 (m; 3H; Ar-

H), 3.35 (dvt; 2H; Ar(-CH2-)), 2.66 (dvt; 2H; Ar(-CH-)), 2.27 (s; 3H; Ir-OC(O)CHs), 1.76 (s; 3H;
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Ir-OC(O)CHs), 1.44 (vt; 6H; -P(CH3)), 1.39 (vt; 6H; -P(CHs)). 3LP{*H} NMR (121.5 MHz, CsDs):
8 4.71 (s) BC{*H} NMR (176 MHz, CeDe): 177.3 (s; Ir-OC(O)CHs), 173.9 (s; Ir-OC(O)CHs),
164.6 (t; *Jun = 9.1 Hz; Ir-CO), 146.8 (vt; Car), 135.5 (s; Car), 125.6 (S; Car), 123.6 (vt; Car), 42.7
(Vt, -(CH2)-), 23.0 (s: Ir-OC(O)CHs), 22.2 (s; Ir-OC(0)CHs), 14.6 (vt, -P(CH3), 10.9 (vt, -P(CHs).

IR (solution, CsDs, cm™): v(CO): 2035.

TMeZ 28Me: (Me4pCP)Ir(CO)2. A solution of (M#PCP)Ir(CO) (2M#) (ca. 5 mg, 0.01
o
L : . .
Ir=,co | mmol) in toluene-ds (0.350 mL) was pressurized with 1 atm of CO. The

PMe, solution was vigorously shaken and turned from yellow to colorless. The
28Me

spectral features are consistent with assignment to 28M¢. Upon removal of the
solvent under vacuum, 28Me oses CO to afford 24M¢.Compound 28M¢ does not immediately lose
CO when just the CO atmosphere is removed. *H NMR (300 MHz, Tol-dg): § 7.10 — 6.98 (m; 3H;
Ar-H), 3.07 (vt; 4H, Ar(-CHz-)), 1.34 (vt; 12H, -P(CHa)). 3'P{*"H} NMR (121.5 MHz, Tol-dg): & -
5.77. BC{"H} NMR (126 MHz, Tol-dg): & 186.6 (s; Ir-CO), 147.1 (t; 2Jcp = 7.9 Hz; Cay), 122.9 (s;

Car), 121.0 (s; Car), 51.2 (vt; -(CH2)-), 18.8 (vt; P(CHz3)). IR (solution, C¢Ds, cm™) v(CO) 2010,

1930.
Tmez 29Me: (Me4pCP)Ir(CO)(PMes). A J-Young NMR tube was charged
PMe
Ir-co with 24M¢ (ca. 5 mg, 0.01 mmol) in toluene-ds (0.350 mL) and PMes
PMe, (0.05 mL). The volatiles were removed to afford a white solid with
29Me

spectroscopic features consistent with 29M¢, *H NMR (300 MHz, C¢Dé):
8 7.09 (d; 3Jnp = 7.3 Hz; 2H; Ar-H), 6.98 (d; 3Jup = 7.3 Hz ;1H; Ar-H), 3.25-2.73 (br m; 4H; Ar(-

CH>-)), 1.60-1.37 (br m; 12H; -P(CHs)2), 1.08 (d; 9H; -P(CHs)3). 3P{*H} NMR (121.5 MHz,
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CoDs): & -0.92 (d; 2pp = 112.4 Hz; 2P; -P(CH,)(CHs)2), -55.9 (d; 2Jpp = 112.4 Hz; 1P; -P(CHa)s).
BBC{'H} NMR (176 MHz, CsDs): 5 192.3 (m; Ir-CO), 146.8 (M; Car), 128.5 (5; Car), 121.7 (s;
Ca), 121.4 (M; Car), 52.7 (M; <(CHo)-), 25.7 (m; P(CHa)2), 24.4 (d; Jpc = 20.0 Hz P(CHs)s), 21.5

(m; P(CHa)2). IR (solution, CsDg,cm™) v(CO) 1923.

Tmez 30: (M*PCP)Rh(HCI)(MeCN). A J-Young tube was charged with
<l
Rh-=NCMe | [Rh(COD).Cl]. (0.010 g, 0.020 mmol), M**PCP (0.009 g, 0.040 mmol) and
4
H
PMe, MeCN (350 pL). NMR Spectra were recorded after heating the solution at
+ Isomer
30 80 °C for 15 h. 'H NMR (300 MHz, CHsCN, Hydride Region): & -17.59

(dt; Yrnn = 43.6 Hz; 20k = 15.7 Hz; 1H; Rh-H), -18.06 (dt; “Jrn+ = 38.5
Hz; 234 = 14.0 Hz; 1H; Rh-H). 33P{*H} NMR (121.5 MHz, CH3sCN): & 5.40 (d; 3Jrnp = 151.8 Hz),

5.42 (d; *Jrnp = 151.8 Hz).

Rhicopycl | 31: (M**PCPH)Rh2(COD):Cl2. A J-Young NMR tube was charged with
PMe; [Rh(COD).CIJ2 (0.011 g, 0.022 mmol), ¥**PCP (0.010 g, 0.044 mmol)
and Tol-ds (0.350 mL). The mixture was heated at 140 °C for 5 minutes.

PMeZ
Rh(COD)CI The solution was decanted and filtered through diatomaceous Earth. The
31 volatiles were removed to afford a yellow solid 31 (0.009 g, 0.011 mmol,

50 % yield). H NMR (300 MHz, CD.Cl,): & 7.57 (t; “Jup = 1.6 Hz; 1H; Ar-H), 7.05 (d; 3Jum =
7.7 Hz; 1H; Ar-H), 6.77 (t; 3Jun = 7.7 Hz; 1H; Ar-H), 5.34 (s; 4H; -CHo=CHy-), 2.82 (d; 2Jup =
11.2 Hz; 4H; Ar-CHy-), 2.61 (s; 4H; -CH=CH-), 1.70 (m; 8H; -CH2CH>-), 0.50 (d; 2Jup = 8.4 Hz;

12H; P-(CHa)2). **P{*H} NMR (121.5 MHz, CsDs): & 1.58 (d; 3Jrne = 151.0 Hz).
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0—PMe, 32Me; (Me4ApOCOP)Ir(HCI)CO. A solution of M#*POCOP (19) (40 mg, 0.17

ir-co | mmol) and Ir(CO)2Cl(pyridine) (63 mg, 0.17 mmol) in toluene was heated at

O0—PMe;, | 110°C for two hours. The brown precipitate was removed by filtration to

afford a yellow solution. The solvent was removed to afford an orange solid.
The solid was dissolved in DCM and eluted through an alumina plug. The volatiles were removed,
and the off-white solid was washed with pentane to afford 32M¢ (19 mg, 0.04 mmol, 23% vyield).
IH NMR (300 MHz, CD:Cl2): 8 6.90 (t; 3Jun = 8.0 Hz; 1H; Ar-H), 6.54 (d; 3Jun = 8.0 Hz; 2H; Ar-
H), 2.18 (vt; 6H; P-(CHs)2), 2.15 (vt; 6H; P-(CHs)2), -18.3 (t; ?Jue = 15.3 Hz; 1H; Ir-H). 3:P{*H}

NMR (121.5 MHz, CD2Cl): & 128.3 (s). IR (solution, CHzClz, cm't) v(CO) 2043.

By  O—PMe, 32'Me. (Me4pOCOPsl)Ir(CO). A J-Young NMR tube was charged with

Ir=CO | |r(CO).Cl(p-toluidine) (0.070 g, 0.179 mmol), M**POCOPgs.2 (20) (0.061 g,

BU  0—PMe; | (179 mmol), and Tol-ds (0.5 mL). The mixture was heated to 110 °C for

15 h. The solvent was decanted and the remaining solid was extracted with
toluene. The volatiles were removed, then the remaining solid was dissolved in DCM and eluted
through neutral alumina. The volatiles were removed to afford 32"™¢ (0.021 g, 0.035 mmol, 20 %
yield). *H NMR (300 MHz, CD,Cly): § 6.90 (t; *Jun = 8.0 Hz; 1H; Ar-H), 2.20 (vt; 6H; P-(CHa)2),
2.16 (vt; 6H; P-(CHs)2), 1.32 (s; 18H; Ar-(CHs)), -18.2 (t; 3Jun = 15.2 Hz; 1H; Ir-H). 3P{*H}

NMR (121.5 MHz, CD,Cl,): & 124.5 (s).
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0—PMe, 33Me. (Me4ApOCOP)Ir(CO). A J-Young NMR tube was charged with
Ir—CO (Me4POCOP)Ir(HCI)CO (40 mg, 0.08 mmol), KO'Bu (9 mg, 0.08 mmol) and

O0—PMe, 400 pL of CeDes. The reaction was tracked by 'H and 3P{*H} NMR
33Me

spectroscopy. After 1 hour at room temperature, the reaction converged to
one major species with NMR signals congruent with 33M¢, The white precipitate was removed by
filtration. The volatiles were removed to afford an orange solid. Multiple species form upon
exposure to DCM. NEt3 does not dehydrohalogenate 32M¢. *H NMR (300 MHz, CsDs): & 6.96 (t;
3Jun = 7.6 Hz; 1H; Ar-H), 6.85 (d; 3Jun = 7.6 Hz; 2H; Ar-H), 1.53 (vt; 6H; P-(CHa)2). 3'P{*H}

NMR (121.5 MHz, CéDs): & 151.1 (s). IR (solution, CeDe, cm™) v(CO) 1951.
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Chapter 4. Activation of H> and C-X Bonds by (Me*PCP)Ir(CO)
4.1 Part 1 - HzAddition to (M**PCP)Ir(CO)

4.1.1 Introduction

Hydrogen addition to square planar iridium complexes is well-studied: H> coordinates as a
sigma complex, then undergoes oxidative addition to afford a cis-dihydride species.' This reaction
has been studied for various (RPCP)Ir(CO) systems (R = ‘Bu, 'Pr, CF3). Milstein and coworkers
found that (P"PCP)Ir(CO) (24'*") reacts with H; to initially form cis-(""PCP)Ir(H)2(CO) (cis-25'"),
but then isomerizes to trans-(""PCP)Ir(H)2(CO) (trans-25"; Scheme 4.1a).? This isomerization
was surprising because one would expect that the hydrides would have an energetically
unfavorable trans-influence on one another. Through calculations, Hall and coworkers explained
that this thermodynamic preference could be due to a favorable m interaction between the aryl

backbone and CO ligand.?

Scheme 4.1 Reactivity of H, with (P*PCP)Ir(CO) and (‘“*PCP)Ir(CO).>*

PiPr, PiPr, PiPr,
Ir—co 1 atm H, I| ‘\Cg 2.4 atm H, - | ‘\HCO
a. r— S r— r—
C¢D 4 ° 24
. D6 Wl 90 °C, C4Dg "
PIPrZ P'Prz P'Prz
24P cis-25Pr trans-25""
P(CF3), P(CF5), P(CF3),
1 atm H, ‘\00 1 atm H, H
b. Ir-CO ——————>» Ir—H y Ir—CO
CeDs o CeDs H¢|
P(CF;), P(CF;), [nstant P(CF;),
24CF3 cis-25¢F3 trans-25¢F3
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Our group has previously reported that H> addition and isomerization also occurs with
(P"POCOP)Ir(H)2(CO).> However, similar complexes with bulkier ligands, (‘B*PCP)Ir(CO) and
(B"POCOP)Ir(CO), do not oxidatively add H, through this mechanism.> Roddick and coworkers
showed that (‘®*PCP)Ir(CO) (24%) adds H; to initially form cis-(“**PCP)Ir(H)»(CO) (cis-25°F3)
which rapidly isomerizes to trans-(“"*PCP)Ir(H)>(CO) (trans-25°F3; Scheme 4.01b).* The rate of
cis to trans-dihydride isomerization was observed to be much faster at room temperature when R
= CF; than R = 'Pr.2* Additionally, cis-(“**PCP)Ir(H)»(CO) was observed to be in equilibrium with
its facially-coordinated PCP isomer. This isomer was determined to likely be off the isomerization

mechanism pathway.*

This hydrogen addition and isomerization reaction is also reversible under specific conditions.
Roddick and coworkers showed that trans-(“"*PCP)Ir(H)2(CO) (trans-25¥%) quickly loses Ha
when not under an H, atmosphere (Scheme 4.2b).* This H» loss likely proceeds through the
isomerization back to cis-(“"*PCP)Ir(H)2(CO) (cis-25F%) then reductive elimination of H to
afford (“"*PCP)Ir(CO) (24°%%).* In contrast, Milstein and coworkers showed that trans-

(P"PCP)Ir(H)2(CO) is stable without an H» atmosphere (Scheme 4.2a).°

Scheme 4.2 (**PCP)Ir(CO) (R = 'Pr, CF3) under a non-H, atmosphere.**

P'Pr,
\H
a. Ir—CO — 3 No Reaction
o RT, C¢Dg
P'Pr,
trans-3iPr
P(CF3), P(CF3), P(CF3),
H |
b. Ir—CO ——M8M8M8M™» Ir—H —_— Ir—CO
o RT, C¢Dj W RT, C¢Dg
P(CF;), Instant P(CF;), Instant P(CF3),
trans-3¢F3 cis-3F3 2CF3
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Because the nature of hydrogen addition and elimination is important in understanding aspects
of (de)hydrogenation chemistry for which these "PCP iridium complexes are commonly used, we
compare the reactivity of Ha with (M**PCP)Ir(CO) (24™¢) and previously reported (**PCP)Ir(CO)
(R = Bu, 'Pr, CF3) complexes to elucidate differences in reactivity that result from the reduced

steric profile of M*PCP.’

4.1.2 Results and Discussion
4.1.2.1 Hydrogen Addition to 24Me

Compound 24™¢ oxidatively adds H» at room temperature in toluene-ds to initially form cis-
(MeAPCP)Ir(H)2(CO) (eis-25M¢), then isomerizes to trans-25M¢ (Scheme 4.03). The isomerization
reaches equilibrium after about 1 day at room temperature and under 1 atm H> (AGaog = -2.5
kcal/mol). Kinetic analysis, conducted under 1 atm H», suggests that this isomerization is first

order in 24Me,

Scheme 4.3 H, Addition to 24M¢ gives cis-25™¢, which isomerizes to trans-25M¢,

PMe, PMe, 1atm H, PMe,
1atm H, |\&° Tol-dy |-H
Ir-CO ————>» Ir—H Ir—CO
Tol-dg ¢ ) v
H RT, 1-2d H
PMe, PMe, PMe,
Keq ~ 65
24Me cis-25Me trans-25Me

Figure 4.1 shows the Eyring plot and extracted thermodynamic values for the highest-energy

transition state in the cis/trans-25M¢ isomerization.
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Figure 4.1 Eyring plot and thermodynamic values for the isomerization of cis-25™¢ to trans-25™¢
under 1 atm H».

-6 \0\
— e AHE = 212+1.3 (keal » mol)
= -7 ~
:
< ASt = -8.84+3.9 (cal » mol!
T g .\ = -8 .9 (cal *» mol™)
\\\ i = ° -1
_9 .. AGH 23.6 £ 2.2 (kcal * mol™)
T T T T
2.9 3.0 3.1 3.2

T-1x103 (K1)

Unlike previous H» addition studies involving 248% 24" and 24°F3 which all use C¢Ds as the
solvent, we found that heating cis-25™¢ under 1 atm H» in CsDs at 80 °C to equilibrium affords a
mixture of trans-25M¢ and trans-25™9 (25 % of trans-25M¢; Scheme 4.04).* Similar reactivity
is also observed when heating trans-25™¢ under 1 atm H, in C¢De at 80 °C to equilibrium.
Compound trans-25™¢¢ was characterized by a new 'H NMR hydride signal at -9.06 ppm (t; 2Jup
= 16.4 Hz) in CsDs and an increase in the concentration of residual protio-solvent signal due to
CeDsH. All other NMR signals are identical between trans-25M¢4 and trans-25™¢. Furthermore,

the presence of trans-25M¢d

was confirmed by comparison with an independently synthesized
mixture of trans-25¢¢ and trans-25M¢. A mixture of trans-25M¢? and trans-25™¢ can be
synthesized by treating 23™¢ with NaBD4 in an analogous preparation to the synthesis of trans-
25M¢ No further H/D exchange occurs after the isomerization reaches equilibrium, and thus the
exchange must occur with an intermediate iridium species. This reactivity suggests that this
intermediate species interacts with C¢Ds at elevated temperatures in either a sigma-bond or
oxidative-addition fashion. For this type of reactivity to occur, this intermediate species must

contain on open coordination site or expand to a 7 or 8 coordinate 20-electron species. We did not
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observe any H/D exchange between cis-25M¢ or trans-25¢in toluene-ds up to 80 °C, or in the

presence of pyridine or NaBF4 in CgDe.

Scheme 4.4 H/D exchange with CsDs during the isomerization of cis-25™¢ to trans-25M¢,

PMe, PMe, 1atm H, PMe, PMe,
1atm H, |‘\<,° CeDg. 80 °C H D
Ir—CO —m—m > Ir—H Ir—CO + Ir—CO
CeDg 4 hn 4 4
H| H HY |
PMeZ PMez PMeZ PMez
24Me cis-25Me trans-25Me trans-25Me-d

The rates of H, addition or isomerization were not measured for other (**PCP)Ir(CO) systems,
however we can find insights into these systems by comparing their the reactivity with H»
qualitatively. Qualitatively, 241", 24€F3 and 24™M¢ oxidatively add H; at a similar rate to form cis-
25R under 1 atm Ha (see Schemes 4.1 and 4.2).2* However, the qualitative rate of isomerization
from cis-25% to trans-25R differs for different R groups.>* Compound cis-25"3 is only observable
at low temperatures under 1 atm H,, whereas cis-25'"" can only be converted to trans-25"" at 100
°C and under 2.4 atm H,.>* Sterically, methyl groups are smaller than isopropyl groups, but similar
in size to CF; groups. Thus, the qualitative rate of isomerization from cis-25® to trans-25% must
be due to coupled steric and electronic factors imposed upon these systems by the respective PCP

ligand.

Compound cis-25M¢ slowly converts to both 24™¢ (ca. 5 %) and trans-25™¢ (ca. 94 %) upon
removal of the H> atmosphere at room temperature. This suggests that the rate of H> elimination
from cis-25™¢ and the isomerization of cis-25™¢ to trans-25™° is competitive, and that cis-25M¢ is
in equilibrium with 24M¢ and H,. Compound trans-25™¢ is stable at room temperature when not

under an H> atmosphere, though it loses H> when heated to 80 °C under vacuum in solution.
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To further elucidate a possible mechanism for this isomerization, we introduced additives to
the isomerization under 1 atm H». Figure 4.2 compares the isomerization rates at 40 °C with an
added L-type ligand (pyridine) and Lewis acid (NaBF4). Both the pyridine and NaBF, accelerate
the isomerization. Because an L-type ligand increases the rate of reaction, we hypothesize that the
dissociation of a phosphine arm or CO is unlikely during isomerization. As well, a previously
proposed Bailar Twist mechanism would be unaffected by added ligands or Lewis acids.>® A
reductive elimination (followed by an inversion) may be facilitated by an L-type ligand, however
a Lewis Acid should not affect this mechanism. The only mechanistic pathway that would be

accelerated by a L-type ligand and Lewis Acid is a CO-migratory insertion pathway.

Figure 4.2 The effect of additives on the isomerization rate of 24™¢ to trans-25M¢ at 40 °C under
1 atm Ho.

PMe, 1 atm H, PMe, 1atm Hj 40°C PMe,
Tol-dg |‘\¢,° Tol-dg, Additive |~\H
=co — > H < -Ir—Co
H| = |
PMeZ PMe2 PMeZ
cis-25Me trans-25Me
0.362
S
—
x
o
8 0.119 0.132
kY,
I
None Pyr (8 eq) NaBF,
Additive

We hypothesized that a strongly coordinating ligand may trap an intermediate iridium species

with an open coordination site if one is formed during the isomerization from cis-25M¢ to trans-
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3Me Table 4.1 summarizes the reactivity of cis-25M¢ and trans-25M¢ with strong ligands (PMes, or

tert-butyl isonitrile) under 1 atm Ha.

Table 15 Summary of attempts to trap an intermediate during the isomerization of cis/trans-25M¢.
All experiments were conducted under 1 atm H» in C¢Ds. *At 80°C. See Schemes 4.5 and 4.6 for
a graphical representation.

Exp # Staring Reactant Result

1 cis-25M¢ Excess PMe; H; Loss; 29M¢
2 cis-25M¢ Bujsonitrile Intractable

38 trans-25M¢ Excess PMe; 34Me

42 trans-25M¢ Buisonitrile Intractable

58 28Me - trans-25M¢

6° 29Me . 34Me

These reactions were unsuccessful at trapping an intermediate species. The attempts with tert-
butyl isonitrile led to intractable products which likely came about through exchange with the
original CO ligand and possibly hydrogenation of the C-N bond. Reactions involving PMes lead
to exchange between the CO and PMes or H, elimination (Scheme 4.5). Adding PMes to 24™¢
results in the formation of (M**PCP)Ir(CO)(PMes) 29M¢. Compound 29™¢ does not react with
hydrogen at room temperature. However, 29™¢ converts to 34™¢ at 110 °C in toluene under 1 atm
H,. Compound trans-25™° reacts with PMe; at 110 °C to afford 34™M¢ (Scheme 4.5c). However,
cis-24M¢ reacts with PMe; to afford 29M¢. These results suggest that H> competes with PMes as a
ligand to 24™¢, and H eventually coordinates and is activated at elevated temperatures. The
elevated temperature likely speeds the cis/trans isomerization such that the isomerization is faster
than H, dissociation in the presence of PMes. Figure 4.3 shows the crystal structure of 34™¢, The
Ir-P(3) bond (2.2866(9) A), trans to the aryl ligand, is noticeably elongated compared to the Ir-P
bonds of the M*PCP ligand, Ir-P(1) (2.2633 (18) A) and Ir-P(2) (2.2664 (8) A). The C(1)-Ir-P(3)

angle is similar to that of the C(1)-Ir-CO angle reported for 24M¢ and trans-25M¢.
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Scheme 4.5 Attempts to trap an intermediate species during the cis/trans-25M¢ isomerization with

PMes;.

PMeZ
24Me

trans-25Me

1. xs PMe; PMe,
H
2.1 H <
atm 7, Ir—PMe;
Tol-dg, 110°C, 15 h H
PMez
34Me
1.1 atm H, PMe;
PMe
.xs P 3
2. xs PMe3 i2-co
Tol-dg, RT
PMeZ
29Me
1. xs PMe; PMe,
H
2. 1atm H, Ir‘\—PMes
Tol-dg, 110°C, 15 h HY
PMe,
34Me

Figure 4.3 (Left) ORTEP of trans-(M**PCP)Ir(H)2(PMe;) (34™¢) shown with thermal ellipsoids at
50% probability; the hydrogen atoms except the hydrides are omitted for clarity. (Right) A table of
selected angles and bond-distances for 34™¢,

Bond (A) or Angle (°) Value
Ir(1)-C(1) 2.101(3) A
Ir(1)-P(3) 2.2866(9) A
Ir(I)-P(1) 2.2633 (18) A
Ir(I)-P(2) 2.2664 (8) A

P(1)-Ir(1)-P(2) 159.70(3) °
C(3)-C(1)-Ir(1)-P(1) 176.17(9) °
C(4)-C(1)-Ir(1)-P(2) 13.6(3) °
C(4)-C(1)-Ir(1)-P(2) 19.5(2) °©
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Reactions involving added CO either resulted in loss of Hz (with excess CO) or rapid
isomerization (ca. 1 equiv. of CO; Scheme 4.6). These experiments with added strong ligands only
suggest that the original CO ligand will exchange with a strongly electron donating ligand during

the cis/trans-25M¢ isomerization.

Scheme 4.6 Attempts to trap an intermediate with CO.

-1atm CO
+ 1atmH,
N.R.
PMeZ PMgZ TOI'ds, RT
r—co —2tm €O |L£co
2 " Tol-dg, RT | - 1atm CO PMe,
PMe, PMe, + 1atm H, Ir‘\—CO
24Me 2gMe Tol-ds. H’
110 °C, 1-2d PMe,
trans-25Me
PMeZ PMeZ PMeZ
| O | ©
b r—co ——m I sy Latmco ireco +H
. — T ErEE— -H — -
Tol-dg, RT | TeldgRT i 2
PMe, PMe, PMe,
24Me cis-25Me 28Me

4.1.3 Conclusions

Reducing the steric bulk of the PCP ligand has a significant effect on the reactivity with H> of
(**PCP)Ir(CO) complexes and their derivatives. In the series where R is ‘Bu, 'Pr, or Me, decreasing
the size of the R group allows species to interact with the metal center under more facile conditions,
which promotes previously unobserved reactivity. The kinetic data with additives suggest that the
cis/trans-25™¢ isomerization proceeds through a CO insertion pathway. Attempts to trap this

proposed intermediate were unsuccessful.
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4.2 Part2-DCM Activation by (M#*PCP)Ir(CO)

4.2.1 Introduction

The oxidative addition of alkyl halides to transition metals is important to many
transformations, most notably to acetic acid formation which uses a rhodium catalyst.® Thus, many
groups have studied the oxidative addition of alkyl halides to rhodium complexes.®¢ Others have
studied similar reactions with other transitions metals, including: palladium, platinum, and iridium.
Previous investigations of alkyl halide addition to iridium showed that multiple reaction
mechanisms could take place depending on the reaction conditions and alkyl halide.** However,
there is a consensus that more electron-rich metal centers will show increased reactivity with alkyl
halide reagents.'* More electrophilic alkyl halides such as benzyl halides or alkyl halides with
better leaving groups such as methyl iodide are more reactive with nucleophilic metal centers.!
Thus, only a few reports have studied the activation of carbon-chlorine bonds as many metal
complexes are inert to carbon-chlorine bonds and are commonly handled in solvents such as DCM
and chloroform.®*® For example, previous studies involving (RPCP)Ir(CO) (R = 'Bu or 'Pr)
complexes use DCM as a solvent for various transformations.>®1" By contrast, here we report the

activation of DCM by (Me*PCP)Ir(CO).
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4.2.2 Results and Discussion

Scheme 4.7 Synthesis of 35™¢ (a) and 35M¢4 (b).

PMe, PMe,
CH,CI
(a) Ir—CO - : Ir—Cco
| CH,Cl,, < 10 min, RT CII
PMe, 95 % Yield PMe,
24Me 35Me
PMe, PMe,
£D,Cl
(b) Ir—CO - Ir—Cco
| CD,Cl,, < 10 min, RT Clll
PMe2 95 % Yield PMeZ
24Me 35Me_¢

Compound 24M¢ reacts instantly with CH,Cl, or CD,Cl, at room temperature to afford

trans-(M#*PCP)Ir(C1)(CH2C1)(CO) (35M¢; Scheme 4.07a) or trans-(M**PCP)Ir(C1)(CD2CI)(CO)

(35Me.d; Scheme 4.07b), respectively. The 'H NMR spectrum of 35™¢ shows two doublets of

virtual triplets at 3.66 ppm and 3.50 ppm for the inequivalent methylene protons; a triplet at 3.47

ppm for the methylene chloride ligand (*Jip = 6.3 Hz) and two virtual triplets at 1.88 pm and 1.82

ppm for the methyl protons. The '"H NMR spectrum of 35M¢-d is identical to the '"H NMR spectrum

of 35M¢ except for the absence of the signal from the methylene chloride ligand. The *'P{'H}

NMR spectra of 35M¢ and 35M¢-d show a singlet at 2.30. The signal for the carbon of the methylene

chloride ligand shows as a triplet (3Jcp = 5.0 Hz) in the *C {'"H} NMR spectrum. Figure 4.4 shows

the crystal structure of 35M¢,
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Figure 4.4 (Left) ORTEP of (M**PCP)Ir(C1)(CH,Cl)(CO) (35M¢) shown with thermal ellipsoids at
50% probability. (Right) A table of selected angles and bond-distances for 35M¢.

Bond (A) or Angle (°) Value
Ir(1)-C(1) 2.097(3) A
Ir(1)-C(2) 1.927 3) A
Ir(1)-0(1) 3.066 (2) A

P(1)-Ir(1)-P(2) 160.92 (3) °
C(1)-Ir(1)-C(2) 177.96 (10) °
C(3)-C(1)-Ir(1)-P(1) 16.96 (18) °
C(4)-C(1)-Ir(1)-P(2) 14.18 (18) °

This reaction is intriguing because many previous examples of DCM activation involve
concerted oxidative addition, activation across multiple metal centers, or radical-initiated
additions. Moreover, this reaction is facilitated by the reduced steric profile of the M**PCP ligand,
because the electronic differences between the series (**PCP)Ir(CO) (R = Bu, 'Pr, Me) are not

5M¢ forms as the result of an

nearly as significant as the steric differences. We hypothesize that 3
SN2 reaction between 24™¢ and DCM. We have not observed any intermediate species while
tracking this reaction by 'H or *'P{'H} NMR spectroscopy under dilute conditions. We also
observed that the rate of this reaction is reproducible with the exclusion of ambient light, therefore
suggesting a radical pathway is not operative. Ongoing experiments are being conducted to further
determine the mechanism of this reaction. These experiments include: measuring the reaction rate
in polar and non-polar solvents, comparing the activation of alkyl chlorides and alkyl tosylates,

and using chiral substrates to determine if there is an inversion of stereochemistry, a hallmark of

Sn2 reactions.
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4.2.3 Conclusion

Compound 24M¢ is highly nucleophilic as demonstrated by facile reaction with chlorocarbons,
which are usually slow to undergo nucleophilic attack. The sterically encumbered analogs of 24M¢,
241" and 24", are presumably at least as nucleophilic as 24M¢, but the steric profile of the larger

PCP ligand inhibits reactivity with DCM.

4.3 Experimental

General Considerations

All manipulations and reactions used standard Schlenk techniques under an argon atmosphere
unless otherwise stated. Glassware, diatomaceous earth, and sodium sulfate were stored in an oven
maintained at 140 °C for at least 24 h prior to use. All protio solvents were passed through activated
alumina and activated 3A molecular sieves prior to use. Deuterated solvents were dried over
calcium hydride (CD2Cl,, 0-CsD4Cl>) or sodium (CsDs, Tol-ds, THF-dg) and stored over molecular
sieves. 'H, 3'P{'H}, and '*C{'H} NMR spectra were recorded on a Bruker DRX-700, AV-500,
DRX-499, or AV-300 instrument. "H NMR and '*C{'H} NMR spectra were referenced to residual
solvent signals.'® *'P{'H} NMR spectra were referenced to an 85% H3PO4 standard. All NMR
spectra were recorded at ambient temperature unless otherwise stated. Reagents PMes, NaBF4
were purchased from Sigma Aldrich. PMe; was vacuum transferred prior to use. Elemental analysis
was performed at the CENTC facility at the University of Rochester (funded by NSF CHE-

0650456) and at Atlantic Microlab, GA.

Kinetics General Experimental. A J-young NMR tube was charged with (M#*PCP)Ir(CO) 24Me,

1,3,5-Trimethoxybenzne, an optional additive and toluene-ds. The solution was degassed, then
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filled with 1 atm of H. at room temperature. The reaction was monitored by *H spectroscopy while
the instrument was heated at the given temperature. The order of the reaction was determined by
residual analysis of the linear regression fits of the zeroth, first, and second order plots using the
concentration of cis-(M**PCP)Ir(H)2(CO) cis-25M¢. The reation rates were determined by the slope

of the linear regression fit of the first order plot of the concentration of cis-(M**PCP)Ir(H)2(CO)

cis-25Me,

pMe, | Cis-25: cis-(M**PCP)Ir(H)2(CO). A J-Young NMR tube was charged with
o
O .

(Ilr‘—H (Me4PCP)Ir(CO) (24M¢) (ca. 5 mg, 0.01 mmol) and CsDs. The solution was

H
PMe, degassed, then introduced to 1 atm Hj. The J-Young NMR tube was

cis-25Me

vigorously shaken for 20 seconds. *H and *P{*H} NMR spectra were
recorded ca. 5 minutes after H addition. *tH NMR (300 MHz, CsDs): § 7.16 (m; 3H; Ar), 3.18 (vt;
4H: -CH,.), 1.40 (vt; 6H; P(CHa)2), 1.36 (vt; 6H; P(CHa)2), -9.85 (t; 2Jnp = 19.2 Hz: 1H), -11.0 (t;
234p = 12.4 Hz; 2Jun = 3.0 Hz 1H). 31P{*H} NMR (121.5 MHz, CsDe): 5 -12.3. IR (solution, CsDs,

cm’) v(CO) 2010, v(Ir-H) 2055, 1950.

PMe, 34Me: trans-(M*PCP)Ir(H)2(PMes). Method A. A J-Young NMR tube
H
'Ir‘\—PMe3 was charged with (Me4PCP)Ir(CO) (24™¢) (5.2 mg, 0.01 mmol), toluene-ds,
H
PMe, PMes (0.01 mL, 0.1 mmol). The solution was degassed, pressurized with 1
34Me

atm Hy, then vigorously shaken for 20 seconds. The solution was heated at

110 °C overnight.
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Method B. A J-Young NMR tube was charged with trans-(Me4PCP)Ir(H)2(CO) (trans-25M¢) (4.5
mg, 0.01 mmol), toluene-dg, and PMes (0.01 mL, 0.1 mmol). The solution was degassed,
pressurized with 1 atm Ha, then vigorously shaken for 20 seconds. The solution was heated at 110
°C overnight. Crystals suitable for X-ray diffraction were grown from an impure solution of 34Me
and minor side-products in benzene (1 part) layered with pentane (9 parts) at -35 °C. Spectroscopic
features of the major species besides PMe3 produced by methods A and B are congruent with the
structure of 34M¢, 'H NMR (300 MHz, Tol-ds): & 7.16 (m; 1H; Ar-H),7.05 (m; 2H; Ar-H),3.41 (vt;
4H; Ar(-CHy-)), 1.56-1.51 (m; 21H; -P(CH3)), -10.8 (q; 2Jne = 17.1 Hz 2H; Ir-H), 31P{*H} NMR

(121.5 MHz, Tol-ds): & 1.54 (d; 2Jep = 20.5 Hz), -44.7 (t; 2Jpp = 20.5 Hz).

TMez 35Me-d: (Me4PCP)Ir(CI)(CD2CI)(CO). (M**PCP)Ir(CO) (ca. 5 mg, 0.01
CD,Cl
'I|F_Cé mmol) was dissolved in DCM-d> (350 pL). The solution was kept at room
cl
PMe; temperature overnight (ca. 15 h). The resulting *H and 3P{*H} NMR
35Me_¢

spectroscopy data was consistent with quantitative conversion to

(Me4PCP)Ir(CI)(CD2CI)(CO) 35Me-d . *H NMR (300 MHz, CD:Cl,): § 7.07 (d; 3Jun = 7.4 Hz; 2H;
Ar-H), 6.94 (t; 3Jun = 7.3 Hz; 1H; Ar-H) 3.63 (dvt; 2H; Ar(-CH,-)), 3.46 (dvt; 2H; Ar(-CH,-)),

1.88 (vt; 6H; -P(CHa)), 1.81 (vt; 6H; -P(CHa)). 3!P{*H} NMR (121.5 MHz, CDCl,): § 2.23 (s).

PMe, 35Me: (Me4pCP)Ir(CI)(CH2CI)(CO). (Me*PCP)Ir(CO) (80 mg, 0.18 mmol)
l|r‘f(|:-|c§d was dissolved in DCM (5 mL). The solution was kept at room temperature
C r|>Me2 overnight (ca. 15 h), then the volatiles were removed under vacuum. The
il resulting solid was washed with pentane, and dried under vacuum to afford

(Me4PCP)Ir(CI)(CH2CI)(CO) 35M¢ (89 mg, 0.17 mmol; 95 % yield). Crystals suitable for x-ray
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diffraction were grown from a concentrated solution of 35M¢ in benzene (1 part) layered with
pentane (9 parts) at -35 °C. *H NMR (300 MHz, CD2Cl,): § 7.07 (d; 3Jun = 7.3 Hz; 2H; Ar-H),
6.95 (t; 3Jun = 7.3 Hz; 1H; Ar-H), 3.66-3.60 (dvt; 2H; Ar(-CH-)), 3.50-3.45 (m; 2H; Ar(-CH,-
), 3.50-3.45 (m; 2H; Ir-CH:CI), 1.88 (vt; 6H; -P(CH3)), 1.82 (vt; 6H; -P(CH3)). *'P{*H} NMR
(283.4 MHz, CD:Cl2): 6 2.3 (s). BC{*H} NMR (126 MHz, CD2Cly): § 176.4 (t; 3Jcp = 6.2 Hz; Ir-
CO), 159.5 (s; Car), 147.0 (vt; Car), 125.8 (vt; Car), 123.5 (vt; Car), 43.6 (vt; -(CH2)-), 12.4 (vt; -
P(CHs)), 12.4 (vt; -P(CHs)), 7.0 (t; 2Jcp = 5.0 Hz; Ir-CH,CI). IR (solution, DCM, cm™) v(CO)

2037. EA: (C14H21Cl2IrOP,) Calc: C 31.70; H 3.99; Found C 31.34; H 3.88.
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Appendix A. Crystallographic Tables
Table Al. Crystallographic data for compounds 22, 24™¢, trans-25™¢, and 26M¢/35M¢.

Parameter 22 24Me trans-25M¢ Cocrystal 26M¢/35M¢
Empirical formula C4H1,0P, C13H19lrOP> C13H211rOP, C32H46BCoF4IroNOoP4
Formula weight 138.08 445.42 447.44 1142.69
Temperature 100(2) K 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic
Space group C2/m P 21l/c Pbca P 21/n
a 5.4291(7) A 13.5827(9) A 10.0756(12) A 10.603(4) A
b 11.1977(17) A 10.6830(7) A 12.0992(17) A 30.146(10) A
c 12.2707(18) A 20.4334(13) A 25.280(4) A 12.288(5) A
o 90 ° 90 ° 90 ° 90 °
B 99.213(8) ° 96.186(3) ° 90 ° 91.41(2) °
Y 90 ° 90 ° 90 ° 90 °
Volume 736.35(18) A 2947.7(3) A3 3081.9(7) A3 3926(2) A3
Z 4 8 8 4
Density (calculated) 1.245 Mg/m# 2.007 Mg/m3 1.929 Mg/m3 1.933 Mg/m3
Absorption coefficient 0.492 mm- 9.258 mm-1 8.856 mm-1 7120 mm-1
F(000) 296 1696 1712 2200
Crystal size 0.470 x 0.320 x 0.360 x 0.280 x 0.150 x 0.080 x ~ 0.100 x 0.050 x
0.150 mm® 0.100 mm3 0.050 mm3 0.050 mm3

Theta range for data 1.6811t028.284°.  2.005t0 25.350°.  1.611to 25.348°. 1.790 to 26.448°.

collection

Index ranges -7<=h<=7, -16<=h<=16, -12<=h<=12, -13<=h<=13,
-14<=k<=14, -12<=k<=12, -14<=k<=14, 0<=k<=37,
-16<=I<=16 -24<=I<=24 -30<=1<=30 0<=l<=15

Reflections collected 9292 20213 5174 12694

Independent reflections 962 [R(int) 5344 [R(int) = 2772 [R(int) = 12694 [R(int) = 0.3343]
=0.0296] 0.0274] 0.0356]

Completeness to theta = 99.1 % 99.0 % 98.1 % 96.1 %

25.000°
Refinement method

Data / restraints /
parameters

Goodness-of-fit on F2
Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak and
hole

Full-matrix least-
squares on F2

962/0/39

1.104

R1=0.0192,
wR2 =0.0515
R1 =0.0208,
WR2 = 0.0526
0.406 and
-0.245 e A3

Full-matrix least-

squares on F2
5344/0/279

1.096

R1 =0.0485,
WR2 = 0.1225
R1 =0.0547,
wR2 =0.1281
10.722 and

-1.833 e.A-3

Full-matrix least-

squares on F2
2772/0/158

1.077

R1 =0.0329,
wR2 =0.0571
R1=0.0727,
wWR2 =0.0721
1.754 and

-1.129 e. A3

Full-matrix least-
squares on F2
12694 / 266 / 395

1.030

R1 =0.1495,
WR2 =0.3174
R1 =0.2878,
WwR2 = 0.3895
3.821 and

-3.357 e.A-3
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Table A2. Crystallographic data for compounds 32Me, 32'Me 34Me and 35Me,

Parameter 32Me 32'Me 34Me 35Me
Empirical formula C11H16C||FO3P2 CmHszC"l’Ong Cl5H30|I'P3 Cl4 H21C|2|I'OP2
Formula weight 485.83 598.04 495.50 530.35
Temperature 100(2) K 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P 2i/n P 24/n P 21/c P 24/n
a 10.1632(5) A 12.1567(9) A 22.1041(10) A 8.4198(14) A
b 13.6053(7) A 9.9013(7) A 9.3471(5) A 11.526(2) A
c 10.7430(5) A 38.365(3) A 18.9388(9) A 18.374(3) A
o 90 ° 90 ° 90° 90°
B 93.510(3) ° 92.341(3) ° 109.749(2) ° 94.044(7) °
v 90 ° 90 ° 90° 90°
Volume 1482.68(13) A3 4614.0(6) A3 3682.8(3) A3 1778.7(5) A3
z 4 8 8 4
Density (calculated) 2176 Mg/m3 1.722 Mg/m3 1.787 Mg/m3 1.981 Mg/m3
Absorption coefficient 9 397 mm-1 6.057 mm-L 7.499 mm-1 7.980 mm-L
F(000) 920 2352 1936 1016
Crystal size 0.150 x 0.100 x 0.010  0.45x 0.15 x 0.140 x 0.130 x 0.300 x 0.150 x

mm3 0.10 mm3 0.060 mm3 0.120 mm3
Theta range for data 2.418 to 28.353°. 2.13t0 26.37°. 1.958 t0 28.445°.  2.087 to 28.491°.
collection
Index ranges -13<=h<=13, -15<=h<=15, -29<=h<=29, -11<=h<=11,

0<=k<=18, O<=l<=14  -12<=k<=12, -12<=k<=12, -15<=k<=15,

-47<=I<=47 -25<=|<=25 -24<=I<=24

Reflections collected 84438 170455 17903 17251
Independent 3701 [R(int) =0.0773] 9373 [R(int) =0.0330] 9253 [R(int) = 4469 [R(int) =
reflections 0.0162] 0.0279]
Completeness to theta  99.8 % 99.3 % 99.9 % 100.0 %

= 25.000°
Refinement method

Data / restraints /
parameters

Goodness-of-fit on F2
Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak and
hole

Full-matrix least-

squares on F2
3701/0/172

1.156

R1 =0.0302,

WR2 = 0.0603
R1=0.0371, wR2 =
0.0626

1.642 and

-2.157 e.A-3

Full-matrix least-

squares on F2
9373 /0/ 495

1.169

R1=0.0194,
WR2 = 0.0365
R1=0.0264,
wR2 = 0.0400
1.451 and

-1.952 e, A-3

Full-matrix least-

squares on F2
9253/ 6/ 369

1.008

R1=0.0194,
WR2 = 0.0434
R1 =0.0254,
WR2 = 0.0458
1.949 and

-1.337e.A3

Full-matrix least-

squares on F2
4469 /0/ 185

1.054

R1=0.0186,
WR2 = 0.0417
R1=0.0215,
WR2 = 0.0432
1.030 and

-1.366 e.A-3
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