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Abstract of the Dissertation

Synthesis of electron-poor bifunctional ligands and their use in catalysis

By
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Professor Douglas Grotjahn, Chair

Electron-poor ligands that also contain a pendant basic or acidic functional group should
provide improved conditions and catalytic performance in a variety of reactions, such as anti-
Markovnikov addition of O-H compounds such as water, alcohols, and carboxylic acids to terminal
alkenes, a highly-sought reaction for which there is no good general solution. A second application
is alkoxycarbonylation reactions of aryl halides to make esters. A strategy to synthesize electron-

poor monophosphines or (bis)phosphines was developed. The analysis of the electron-poor

Xiv



phosphines using coordinating-ion-spray high resolution mass spectrometry was developed due to
the inability of the ligands (or water- and air-sensitive precursors) alone was often not successful.
Initial results in testing electron-poor phosphines with either pendant OH or OCH3 functionality

as part of a metal complex for alkoxycarbonylation catalysis is reported.
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Chapter 1 Background and introduction
1.1 Introduction

Catalysis has long been used in chemistry. One reaction that is still an unsolved issue is
the catalytic addition of a nucleophile to an alkene in an anti-Markovnikov fashion!. (Scheme

1.1.1)

XH XH
R R
Y X< Rz - Y H
H X
Anti-Markovnikov Markovnikov

Scheme 1.1.1 Markovnikov and anti-Markovnikov addition to an alkene.

Addition in an anti-Markovnikov fashion would create more valuable compounds that have a
variety of different uses in synthesis and industry. Some examples are given in the following
sections. There are other organic transformations such as alkoxycarbonylation and
hydroformylation that are used to add a carbon atom or a functional group onto an alkene, that are
considered in Chapter 4. Addition of a carbon to ethylene is used on considerable scale in
industrial facilities, and further improvements to the conditions required for the reaction are
possible. The ultimate goal of the work in this dissertation is to contribute to enabling an effective

catalyzed anti-Markovnikov addition of a hydroxyl group to an alkene.

1.2 Addition of polar hydroxyl groups to an alkene
1.2.1 Addition of water to form an alcohol with the same number of carbon atoms
1.2.1.1 Previous Methods

Alcohols are used throughout chemistry because they are valuable reagents or starting

materials for the production of other functional groups.



R R @)
1;4 - 1H — R1 /
OH OH
R1 R1 R1
NR; PR; 'SiRy

Scheme 1.2.1.1.1 A few possible useful transformations for primary alcohols

Markovnikov addition of water has been a solved problem for a considerable length of
time, with the acid catalysis addition of water to an alkene being widely used, though the

reaction gives the Markovnikov product. (Scheme 1.2.1.1.1).

®

HOH R
R

Scheme 1.2.1.1.2 Acid catalyzed addition of water to an alkene

Production on an industrial scale can be achieved using as well. Ring opening of epoxides

to form the primary alcohol has also been developed using terminal alkenes as the starting alkene.

Development of the production of terminal alcohols has continued whether the starting alkene is

terminal or internal. While all of these methods are effective, each has drawbacks and further

investigation into performing this reaction in a more efficient manner is a worthy goal and a major

challenge in catalysis. Primary alcohols can be transformed into other useful functional groups

(Scheme 1.2.1.1.2).



One of the most sought-after nucleophiles for anti-Markovnikov addition to an alkene is water to
directly form a primary alcohol. There has been considerable work done to perform this reaction

catalytically, though to date an efficient method has not been discovered.

1.2.1.2 Overall addition using a triple relay metal catalyst

Overall addition of a water molecule to an alkene has been achieved on a laboratory scale
by Grubbs using a triple relay method with three different metals?, though this is only an indirect
addition of water to a molecule. Selectivity and yields with substrates that were not styrene was
limited with the selectivity dropping from >20:1 for anti-Markovnikov addition to a styrene to
1:1.4 for addition to 1-octene, and the yield dropping from 83% to 56%. The catalyst system also
generates a considerable amount of waste and has a very low atom economy, limiting its use to

laboratory scale.

1.2.2 Addition of carboxylic acids and alcohols

Esters and ethers are also useful functional groups, but we are not aware of any metal-

catalyzed or acid catalyzed anti-Markovnikov additions of alcohols or carboxylic acids to alkenes.

1.2.2.1 Previous methods

Other types of catalysts have been applied to realize anti-Markovnikov additions. If an
alkene is electron-rich and can be oxidized by a suitable excited state of a photocatalyst, the method
of Nicewicz can be used.® Cyclizing an alkenol to an ether via photocatalysis has also been used
by Nicewicz* and by Knowles>, but intramolecular anti-Markovnikov O-H addition happens only
because the reactions are cyclizations. The Knowles chemistry differs from that of Nicewicz in

that the O-H component is oxidized, not the alkene.

1.3 Addition of N-H



1.3.1 Previous Methods

Production of primary amines is also a major portion of the chemical industry, and primary
amines have a variety of synthetic uses. Catalytic addition to an alkene or alkyne can be
accomplished with a variety of catalysts including cobalt®, lanthanides’, both early® and late
transition metals’, base-assisted using inorganic bases such as KOH and CsOH'° and has advanced
to the ability to add them in a chiral fashion'!. Many of the additions are in a Markovnikov sense
(Scheme 1.3.1.1), but aryl-substituted alkenes often give the anti-Markovnikov product. A
breakthrough in anti-Markovnikov addition of NH bond to alkenes came from the Knowles group,
who rely on oxidation of the amine nitrogen using photocatalysis, and radical addition to the
alkene, followed by H-atom transfer from a very hindered thiol "', Unfortunately the strategy will
not likely work for intermolecular additions of alcohol O-H bonds to alkenes because of the
propensity for the alkoxy radical to abstract weak allylic C-H bonds, but it has succeeded in an

intramolecular sense (see above).

R
Re —» Y H
NR,

Scheme 1.3.1.1 Markovnikov addition of an amine to an alkene

1.4 Addition of less polar X-H bonds (B, Si)
1.4.1 Addition of B-H bonds to an alkene
1.4.1.1 Non metal-catalyzed

Hydroboration of terminal alkenes followed by oxidation to form the primary alcohol

(Scheme 1.4.1.1.1) has been widely used since its discovery in 1959'°. Hydroboration using this



method is

Scheme 1.4.1.1.1 Hydroboration of an alkene followed by oxidation to the primary alcohol

very effective, however one of the main downsides to using this method on a larger scale is the

production of a considerable amount of waste.

1.4.1.2 Metal Catalyzed

The metal-catalyzed reaction was first reported in 19806, with significant improvements
being made in 1985'7 with the use of Wilkinson’s catalyst. While the addition of borane can be
accomplished using metal catalysis to give a particular stereoisomer'®2°, formation of the alcohol

still requires an additional waste generating oxidation step.

1.4.2 Addition of Si-H bonds to alkenes

Silanes are also used in industry as additives to improve the qualities of a variety of
substances?!*?2. Silanes have found use in medicinal chemistry?® and organic synthesis as well**.
Addition of a silane to an alkene is accomplished using metal catalysis with either Spiers or
Karstedt’s catalyst?>, and the use of chiral ligands?® or directing groups®’ has made possible the

asymmetric addition of a silane to an alkene.



1.5 Bifunctional Ligands

How a bifunctional ligand is defined is important, as the functions can be different
depending on the role they play during the catalytic cycle. The first role of all types of ligands is
to coordinate to the metal center and modify its steric and electronic properties which in turn
changes what catalysis occurs at the metal center, along with its rate, efficiency, and the conditions
necessary for the reaction to occur. The second role of the ligand can vary, with the functional
group acting as a proton shuttle, e.g.as a pendant base to deprotonate the substrate, as a way to
affect the regio- or stereoselectivity of the reaction, or to modify the nucleophilicity or
electrophilicity of an incoming reactant. Bifunctional ligands can also be hemilabile?®, which has
been shown to be effective in improving catalyst functionality? Ligands containing a bifunctional

substituent have been used for several purposes such as asymmetric hydrogenation by Noyori*’

3132 "and Sigman?? and Stoltz’s>*

and Schvo work involving kinetic resolution. Ligands containing
a pendant base can be capable of doing more than one of these things and so remain an active area

of research.
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Scheme 1.5.1 Alkene zipper catalyst and representative reaction

Previous work in the Grotjahn lab on pendant base-containing ligands has focused so far
on two different areas. One is the isomerization of an alkene, either very quickly® (Scheme 1.5.1)
or in a selective monoisomerization*® 3’ (Scheme 1.5.2); another is the hydration of an alkyne’®
39 The reactions noted are very effective, and the alkyne hydration and the isomerization occur

1000 to 3000 times faster than with a ligand that does not contain a pendant base.
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Scheme 1.5.2 Monoisomerization using a bifunctional ligand on ruthenium

There has also been work involving the oxidative addition of water to a platinum center
that was enabled by the use of an N-H containing imidazolyl ligand*’. The N-H was capable of
stabilizing an anionic oxygenated ligand through hydrogen bonding, making the oxidative addition

of water to the platinum center more favorable.

1.6 Electron-poor ligands
1.6.1 Definition and methods to determine donation strength

The electron donating ability of a phosphine ligand has long been used as a measure of
how it will impact the catalytic cycle of a given metal complex. More electron-rich phosphines
have been shown to increase the rate of oxidative addition of a substrate to a metal center, as shown
later in this work the rate of reductive elimination can be improved using electron-poor ligands.
Using hydroxyl groups in the ligand we envision assisting formation of metal-hydroxyl bonds

through hydrogen bonding of the ligand hydroxyl to the metal bound oxygen.



1.6.2 Determination of electron donating strength of phosphine ligands

Several methods have been developed in order to more thoroughly characterize the
electronics of phosphine ligands. One of the most common initial methods was to react the
phosphine with Ni(CO)4 to make the LNi(CO)3 complex, followed by measuring the IR stretch of
the A1 carbonyl*!. The higher the wavenumber the CO stretching frequency is shifted the more
electron poor the phosphine ligand is considered. Due to the toxicity of the Ni carbonyl
compounds, a different method involving LoRh(CO)CI complexes was developed that gave similar
information. Changing the complex used led to the discovery that the geometry of the metal center
had some effect on the nature of the donation from the phosphine to form the metal phosphine
bond*?. Other methods include the electrochemical oxidation of phosphine ligands in order to
determine the ionization energy of an electron from the lone pair on the phosphorus atom. This
method was developed to hopefully determine a more metal center independent measurement of
the donation capacity of the phosphine ligand, though a comprehensive study has yet to be done.
As a measure of what types of ligands the compounds synthesized here, however, determining the
CO stretching frequency in Rh complexes as a comparison is still a relevant measure and was used

here.

The ligands examined below showed considerable electron-withdrawing character,
comparable to phosphites as shown by using Rh carbonyl stretches (Table 1). This gives us more
freedom in the selection of the pendant base containing substituent, as even a fairly electron rich
and therefore more basic base would still give the desired electronic environment for the metal
center. Moreover, the acidity or basicity of the attached pendant group through modification of the

substituent that contains the pendant group.



1.6.3 Phosphites and phosphonates in catalysis

Alkyl and aryl phosphites and phosphonates are electron-poor ligands with a long and

43,44

storied usage in transition metal catalysis and have been used in a wide variety of different

catalytic systems with applications ranging from fine chemical synthesis to industrial scale

43.46 which may be incompatible

production. A major drawback is their susceptibility to hydrolysis
with addition of water to an alkene. Another drawback would be that while phosphites can be
sterically tuned*’, the closest point at which a phosphite can be modified is separated from the
phosphine by an oxygen atom. Our hypothesis is that using a ligand with modifications closer to

the metal center would give more control over the steric environment, allowing for fine tuning

should it be necessary.

1.6.4 Changing a catalytic cycle

Metal complexes containing electron-poor ligands have been shown to have different and
sometimes dramatic effects on a catalytic cycle. One feature is that the electron-poor ligand
performs the same reaction as any other ligand would, only less efficiently or more slowly due to
their lowered electron donation to the metal center, which in turn slows oxidative addition of a
substrate. More useful is when an electron-poor ligand is capable of performing a reaction other
ligands cannot such as reductive elimination of a product that is otherwise difficult to form*, or
changing the relative rates of different steps in the catalytic cycle to give a different products, such

as polymerization of a substrate rather than B-hydride elimination®.

1.6.5.1 Increased rate of reductive elimination
On palladium(Il), it has long been known that using a chelating ligand (such as a

diphosphine) with wide bite angle, somewhere between the ideal 90° angle for square planar Pd(II)

50, 51

and the ideal 109° for Pd(0), will enable faster reductive elimination. Using electron-

10



withdrawing groups such as aryls with F or CF3; groups can increase the rate of reductive

elimination >1000 times>>.

1.6.5.2 Lower rate of oxidative addition

As these electron-poor ligands will increase the rate of reductive elimination, they would
also decrease the rate of oxidative addition, but Pd(0) ligated with phosphines such as [3,5-
(CF3)CeH;]sP are fully capable of C-X oxidative additions and catalyzing alkoxycarbonylation,

Suzuki, and Heck reactions’* 4,

1.7 Summary of electron-poor and bifunctional ligand properties and potential uses

Our hypothesis was that the increased rate of reductive elimination of electron-poor ligands
combined with the rate enhancement effects of ligands containing a pendant base would be useful

in the addition of a nucleophile to an alkene in an anti-Markovnikov fashion.

11



Chapter 2 Bidentate hybrid electron-poor phosphonate

As a first starter project, a bidentate hybrid electron-poor phosphonate was proposed as a
ligand, as chelation would help to alleviate a possible issue related to electron-poor ligands. The
first would be the fact that electron-poor ligands could be so electron deficient as to be easily
displaced on a metal center. At that point the ligand would not be useful in a catalyst due to it not
being present on the metal center during the catalytic cycle. Using a bidentate ligand with one
phosphonate and one electron-poor phosphine would give the ligand the ability to chelate to the
metal center increasing its ability to bind to the metal. Phosphonates such as this, though without
the electron-poor substituents have been used to good effect in several reactions involving
alkenes>> ¢ . Hybrid phosphonate ligands have been used as ligands for polymerization catalysts>’,
a precedent that suggests modifying the ligand to be more electron-poor may change the catalytic
cycle to give an addition product rather than the polymeric product. Studies by other groups®® >
have shown that linear polymers can be more readily obtained by avoiding -hydride elimination

from a bound alkyl group. As electron-poor ligands have been shown to be capable of this exact

function, it was hoped that using one would allow for different reactivity involving alkenes.

Our first target (Figure 2.1) was relatively simple, using commercially available \

V4
.P”PPh,
0o

Figure 2.1 Target bidentate hybrid electron-poor phosphonate

chlorophosphines in order to determine if ligands of this type could be synthesized and isolated

and to work out any issues with the planned strategy. The synthesis of these compounds seemed

12



relatively straightforward, and while the ligands themselves could be seen through the use of NMR
spectroscopy, purification was complicated by the stability of both difluoromethyl and
diphenylphosphine radicals. Column chromatography and distillation were attempted but led only
to decomposition of the product. Attempts to remove the isopropyl groups using either Me3SiBr,
KOH or NaOH only lead to decomposition. This project was set aside in favor of other, more
promising projects. It was revisited several years later after finding a method of selectively
removing only one of the isopropyl groups using LiBr in acetonitrile. This method was successful,
and a Cp*IrLCl complex was isolated. When tested, however, the complex was only capable of

non-selectively and slowly isomerizing alkenes.

13
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Phosphines have long been used in caralyais, and a wide variety of ligands with almost any substimenr are
available. However, the vast majorly of these phosphines have been relatively electron-rich. Menooxides of
bisphosphines have been shown 1o foem complexes that catalyze alkene polymerizations and hydrofoemylations,
However, electran-poor versions of such ligands have not yet been explored. In this repodt, the hybrid ligand
PhyPCFPOLO'Pr) with both phosphine and phosphonate ester moieties, linked with an electron deficlent CF;
group was synthesized. A Cp*lr complex of the ligand was synthesized and characterized.

1. Introduction

Phosphines have long been used in catalysis, and a wide varety of
ligands with almost any substituent are available. However, the vast
majority of these phosphines are relatively electron-rich. A significant
amount of research has also been devoted to the organic transformation
of alkenes into other functional groups. Monooxides of bisphosphines
(BPMO, A in Chart 1) have been shown to form complexes that catalyze
alkene polymerizations |1-3] and hydroformylations [4]. However,
mare electron-poor ligands of type A have bean unexplored so far. The
goal of this project was to synthesize a hybrid P,0-ligand of type D in
Chart | which is electron-poor, and then modify the electronic and steric
properties of this class of ligand further and to inclode pendant base or
ecid functionality as part of the ligand.

Electron-poor ligands have been underexplored in the literature.
Several studies have shown how they can affect the reductive elimina-
tion step of a catalytic cycle, even to the point of gutcompeting -hydride
elimination | 5. They have also been used to examine how effective they
are in previpusly studied chemistry such as cross-coupling, hydm-
formylation (6] and carbonylation (7). Several studies describe the
properties and suitability of electron-poor ligands for catalysis [8.9],
and several more discuss their use in stoichiometric reactions [10-12],
Rewviews that focus on electron-poor phosphines discuss synthesis of the
ligands and related metal complexes, but reactivity studies were limited
to polymerization and hydrogenation (131

The Grotjahn group has focused on the usage E!ignnds containing a

pendant base, finding them to have a significant impact on the rate [14]
and selectivity [15] of a reaction. Combining electron-poor and
bifunctional ligands would give a new type of ligand with unexplored
properties. Another atiractive feature of a bifunctional ligand is its
ability to coordinate in & chelating manner, which utilizes the chelate
effect to help the ligand stay coordinated |16], a concern when using
electron-poor ligands.

In this work, a bifunctional, electron-poor ligand of type D and an
assoriated Ir complex were synthesized and characterized. While no new
reactivity was discovered from the complex, the ligand and complex by
themselves and their syntheses are novel and hence are reported here.

2. Materials and methods

Nuclear magnetic specira were recorded on a Varian VNMRS 400
MHz spectrometer with AutoX probe, Deuterated methanol and
deuterated chlomform were stored over 3 and 4 A molecular sieves,
respectively. Signals were referenced to SiMey through the residual
solvent resonance. Diethyl ether was distilled from sodium and benzo-
phenone. Dichloromethane was distilled from calcium hydride. Toluene
was degassed, and all organic solvents were stored in a glove box under
nitrogen over 4 A malecular sieves. Water was degassed and stored
under nitrogen in a glove bax. Chlorodiphenylphosphine and t-butyl
lithium {1.9 M in pentane] were purchased from Sigma Aldrich and used
without further purification. Diisopropyl (difluromethyl)phosphonate
(1) was synthesized according to literature procedure. Elemental

* This paper is dedicated 1o Profesor Arnle Rhelngold for his devotion to x-my erpstallography and his peerdess fiendship over the years,
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bt Vbl perg 1 0. 100 /) poialy. 022 1181 62
Recedved 5 May 2022; Accepred 1 Ociober 2022

Avallable oaline & Derober 2022
027753870 2022 Elsevier Lid. All righis reserved,




BLL Sanfer o of.

ligands and this work.
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analysis was performed by NuMega Resonance labs in San Diego, CA,
Coupling constanis are repored in He

Synthesis of 2: Dilsopropy] [dillueromethyl)phosphenare (1) (2609
&, 12.5 memal) and THF {130 mL) were added 1o a Schlenk flask, which
wis conled to —78 “C. rerr-baryl lithivm (6.8 mL, 1.9 M/L [n pentane)
wid sdded dropwise over 3 min, and the reaction was stimmed for 1 b
Chlorodiphenylphosphine (2756 2, 125 mmaol) was added dropwise,
and the reaction was allowed to warm 1o ambient emperatiore over 4 h.
The wvalatiles were then removed under vacuum. The residue was dis-
solved in DOM (25 mlL) and washed with water (3« 50 mL). The arganic

Hp NMR Spactrum of 2

Pig. 1. Left and right, respeciively, *'P and "*F NMR specim of 2 in CDCly at 161 and 376 MHz

layer was collected and the velatiles removed wmder vasum to give
3.333 g (66 %) of the crude product, This was used withow fusthes
purificagion.

o HY (CDCly): £ 26.1 (p, Jpp 26.53) "'F (CDCLs) 6 —109.0 (dd, Jp.r
70,95 'H (Ol 7.70 01, Fyyq 8, 4H), 740 {m, 6H), 4.75 (h, Sy 6.
ZH), 1.25 [dd, Jps 22, Jun B, 12H).

Symtlsesis of 3: 2 (1.00 g, 2.5 mmod), acetonitele (0,50 mL), and LiBs
(0217 2, 25 mmod) were added (o & seintlilagon vial equipped with a
stir bar. The reactiom was heated at 70 "C for 18 b, removed rom the
beat and shaken, and then heated for another 18 h, The mixture was
then cooled 1o mom temperature, filtered, and the precipitate was
washed with sceronitrile (1« 5 mL), DCM (1 = 5mL), and diethyl ether
1 = 5 mL). The white povider was then dried overnight under vacuum
giving 0.910 g (58 %) of product.

HpiHy (MeOD): & 3.2 (1d, Jop 820, L1 (g, Jop = Jpp 600 'H
(MeOD): §7.65 (1d, Jua 7.5, 2, 4H), 7.45-7.35 {m, 6H), 4.52 (h, Jun 6,
LED), 1,12 (d, Jwss 6, 6H). C (MeOD): 6 135.0 (d, Jo.c 20), 1328 (did,
e 13.2, Ay 45, U 2.2, asigned 1o ipse carben af Ph), 128.9 (3],
127.6 (d. e 7:6), 608 (dd, Jp- 6.8, 6.4), 235 {d, Jpo 4.1); signal for
CF, carbom is expected o be & did, aod some of the sigral resonances are
seeiy it others e obseured by much more mlens: signals. Negative jon
miode QTOF-MS /s for CisHi7F20sP2: Calewlated 357.06211; Obtained
357.0675.

Synthesis of 4: ligand 3 (0L100 g, 0.274 mmol] was added o a
scintillation vial equipped with a stir bas. [IrCp*Cla]s (010935 3. 0137
wmmol) was then added, and 1.3 mL of CHyCLy was added. The reaction
wits stirred overnight, and the solvent was removed 1o give 01989 g of
residue. To the misture was added 5 mL of CHoC, whichs was filtered
and the flirate concentrated o give 4 (U098 g 45 % yield). X-ray
quality erystals were grown by the slow evaporation of CHzClz from a

Cp*
CpUirCl =,

8 E’ (CprClzlz PhoP —lr—
PTETPPH e——— i o]
07 FiC

e DCM \ 0
Li QP.\

3 d j_

4

Scheme 2, Synthesis of 4.
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Fig. 2. Left and righe, respectively, P and '*F NMR spectra of 2 in CDC3; at 161 and 376 Mz respectively.
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Fig. 3. Inset af " MR speciram of 4 highlighting the 16-peak dddd for the CF, carbon. Frequencies for the peaks 1 to 5 are: 14531.0, 145520, 14715.0, 14528 4,

14847.6 Hz, respectively, giving J values of 1.0, 184,0, 267.5, and 3166 H.

saturated solution of 4. *'P{'H} (CDC1s): 519.6 (1d, Jp.p 92, Jpp 44, 54),
115 {dt, Jo.p 92, S 74) C(CDCIa) 51362 (d, Joc 11.0), 134.3 (d, Jp.
o 10,0, 132.3, 1319, 128.6 (d, Jpe 11.3), 1285 (sl br d, Jpc 11,00,
127.5{d, Jic 58.4), 121.2 (d, Jp.c 53:3), 118.8 (dddd, Jr.¢ 316.6, 297.3,
Jpp 184.0, 21,00, 93.1 (d, Jp o 2.8), 73.23 (d, Sy o 5.7), 7318 {4, S
5.7), 244 (d, Jp.c 300, 24.0 (d, Sy 5.00, B6. 'H (CDCL) 7.75 (1, 113,
2H), 7.58 (1, 9.2, 1H), 7.50 (1, 6.0, 1.5H), 7.45 (s, 2H). 4.76 (h, 4.9, 1H),
148 (% 15H), 138 (d Jyy 56, 6HL Elem. anal caled for
CaeHzaCIFalrOsPs (720,14 C, 43.36; H, 4,48 Foundk: C, T9.84; FL 4.54.
Elem. anal. ealed for ConHaClFaie0aP; + 3.5 HzO (7R3.20) C, 30.87; H,
502

3. Resulis and disenssion

The pregent investigation began with the design of a model com-
pound that could be wed 1o determine the most efficient method of
synthesizing hybeld Hgands of type D (e Chort 1) using A as & siarting
paint. A diphenyiphosphing substituent was chasen for the Inital syn-
thessis, but the substituents on the phosphine portion of the ligand eoald
readily be changed o make it more electron-poor ance the bnitial syn-
thesis was optimized. The anion of 1 (Scheme 1) has been wied in a
variety of syathetes 17201, and 1 was readily available in one step
[21).

The synthesic of 2 initially seemed quite saraightforwasd (Scheme 1),
with the addition of -buty] lithitem o 1 ar —78 °C, followed by addition
of chlorodiphienyiphosphine. The initial pusif with a water wash
o remove lithium followed by removal of velatile compounds in vaciso

16

gave & erude clear, viscous fquid. The erade vield was 80 %, and NMR
spectroscopy dhowed mosily (ea 90 %) one compound. Due o the
number of NMR active nuclei in compound 2, the spectra were
complicated (Fig 1), but this also allowed & more certain identification.
I the *'P NMR spectrum shown below, two partly overlapping signals
were seen a1 4.90 and 259 ppem. with 2y = 621 Hz, ac well a8
coupling 1o the two Ouorine atoms Sy = 931 and 69.0 Hz, respec-
tively. The "F MMR spectrum showed a corresponding doubilet of
doublets. *Jgp = 031 He, 2lpp = 69.0 Hz.

Although the identity of 2 iz asured, purification was much less
araightforwird. Compotnd 2 was found 1o be quite capable of coordi-
mating Li ions formed from the eyl lithivm used in the inidal syn-
thesis, verified by "LI NMR spectroseopy. While the Hihium was easily
removed using a water wish, 2 decomposed upon anempted distillagion
even under reduced presure, and eolumn chromatography led 1o very
poor mss recovery (less than5%). I was suspected thal 2 decompossd
through a radical pathiway, in pan because both PhaP (220 and (uo-
roalkyl radicals are known species |20 25).

To move past these fssoes, impare 2 was wied in subsegueent re-
actions. Several methods of phosphonate diester hydrolysis were
attempted. Relluxing 1 with MaOH n water or MeSiBr in dichloro-
methane led w4 of several products. Gratifyingly, sefl 1
with LiBr in dey acetonirzile |26] lead to orystaliine product 3 in 58 %
yield, pure enough for metallations (Schemes 200

The: initial target was an IrCp® complex, which was synthesized by
stirring [TeCpClyly and 3 in dichloromethane ovemight 1o give the
metal compdex in 95 % yleld (5cheme 2), The *'P NMR spectrum (Fig, 2)




LT, Sunier e af.

Fig. 4. Ball and stick of the af 4 as deter-
mined by Xy diffraction. The Ir, P, and O atoms are highlighted by repee-
senting them as spheres, whereas all ocher P ANNTS ATE

Pelyloedron 228 (2027 116162

dichlosomethane (Fig. 4). The 103 bond distance i 4 was 2.149 A,
compared to 2,150 A for the smilar complex e0,P- (PhoPCHPOSH)
Cp*Clir)) [25]. The Ir-0 band length of 2 408 s also similar 1o the 1e-C1
brond in 4 of 2.385 A [26]

In order to understand why only one lsomer was seen in the NMR
spectra and erystal strocture, DFT ealeulations were performed 1o
determing if there were structural differences preventing the formation
of moee than one womer. Gas phage caleulations were earried ot usdng
bElyp/SDD a¢ the functional and basis set, respectively. The ohserved
diastersemers with Bopropyl cis o chloride was found 1o be more sable
than the trans diastersomer by 1.1 keal/maol, and when dispersion was
Imeluded in the caleulations this difference inereased to 3.4 keal/mal
between the two Bomers, giving a of 295 &l rOom lEmperatiioe,
cormesponding 1o lesd than 0.1 % of the lext stable trans somer, which
explained why both the NMR spectra and the Holated crvstal showed
evidence of only one species, that is alse the complex calenlated o be
more stable. Both dizsteresmers are shown for comparison (Fig. 5L

However, examination of the structural features of the two different
isamers did nor glve a clear reasan why the observed isomer s prefecred;
a combination of subtle electronic and structural factors might
eontribute to this energy difference [20].

l.umdu-mmlhememlmmpleﬂnr:amiytbcmumyrswummd
nsing silver heall hispls amal the was filtered
through & silica plig into a J. Ymmmh& and then hexens and
either acetic acid or water was added. Terrakis{irimethylsilyDmethane
was wsed a5 an internal standard, The solution was monitored for

using sticks. Key bond distances (A): InP 2,205, Ird 2149, InCl 2985 Key
angles: O-Ir-B 87.06°, Oulr-Cl 83,057, and ChirP 91.36%

showed two signala, each a ddd, with J values matching those for the two
signals in the '"F NMR spectrum, consistent with mutual coupling.
Combined, these data indicate the presence of only one dissiersomer.

Interestingly, the '5C NMR spectrum of 4 indicated that all carbans of
the ligand were unique, consistent with the two phenyle belng diaaer-
eotopie, and also the two sopropyl methyls. Maresver, the CF, carban
appeared as & remarkable 16-line dddd pamern, barely resolved even
alter pvernight soqdsition (Fiz. 3). The two lat?m splirtings {316.6 and
2973 He) were similar and were asiigned to "0y o, where the 21.0 Hz
splitting was aseribed 1o ‘oz and the 184.0 Hz one to “Jpovoa.c
[27]. While no water was seen in the proton NMR spectrum for 4, the
1 1 lysis was with the presence of 3.5 waler mole-
eules per complex. As the complex is air stalle, no precaulions were
niskeen i the Lab ar the lab of the company tha performed the analysis o
exchide water from the sample.

A-ray quality ervitals of 4 werse grown by dow evaporation of

b over several days amd then heated o 70 °C for 12 h bat no
clanges were seen. No addition 1o the alkens was seen with either acetic
acid ar with water. A small amount of Bomerization was seen, but Cp*le
complexes are koown to isomerize alkenes and there are already several
goad methods 1o omerize alkenes {30].

4. Conclusions

A new chelaring electron-poor ligand mswm.ltﬁtaed,and IuanlJir_r
o eoordinate 1o & metal was d

formed as 2 single d , aned DFT caleul Support @ sig-
aificant free energy difference betwesn diastereomers. While the
resulting complex was inactive as an alkene isnmerization catalyst, the
Faet that no hybrid ligand containing both a phosphine modety as well ag
it phosphonate molety 18 known and the Get thar there appears o be
mly ome Cp*lr-EPMO complex known all motivaze this report.
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Due to the lack of desired reactivity of the ligand synthesized, as well as the instability
found in ligands of this type we chose to shift focus to different ligands that will be discussed in

the next chapter.
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Chapter 2, contains a reprint of the material as it appears in Polyhedron. Sattler, Daniel J.,
Bailey, Jake, Grotjahn, Douglas B., vol. 228, December 2022. The dissertation author was the

primary investigator and author of this paper.
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Chapter 3 Imidazole based electron-poor ligands

3.1 Background and goals

As previously discussed in Chapter 1, bifunctional ligands may have considerable
beneficial effects on a catalytic cycle. There are a variety of different functional groups that can
act as a pendant functional group in a bifunctional ligand, but with the extensive successful use of
imidazoles in the Grotjahn group as a pendant base for reactions with alkenes and alkynes
previously discussed, imidazoles were the first choice for my initial studies.

The benefits of electron-poor ligands have already been discussed in Chapter 1, so for this
work the identity of the electron-poor substituents to be used had to be determined. Phosphites
have already been extensively studied, and as noted before can be vulnerable to nucleophilic
substitution or transformation in the presence of an acidic proton to form the phosphonate®®. In
order to investigate the steric environment of the ligand as well as the electronic properties,
trifluoromethyl and pentafluorophenyl were chosen for their significant electron withdrawing
capabilities as well as the large difference in bulk that they would provide. Addition of
pentafluorophenyl substituents to P-Cl units is accomplished using Grignard reagents, and
formation of the bis(pentafluorophenyl)bromo- and chlorophosphines has been accomplished on
large scale allowing for Grignard reagents to be converted to the corresponding aryl- or
alkylbis(pentafluorophenyl)phosphine. Investigations involving other perfluoroalkyl substituents

were also planned should greater steric modifications be required.

Before beginning the synthesis, several strategies were considered for the addition of the
electron-poor containing substituents to the phosphine. While perfluoro lithium reagents have
been used in the past®!, their thermal instability, caused by facile decomposition into LiF and

erfluoroalkenes®? and their tendency to explode® motivated a search to find another route to add
p y p
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trifluoromethyl substituents to a phosphine.

One possibility was the usage of Togni reagents, (Figure 3.1.1). Togni reagents have been
used as trifluoromethylation reagents for a variety of different substituents® including on alkenes
and alkynes® and are also relatively simple to make or commercially available. While they were
a viable option, the planned synthetic strategy included the use of bisphosphines, in particular on
a ferrocene backbone in order to take advantage of its wide bite angle to even further increase the
rate of reductive elimination. Togni reagents have been reported to oxidize ferrocene®® which
would preclude their use in our synthetic strategy as they would require the addition of the desired
pendant-base containing substituent at the beginning of the synthesis rather than at the end as was

desired.

FsC—1—0

Figure 3.1.1 Representative Togni reagent for use in trifluoromethylation

Radical addition of fluoroalkyls has also been used to make fluoroalkylphosphines. An
example uses trimethylsilylphosphines and iodoperfluoroalkanes though the reaction is sensitive
to the steric bulk around the phosphine. Radical addition is known (Scheme 3.1.1) in the
literature®” and was examined in some initial preliminary work using (CF3).CHI but the results

were inconclusive.

R,-PSiMe; + Rpl —3» RyPRr + Me;Sil

Scheme 3.1.1 Alternate route to formation of perfluoro- alkyl and aryl phosphines
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The commercially available Ruppert-Prakash reagent, Me3SiCF3, was chosen because it
readily displaces alkoxy or phenoxy groups from a phosphonite and adds trifluoromethyl under
relatively mild conditions (Scheme 3.1.2).

Me3SiCF3

F
R\P(OR)zn —3 RP(CF3)3,

Scheme 3.1.2 General reaction for Ruppert Prakash reagent and a phosphite or
phosphonite

3.2 Strategy and reasoning

The chosen route was to synthesize the dichlorophosphines, and then use an alcohol or
phenol wand an amine base to form the phosphonite and a protonated base. Using a nonpolar
solvent such as pentane or hexane would allow for removal of the salt through filtration. As
phosphonites are generally stable towards water in an extraction at room temperature, removal of

any remaining protonated base with a water wash should be available as needed.

The use of trifluoroethoxy instead of the more usual phenoxy was chosen because it was
believed that it would be a better leaving group, leading to faster reactions when adding the
trifluoromethyl groups, moreover the lower boiling point of CF3CH>OH was also seen as a benefit
as many of the phosphonites would be oily liquids and so the removal of excess trifluoroethanol

from the synthesis of said phosphonites would be simpler and more efficient.

The starting pendant-base containing substituent was 4-t-butyl N-methyl imidazole,
(abbreviated Im’H) which was synthesized using methods previously developed in unpublished
work in the Grotjahn lab. The synthesis of Im’PCl, was known in the Grotjahn group®®.

Dichlorophenyl phosphine was also used, both as an eventual control compound and to investigate
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the synthetic strategy using a relatively inexpensive starting material that was commercially

available.

This strategy worked well with the initial substrate, Im’H (Figure 3.2.1)

I
N
I /)
N

Figure 3.2.1 4-t-butyl N-methyl imidazole (Im’H)

and phenyl, though triethylammonium salts were still present in small amounts even after filtration
through a fine, fritted glass filter. Using sodium hydride to deprotonate the trifluoroethanol was
effective, and the sodium salts produced in reaction with the dichlorophosphine were readily
removed by filtration. It was believed that we could safely store the sodium trifluoroethoxide,
however when drying approximately 30 grams in a vacuum desiccator, a small fire and explosion
was noted destroying the product. Thankfully, while it cannot be stored long term it can be isolated

and weighed so long as it is used shortly after synthesis.

Incorporation of the trifluoromethyl groups using Ruppert-Prakash reagent proceeded well,
though purification became an issue. The final components of the reaction mixture were the
product bis(trifluoromethyl)phosphine, trifluoroethoxy containing silanes, and cesium salts.
Removal of the cesium salts was readily accomplished using filtration, and vacuum distillation

gave the desired products (Scheme 3.2.1).
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P(CF3),
F3C-OH Me3SiCF 3

R'PC|2 — R'P(OCHchS)Z — 9
Pentane Diethyl ether r!1
| /)—P(CF3),
N
7

Scheme 3.2.1. Synthetic route to bis(trifluromethyl)phosphines

Several changes were made, and new information was found during the work on this
synthesis. One of the first was that while the synthesis itself worked relatively well, the method
used to synthesize the imidazole dichlorophosphines was not useful for the synthesis of other
dichlorophosphines such as from anisoles or phenols as discussed in chapter 4. The simplest
strategy would be to add the desired substituent through either a Grignard or lithium reagent acting
on PCl3, giving a mixture of the mono-, di-, and trisubstituted phosphine followed by purification.
Hence, bis(dimethylamino)chlorophosphine was used to prevent more than one substitution on the
phosphine. The dimethylamino groups could then be substituted for chlorides using PCl3 or HCI

allowing for trifluoroethoxy substitution.

In the course of developing the synthetic strategy, several issues arose that required
modification as well as revealing issues with the strategy in general. Synthesis of the unsubstituted
imidazolyl phosphines was only achieved in a much lower yield (Scheme 3.2.2). The final product
was seen by NMR spectroscopy, but in very low yield that was not able to be isolated in pure form

using this strategy.
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Ho—© CsF
/ / TMSCF,

N N N

E/)—PCIZ —> | )—P(OPh), ~—> E/)—P(CF3)2
N NEt, N THF N
Pyridine 11 12

Scheme 3.2.2 Synthesis of bis(trifluoromethyl) N-methyl imidazolyl phosphine

One change made led to both a beneficial advancement and a good reason to move away
from imidazoles as the pendant base containing substituent. Literature investigation into a way to
more precisely control formation of the dichlorophosphines showed that dialkyl amino substituents
on a phosphine are resistant to nucleophilic substitution. They are also readily removed by

treatment with either protic acid or PCl3 to give the dichlorophosphines. (Scheme 3.2.2).

HCI or PCl;
R-P(NMe,), —» R-PCl,

Scheme 3.2.3 Methods for substitution of a dimethylamide for a chloride on a phosphine

Using aminophosphine intermediates would allow for a more controlled and atom-economical
addition of a substituent containing a pendant group to a phosphine. Experimentally it was found
that it is possible to bypass the dichlorophosphine step altogether using acid-catalyzed removal of

the NMe; in the presence of the desired alcohol to form the phosphonite (Scheme 3.2.3).
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ROH
Acetic Acid
R=P(NMe,), —>» R=-P(OR),

Scheme 3.2.4 Formation of phosphonites directly from dimethylamino-substituted
phosphines

Surprisingly, the P-C bond of imidazolyl phosphines are also capable of acidic cleavage, even

when catalytic acetic acid is the acidic proton source (Scheme 3.2.5).

CF3CH,OH

N Acetic Acid N
| )—P(NMey), —3 P(OCH,CFy); + 'N/>
N

Scheme 3.2.5 Cleavage of P-N and P-C bonds under mild acidic conditions

3.3 Initial testing for catalytic activity

The new ligand Im’P(CF3)2 (7), combined with bis(trifluoromethyl)phenyl phosphine still
gave an excellent starting point including a control ligand without pendant base for initial studies
into the reactivity of electron-poor phosphines containing a pendant base, such as testing to
determine if they would be useable as ligands or if their electron-poor nature prevented their

coordination to metal complexes.

Initially the ligands were coordinated to [Cp RhCl,]> and [Cp‘IrCl2]> (Scheme 3.3.1) which

are known to generally give stable complexes.
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2L
[Cp*MClyl, —= 2
DCM ‘
25 °C L™

Figure 3.3.1 X-Ray diffractometry structure of Cp*IrCl2(Im’P(CF3)2)
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Figure 3.3.2 X-Ray diffractometry structure of Cp*RhCl2(Im’P(CF3)2)

Gratifyingly the ligands were capable of coordinating to the metal center and X-ray crystal
structures of the compounds were obtained (Figures 3.3.1 and 3.3.2). Before ionization of the
metal center to remove the chloride ion the complexes were air stable. After ionization they were
very reactive to air and moisture in an unknown fashion. These complexes did show evidence of
interactions with an alkene by NMR spectroscopy, though only a mixture of isomers was formed
when they were reacted. Addition of a nucleophile, both acetic acid and water were used, but gave

no reaction with the alkene.

The bis(pentafluorophenyl) derivatives could be synthesized by first making the
bromo(bispentafluorophenyl)phosphine using literature procedures®, followed by addition of the
pendant group containing substituent. The N-methyl imidazolyl compound (31) (Figure 3.3.1)

was

28



/
N
31 EN'>_P(CGF5)2

Figure 3.3.3 Compound 31

synthesized using 2-trimethylsilyl N-methyl imidazole (Scheme 3.3.2) in a previously reported

method’?.

/ /

N N
[ —sive; * BPCeF2 == [ 3 picyry,
N Et,0 N

Scheme 3.3.2 Synthesis of N-methylimidazolyl bis(pentafluorophenyl)phosphine

Addition using aryl lithium reagents gave a mixture of products, suggesting that the
pentafluorophenyl substituent is susceptible to nucleophilic substitution similar to trifluoromethyl
substituents’! or through SyAr. The route to compound 31 is relatively atom economical because

of the lower number of steps.

The vulnerability of the C2-imidazole phosphorus bond’? to acid and to oxidative addition
to a metal (Braden Silva, unpublished results), combined with some calculations performed by Dr.
Grotjahn caused a review of what pendant group containing substituent should be used in this

work, and is discussed in chapter 4.

3.4 Catalytic investigation involving high-throughput experimentation in

collaboration with the University of Pennsylvania

3.4.1 Hypothesis and design of experiments

High-throughput experimentation (HTE) has become a valuable tool in a chemist’s arsenal
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for optimization of reaction conditions and screening compounds for activity. The main benefit
of high-throughput experimentation is that many reactions can be run in parallel, then analyzed
quickly to give the desired information.  Another major benefit of high-throughput
experimentation is that the scale of a reaction is very small, with reactions run in the course of this
work requiring less than 10 mg of a ligand to run multiple reactions, and even lower amounts are
possible. The small scale and speed of reaction and analysis can save a chemist considerable time
and material during an investigation. The small amount of compound required for high-throughput
experimentation also allows for screening of a new ligand or catalyst for currently unsolved

problems or other useful and impactful chemistry with minimal effort.

The Grotjahn lab has a long-standing collaboration with the HTE facility at the University
of Pennsylvania, to which I traveled for one week to learn how to set up and run high-throughput
experiments, as well as test some of the ligands created in this work for their catalytic activity
related to addition of a hydroxyl group to an alkene. If any of the ligands showed positive or
potentially positive results, further investigations would have been performed at SDSU on a larger

scale and with continued optimization.

The substrate chosen for this testing was 10-phenyl-1-decene, (Figure 3.4.1.1). 10-Phenyl-
I-decene was chosen as it was large enough to be easily detected in the mass spectrometer after
gas chromatography, it had a UV-vis chromophore, and it also gave two potential outcomes for
reaction with a catalyst, namely potential isomerization of an alkene from its terminal position as
well as addition of a hydroxyl group to an alkene. Isomerization was not the desired outcome for
these ligands but it would inform us if there were an interaction between the catalyst and alkene.
Moreover, if the double bond moved 8 positions into conjugation with the phenyl ring, that would

be a sign of a new alkene isomerization catalyst possibly worth exploring at SDSU.
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3.4.2 Results

The two ligands screened were the bis(trifluoromethyl)phenyl phosphine and Im’P(CF3),
(Figure 3.4.2.1). These ligands, along with other commercially available ligands were mixed in a
glove box with a metal precursor in a reaction vial with a stir bar and allowed to mix for 10 min.
The relevant alkene and hydroxyl containing compound were then added in the glove box, the
reaction was heated to 100 °C and stirred for 12 h. The solutions were quenched with methanol
that contained mesitylene as a standard and analyzed by GC-MS. Twenty four reactions were run
at a time and a representative example gas chromatographic trace is shown (Figure 3.4.2.1). No
addition to the alkene was shown, the only other peak identifiable was starting material, and that

was not always present.

Given the equivocal results just discussed, and given various examples of imidazole-
phosphorus bond instability, the research was switched to synthesis and evaluation of phenolic

phosphines, in Chapter 4.
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Figure 3.4.2.1 An example of one gas chromatographic trace showing the complexity
of one reaction
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Chapter 4 Phenol- and anisole-based ligands

While imidazole was believed to be a good starting point as a pendant base containing
substituent, the difficulties that arose during the synthesis of 7 as well as the possible degradation
of the ligand during the catalytic cycle led us to choose a different source of pendant functionality.
The carbon-phosphorus bonds in imidazole species could not only be acid sensitive, but in some

cases was cleaved by the metal center in a complex (Braden Silva, unpublished results).

Calculations by Dr. Grotjahn suggested that phenylphosphines with an ortho OH or OCH3
group could enter into stronger hydrogen-bonding interactions with a OR group coordinated to

Pt(Il) (Figure 4.1)

@_P(IPF) predicted values
NP ] 2.601 A, XH---O (A),
-H 152.7° OH angle X-H-O
OH | S .

p” P

1
PhIL X é\© 2474 A, 2.439 A,
Ny 171.4° CF, 1713

Figure 4.1 More favorable hydrogen-bonding with phenols that with the NH imidazole

Moreover, we were unable to find literature precedent for the breaking of the carbon-phosphorus

bond in hydroxyl- and methoxy-substituted phosphines.

4.1 Oxidative addition of water to platinum complexes

Previous work in the Grotjahn lab has shown that bifunctional ligands containing
imidazolyl substituents are capable of activating a water molecule through oxidative addition in
platinum complexes*® (Scheme 4.1.1), though they did not catalyze the desired alkene hydration

reaction, possibly because reductive elimination of any OH and alkyl ligands on a putative
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intermediate was prevented by trans disposition of the two phosphines.

tBu tBu H  tBu
N
“ tB“ (\( ROH | | _tBu
P—Pt—P —> ST
~ N
| "tBu - N= OR =
\/N-H H tBu ~ N-H H‘N\/)

Scheme 4.1.1. Addition of hydroxyl containing molecules to a Pt center

Our hypothesis was that using phenol as a substituent would enable similar or superior
reactivity of the metal center in analogy to Fig. 4.1. Colleague Guja Gojiashvili in the Grotjahn
lab made parent compound 32 (Figure 4.1.1), however, surprisingly, the free OH interacted
strongly with the platinum, even showing Pt-H coupling in NMR spectroscopy, and possibly

preventing the desired reactions with a variety of O-H reagents.

Figure 4.1.1. Pt complex with hydrogen bonding from pendant hydroxyl group on a
phosphine ligand
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Pt coupling seen with H-O hydrogen

NN

(1B, ROH

R= CH5SO0,, H, CH5CO,

No Pt coupling seen with H-O hydrogen
1 ROH

’«Pt.:*j_H_O > é’ NN OR

R= CH3802, H, CH3CO,

Scheme 4.1.2 Investigations into alkene addition using Pt-H complexes

Calculations verified that there was some interaction between a pendant hydroxyl hydrogen

and the platinum, and so further calculations were performed in order to determine how a
substituent on the phenolic ring could be modified in order to change the electronic and steric
properties of a bifunctional ligand. Gas phase calculations were carried out by Guja on changing
the ligand tBu for other groups, and by me on substitutions on the aromatic ring of the phenolic
group, using b3lyp/SDD as the functional and basis set, respectively, with different functional
groups placed at each of the carbon atoms not bound to an oxygen or phosphorus atom to determine
what effect on the Pt-H distance modification of the electron density of the aryl ring would have.
A secondary benefit of these calculations was the determination of which compounds could be

placed ortho to the hydroxyl group on the phenol to determine if the coordination of the pendant
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hydroxyl hydrogen could be prevented through steric means. Calculations performed by the author
showed that the interaction could be weakened to a small extent by addition of an electron
withdrawing group, whereas using other electron-poor substituents on the phosphine had a greater
overall impact on the Pt-H interaction (see Fig. 4.1.4), lengthening the distance by ca. 0.1 A,
motivating the synthesis of several electron-poor phosphines in the next section. Ligands that had
steric interactions preventing synthesis of stable complexes were discovered, but overall the Pt-H
interaction was most changed by changing -PtBu, to P(CF3), rather than by changing any
substituent on the phenol ring . (Unfortunately the ligand synthesis took so much time that in the

end, testing of the resulting complexes has not yet occurred.)
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Figure 4.1.2 Calculated structure using two phenolic phosphines with an electron
withdrawing CF3 para to OH, showing bond geometry and H-Pt distance (2.175 A) of OH-
-—-Pt interaction.
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Figure 4.1.3 Calculated structure using two phenolic phosphines with an electron donating
i-Pr parato P, showing bond geometry and H-Pt distance (2.156 A) of OH--—Pt
interaction.
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Figure 4.1.4 Calculated structure using two phenolic phosphines with two electron
withdrawing CF3 on P, showing bond geometry and H-Pt distance (2.255 A) of OH----Pt
interaction.
4.2 Synthesis of monodentate electron-poor bifunctional ligands

The synthetic procedure was similar, however, which made the synthesis of new ligands

relatively straightforward (Scheme 4.2.1), giving the products in Figure 4.2.1.
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1. nBuLi

2. CIP(NMey),
R=Br —
Hexanes/Et,0

NEt,

F3C._OH
R-P(NMey), ——3»

Pentane

R'P(OCH20F3)2

Me3SiCF3
—
Diethyl ether

CsF

R'P(CF3)2

Scheme 4.2.1. Synthetic route to bis(trifluoromethyl) aryl phosphines before demethylation

FsC

23

Figure 4.2.1. Mono-and bidentate ligands synthesized

FsC

FsC

O_

@‘P(CFs)z

Scheme 4.2.2. Demethylation of anisoles using BBr3

with BBr3

20
OH

P(CF3),

24

BBry; H,0
— —
Et,0 25°C
25 °C

O-H

P(CF3),

30

The main difference would be that the hydroxyl group on the phenol needed to be protected in
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some fashion in order to not interfere with synthesis. This was not seen as a major downside, as
the methoxy group would still be able to function in a pendant fashion allowing for its additional
use as a potential ligand. Demethylation using BBr; was also a relatively straightforward and
effective method of obtaining the phenolic ligand (Scheme 4.2.2). From Chapter 3, the discovery
that trifluoroethanol and acetic acid form the phosphonate from the amino phosphine would
simplify the overall procedure and allowing one to avoid a complicated and very air- and moisture-
sensitive reaction and purification. Once the phosphonite was formed, addition of the Ruppert-
Prakash reagent gave the desired bis(trifluoromethyl)phosphine in good overall yield.
Demethylation was accomplished at 25 °C, and purification was simplified as the
bis(trifluoromethyl)phosphines are very difficult to protonate, even with a strong acid such as HBr
that is formed during the demethylation and work up. Yields were very low during the first text
experiments, and this is believed to be in part due to the slight solubility of the phosphine due to

the trifluoromethyl substituents and the hydroxyl group.

Purification was also greatly simplified using anisole-based substituents. The main side
product from the synthesis of the phosphonite is any of the starting lithiated anisole that was
protonated by advantageous water. These anisoles have much lower boiling points than
phosphonites and can be readily removed through low pressure distillation, while the phosphonite

can be readily distilled using vacuum distillation.

Ligands containing methoxy groups also gave us another option as a pendant acceptor of a
hydrogen bond. Functionally this gave us two ligands with only one additional step needed to

make the second ligand.

Ligands such as those shown in Figure 4.2.1 should promote the conversion of an aryl
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halide to an ester when using carbon monoxide, alcohol, and a base through several possible
effects. A pendant substituent should be capable of hydrogen bonding to an incoming alkoxide,
favoring approach to the acyl carbon, or would accept a hydrogen bond from the alcohol,
increasing its nucleophilicity; either possibility would increase the rate of reaction at the acyl

group, as shown in Figure 4.2.2.

O
O

@) OR
& N © \ H
IH o
@) \
H,CH;

Figure 4.2.2. Two possible ways a pendant group could increase rate of acyl attack

An additional benefit of using phenyl rings that have varied substituents is that we can tune
the properties of both the pendant substituent and the phosphorus atom that is bound to the metal
by changing the position or identity of additional groups on the aromatic ring. In this way we can
cause a pendant hydroxyl group to be more or less acidic, or cause the phosphine to bind more or

less strongly (Figure 4.2.3)
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OH
P(CF
(CFal (:F\O,—Qié—P(CFg)2
CF;
More strongly impacts More strongly impacts properties of phosphine ligand
pKa of pendant hydroxyl

Figure 4.2.3. Impact of aryl substituents on properties of ligands We  chose to  explore
carbonylative cross-coupling of aryl halides if alkene addition chemistry was not realized for

electron-poor ligands; a brief review of carbonylation comes in the next section.

4.2: Addition of carbon monoxide and either Hz, H,O, or ROH

The following section briefly introduces processes that reaction CO and either hydrogen,
water, or alcohols with either alkenes / alkynes or aryl halides such as alkoxycarbonylation, Reppe
carbonylation, hydroformylation, the Monsanto and Cativa processes, the Lucite-Alpha process,
oxidative carbonylation, and hydrocarboxylation and hydroesterification. The different processes
all differ in their uses, reaction conditions, and reagents involved, the currently accepted

mechanisms are shown below (Schemes 4.2.1 and 4.2.2).
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Scheme 4.2.1. General mechanism for carbonylative cross-coupling of aryl halides
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Scheme 4.2.2. General mechanism for alkoxycarbonylation of an alkene

4.2.1 Hydroformylation/Reduction

Hydroformylation of an alkene to form an aldehyde or ketone was first discovered in the
1930’s” and is used extensively in industry’®. Transforming an aldehyde to the corresponding
alcohol using molecular hydrogen is a common strategy. Other methods that combine the two
steps using one catalyst have been developed”””’. Internal alkenes have also been effectively
transformed into the corresponding alcohols by utilizing the ability of a metal catalyst to isomerize
alkenes’®, though this method gives both the primary and secondary alcohol and is limited in the
functional groups the alkene can contain. Hydroformylation and reduction to the alcohol is

effective, but reaction conditions that are not amenable to functionalized alkenes due to the
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reduction step limits its usefulness.

4.2.2 Hydroesterification/Alkoxycarbonylation

Alkoxycarbonylation has also been in use since its initial discovery in 19387° by Reppe at
BASF. The initial work involved considerable pressure (700-900 atm) of carbon monoxide and
elevated temperatures (approximately 300 °C) and toxic Ni(CO)4 as the metal precursor but was a
useful organic synthesis for the formation of esters. The first major improvement to the reaction
using palladium was reported in 1968%° and lowered the pressure to only 300 atm and the
temperature to 60-100 °C. The alkoxycarbonylation of alkynes has also been improved with the

reaction taking place at 45 °C and only 60 atm®! using a bifunctional ligand, 2-PyridylPPh..

4.2.3 Alcohol carbonylation

Addition of carbon monoxide to an alcohol has also been developed, with several processes
having been developed to do so. Two currently used related methods are the Monsanto process
first developed in 1968%% which uses a rhodium iodide based catalyst and the Cativa process®’
which is similar enough to the Monsanto process that it can be performed in the same plant. While

the production of acetic acid is a form of carbonylation, it is not a focus of this work.

4.2.4 Lucite Alpha process

The Lucite Alpha process®* is a two-step process used primarily for the production of
methyl methacrylate. The first step, a palladium-catalyzed carbonylation of an alkene in the
presence of methanol in order to form methyl propionate, is of relevance to this work and is
followed by reaction with formaldehyde in the presence of cesium oxide to form methyl

methacrylate and water.

4.2.5 Oxidative carbonylation

45



Oxidative carbonylation has considerable use in the production of dimethyl oxalate®’.
Oxidative carbonylation uses two different catalysts in industry depending on the substrate to be
carbonylated. Methanol is reacted with carbon monoxide and an oxidant to form dimethyl
carbonate and dimethyl oxalate using a copper catalyst, while the oxidative carbonylation of

alkenes uses a palladium catalyst.

4.2.6 Addition of a new functional group using carbonylative cross-coupling of aryl

halides

Carbonylative cross-coupling of aryl halides is also of value as functionalization of
aromatic rings through the addition of a carbonyl group is useful synthetically. Previous work in
this area has shown reaction conditions that require either increased pressure, elevated temperature
or extended time. Investigations by other groups have focused on milder conditions for this
reaction as well as increased yields. There is still room for improvement however, and electron-
poor bifunctional ligands have yet to be widely investigated in this manner.

4.3 Electron-poor bifunctional ligands and their use in carbonylative cross-coupling
of aryl halides

Bifunctional ligands such as those in Figure 4.3.1 have been used in carbonylative cross-
coupling reactions®® to good effect, giving up to 95% vyield of a methyl ester from 4-
iodomethylbenzene®’. This high yield did require elevated temperatures (80 °C), elevated pressure

(up to two Atm CO), and extended reaction times (6-8 h).
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4.3.1. Structure of 1,2-bis(di-zert-butylphisphinomethyl)benzene, a ligand commonly used
in carbonylation reactions

Using a bifunctional ligand in carbonylation chemistry also provides additional options
during the catalytic cycle to help stabilize or even regenerate®® the active palladium-hydride
species when Pd(0) is formed, as the protonated ligand can oxidatively add to Pd(0) to form the
Pd-H species, the resting state of the catalyst. Protonation of the ligand can occur either by

reductive elimination from the Pd-H species (Scheme 4.3.1) or by reaction with a protic solvent®’.

The use of electron-poor ligands other than phosphites or phosphonates has yet to be
discussed in the literature. Our hypothesis was that combining the known effectiveness of
bifunctional ligands and electron-poor ligands in carbonylation reactions could improve the
reactivity of a metal complex and allow for milder reaction conditions in a carbonylation reaction.

4.3.1. Preliminary results of carbonylative cross coupling using electron-poor
bifunctional ligands

Preliminary results showed promise. Conversion was seen to a greater amount than a
control experiment with only palladium metal precursor present and no ligand. A black precipitate,
which is believed to be Pd(0) or Pd(CO),, common degradation products of a catalyst in
carbonylation reactions was seen almost immediately. One method to increase the stability of the

catalyst and prevent formation of Pd(CO), was to synthesize a bidentate electron-poor bifunctional
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ligand. Ferrocene was chosen as the backbone of the ligand due to the wide bite angle of ferrocene

and wider bite angles increasing the rate of reductive elimination.

A similar strategy to the synthesis of the monodentate phosphines was utilized, with some

changes to accommodate the backbone (Scheme 4.3.1).
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F:e — F.e
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F.e -
Ciy—P(CsFs)cl  ERO
O_
e |
Et,0
i F
9%
\O 4 Fle
P
F 5 O

&S—P(\Vey), PCl,

&S —P(CI(NMey))

— Fie
é—P(Cl(NMeZ))
+ CeF5sMgBr

Et,O

& —P(NMe,)(CeFs)

[ |
(0]
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Scheme 4.3.1. Synthesis of bidentate electron-poor bifunctional phosphines with a

ferrocene backbone
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4.4 Initial results from carbonylative cross-coupling using electron-poor ligands

Experiments were performed at room temperature at 1 Atm of pressure. Each run was
setup in the same fashion. The ligand to be investigated, (CH3CN)PdCl,, degassed methanol that
had been dried over 3 A molecular sieves for 24 hours, 4-iodotoluene and a stir bar were added to
a 500 mL Schlenk flask inside of a glove box. The flask was then purged with carbon monoxide
gas for 5 minutes to replace the nitrogen. Triethylamine was added and after 20 min of reaction
time an aliquot was taken and the conversion was determined by comparing the integration of the
aromatic proton signals in the '"H NMR spectrum of the starting material, 4-iodotoluene, with the
aromatic proton signals of methyl para-toluate. Conversion percentages are shown below in Table

4.4.1.
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Table 4.4.1 Initial results from carbonylative cross-coupling experiments

Results were above the control conversion percentage (10%) for anisole containing
phosphines. Conversion was still low for most, however optimization had yet to be performed to
determine the best conditions for the reaction. The full range of phenols from this work have not
yet been made and tested. Co-solvents have yet to be explored, as well as the concentration of the

ligand and catalyst.

One other concern that arose is that the reactions with highest conversion rate also showed
several other products containing aromatic peaks. It is possible the starting material is reacting to
give unknown side products, though the other products were not identified as yet. Further

investigations are needed once optimization of the reaction conditions has been completed.



Other carbonylation reactions that were previously discussed in Chapter 4.2 like the
Monsanto or Cativa process require harsher conditions. Carbonylative cross-couplings in
particular can give yields up to 95%"’, but require elevated pressures (up to two Atm), elevated
temperatures (80 °C) and longer reaction times (6-8 h). The conditions used in these experiments
are considerably milder, and much more amenable to use on a laboratory scale or with more

sensitive substrates.
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Chapter 5

Coordinating-ion-spray mass spectroscopy as a method for the analysis of poorly
ionizable or highly air- and acid-sensitive phosphines

5.1 CIS-MS spectroscopy as an analytical method
5.1.1 Original development, usage, and transition away from elemental analysis
5.1.1.1 Development and usage

Coordinating-ion-spray mass spectroscopy (CIS-MS) was developed to more reliably and
accurately detect organic molecules that were less capable of being ionized or gave very poor
sensitivity”®. The first reports of this techniques use were with fatty acids®' or peroxides that
showed potential biological activity??> but were difficult to detect, because when ionized using
other methods they would decompose, preventing detection of the molecular ion. The use of CIS-
MS has become more widespread since its development, being used recently for the detection of
performance-enhancing drugs in professional sports®®, and pesticides’, both using Ag" ion.
Addition of an ion in combination with fast atom bombardment has also been reported®”, though

none of these cases have been used with air- and moisture-sensitive phosphines.

5.1.1.2 Transitions away from elemental analysis

Elemental analysis has historically been used as a measure of the purity of a compound,

though recently discussions have arisen’®°’

about its use. One of the main points of discussion is
that results generally come as percentage values, with no discussion of the test environment,
techniques, or access to raw data to examine. Ifa compound fails elemental analysis, the scientist
is left wondering whether the sample was impure or if there was an issue that arose during testing.
Smaller institutions that do not have an in-house or nearby facility are left to ship their compounds.

If the compound had to be shipped, then the question of the sample surviving shipping arises. The

cost associated with shipping and testing is also an issue, with no control or explanation as to why
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a compound failed the analysis the scientist is left to continue sending samples for testing until the
correct values are obtained which can become burdensome. Purchasing and maintaining an
analyzer for in-house analyses can also be difficult for smaller institutions. Despite the above
considerations, elemental analysis of new compounds is still a requirement for publication of new

compounds in some scientific journals, though not all®®.

Usage of elemental analysis is also of concern to chemists working with extremely
sensitive compounds such as air- and/or moisture-sensitive organometallic compounds with metal-
carbon bonds or phosphines. The company providing the analysis may not have the proper
equipment or training to properly handle compounds of this type and considerable effort, time, and
money can be spent attempting to obtain an elemental analysis through a method not under the
reporting chemist’s control. The ACS journals Organometallics and Journal of Organic
Chemistry do allow use of NMR spectroscopy to demonstrate >95% purity along with high-
resolution mass spectrometry (HRMS) taking the place of elemental analysis on a case by case

basis”.

5.2 Use of CIS-MS for analysis of compounds synthesized in this work
5.2.1 High-resolution mass spectrometry without the use of a coordinating ion

With the reactivity of many of the intermediates synthesized in this work, we felt that
elemental analyses would be difficult if not impossible to obtain. We chose to use HRMS and
NMR to verify the identity and purity of our target molecules. The initial attempt to analyze 1,1°-
bis(dimethylamino pentafluorophenyl phosphino)ferrocene unfortunately showed no peaks
consistent with either the product m/z for Co6HaoF10FeN2P> (calculated = 668.0291) or identifiable

fragments (Figure 5.2.1).
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Figure 5.2.2.1 1,1’-bis(dimethylamino pentafluorophenyl phosphino)ferrocene
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Figure 5.2.1 Mass spectrum of 1,1’-bis(dimethylamino pentafluorophenyl
phosphino)ferrocene without Ag* ion
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Compounds containing dimethylamino substituents or trifluoroethyl phosphonites gave
similar results. The ionization source, in this case acetic acid in acetonitrile, was believed to either
react with the dimethylamino moiety, or in the case of the phosphonite and phosphine to not be
acidic enough to protonate the molecule so that it could be detected. Gratifyingly, addition of Ag”
ions to 1,1°-bis(dimethylamino pentafluorophenyl phosphino)ferrocene in the form of AgPFs or
AgNO3 did give us the relevant M+Ag peak in the spectrum with the corresponding isotopic

pattern of Ag" (Figure 5.2.2) m/z for C26Ha0F10FeN2P2Ag (calculated = 774.93424, experimental
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Figure 5.2.2 Mass spectrum of 1,1’-bis(dimethylamino pentafluorophenyl
phosphino)ferrocene with Ag+ ion added

The phenyl bis(trifluoromethyl) phosphine spectra only gave us a peak corresponding to
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Ag+CH3CN, with no molecular ion present (Figure 5.2.3). We hypothesized that the phosphine
was too electron-poor to coordinate to the Ag" in the presence of CH3CN and therefore a softer

Lewis acid was
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Figure 5.2.3 Phenylbis(trifluoromethyl)phosphine with AgNO3 addition

required to coordinate the phosphine. We first tested phenylbis(trifluoromethyl)phosphine with
Me>SAuCl as our Lewis acid source which gratifyingly gave us the relevant peak of M+AuCH3;CN
in the spectrum CsHsFsPAuCH3CN m/z (calculated = 483.9964, experimental 483.9967) (Figure

5.2.3).
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Figure 5.2.4 Phenylbis(trifluoromethyl)phosphine
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Figure 5.2.5 Mass spectrum of phenylbis(trifluoromethyl)phosphine (CsHsFsPAuCH3CN)
with addition of Me2SAuCl

The photosensitivity of the Me>SAuCl and the complex produced on coordination of the
ligand was shown by the production of an elemental gold mirror on the sample vial after
approximately 2 h, leading us to examine the solvent used in sample preparation. When using
acetonitrile as the solvent for the phosphine and the gold complex, approximately 20 min are
needed before the appearance of L+AuCH3CN in the spectrum. We hypothesized that this was
because the acetonitrile was competing with the binding of the ligand to the gold, and so to avoid

this delay in preparation of the sample the coordination chemistry was performed in THF as it
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binds less strongly to metal centers. Immediately after mixing the ligand and Me>SAuCl the
solution was injected into the spectrometer, the expected M+AuCH3CN peak was seen. The speed
at which the ligand binds to gold in THF allowed us to make a sample of appropriate concentration
in THF and then separately make a solution of Me>SAuCl in THF when the spectrometer was
available for use and then mix directly before injection. Sample preparation in this manner avoided
photochemical decomposition of the gold complex and streamlined sample preparation.
Coordination of CH3CN still occurs inside the spectrometer during analysis as the carrier solvent

is CH3CN, but once bound the ligand is not noticeably displaced by the acetonitrile.

Chapter five, in part contains work that is currently being prepared for submission for
publication of the material. Sattler, Daniel J., Elliott, Gregory, Grotjahn, Douglas B. The

dissertation author was the primary investigator and author of the material.
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Chapter 6. Future directions

Future directions include finishing syntheses of phenolic phosphines from their anisole
precursors, optimization of the carbonylative cross coupling reaction, as well as further testing of
the electron-poor phenolic ligands with precursors of platinum and other metals, such as nickel, to

determine if they are capable of catalyzing the addition of hydroxyl groups to an alkene.
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Experimental

Critical safety note: If using sodium trifluoroethoxide salt for addition of trifluoroethoxide to a
chlorophosphine, do not fully dry the salt. A simple filtration, followed by transfer of the wet salt
to the reaction flask is sufficient. Fully drying the salt under vacuum can cause violent
decomposition.

NMR spectra were obtained on either a Varian 400 MHz or Varian 500MHz NMR spectrometer.
Tetrakis(trimethylsilyl)methane was used as an internal standard for 'H and '*C spectra, with the
lock solvent being used for the '°F and *'P spectra. QTOF-MS was obtained on an Agilent
Technologies 6530 Accurate Mass Q-TOF LC/MC. Samples were either run through an Agilent
1200 HPLC coupled to the mass spectrometer or directly infused, with the technician deciding
which was appropriate. The addition of Ag" as an ionizing agent for some compounds that utilized
Coordination Ion Spray Mass Spectrometry (CSI-MS) with Ag" as a counterion was accomplished
with the addition of a 1 mg/1 mL acetonitrile solution of AgPF¢ or AgNOs to the dissolved
compound. Spectrometry (CSI-MS) with Au” was accomplished by the addition of a 1 mg/1 mL
solution of (Me>S)AuCl in THF to a THF solution of the analyte. [(COE),RhCl]> was synthesized
according to literature procedures’.

Compound 1: Diisopropyl(difluromethyl)phosphonate was synthesized according to literature
procedures.
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Synthesis of 2: Diisopropyl (difluoromethyl)phosphonate (1) (2.699 g, 12.5 mmol) and THF (120
mL) were added to a Schlenk flask, which was cooled to -78 °C. Tert-butyl lithium (6.8 mL, 1.9
M/L in pentane) was added dropwise over 5 min, and the reaction was stirred for 1 h.
Chlorodiphenylphosphine (2.756 g, 12.5 mmol) was added dropwise, and the reaction was allowed
to warm to ambient temperature over 4 h. The volatiles were then removed under vacuum. The
residue was dissolved in DCM (25 mL) and washed with water (3 x 50 mL). The organic layer
was collected and the volatiles removed under vacuum to give 3.333 g (66%) of the crude product
as a clear colorless oil. This was used without further purification.

3IP(H) (CDCls): § 26.1 (p, Jer 26.3). °F (CDCl3) § -109.0 (dd, Jp-r 70, 95). 'H (CDCls): 7.70 (t,
Jun 8, 4H), 7.40 (m, 6H), 4.75 (h, Ju.u 6, 2H), 1.25 (dd, Jp-u 22, Jun 6, 12H).

Synthesis of 3: 2 (1.00 g, 2.5 mmol), acetonitrile (0.50 mL), and LiBr (0.217 g, 2.5 mmol) were
added to a scintillation vial equipped with a stir bar. The reaction was heated at 70 °C for 18 h,
removed from the heat and shaken, and then heated for another 18 h. The mixture was then cooled
to room temperature, filtered, and the precipitate was washed with acetonitrile (1 x 5 mL), DCM
(1 x 5 mL), and diethyl ether (1 x 5 mL). The white powder was then dried overnight under
vacuum giving 0.910 g (58%) of an off white solid.

3IP(TH) (MeOD): § 3.2 (td, Jp-r 82), 1.1 (q, Jp-r = Jr-p 60). 'H (MeOD): § 7.65 (td, Ju.n 7.5, 2, 4H),
7.45-7.35 (m, 6H), 4.52 (h, Juu1 6, 1H), 1.12 (d, Jun 6, 6H). *C('H) (MeOD): § 135.0 (d, Je-c 20),
132.8 (dtd, 'Jp.c 13.2, *Jp.r 4.5, Jp.c 2.2, assigned to ipso carbon of Ph), 128.9 (s), 127.6 (d, Jrc
7.6),69.8 (dd, Jp.c 6.8, 6.4),23.5 (d, Jp.c 4.1); signal for CF> carbon is expected to be a dtd, and
some of the signal resonances are seen but others are obscured by much more intense signals.
Negative ion mode QTOF-MS m/z for C16H17F203P2: Calculated 357.06211; Obtained 357.0675.

Synthesis of 4: Ligand 3 (0.100 g, 0.274 mmol) was added to a scintillation vial equipped with a
stir bar. [IrCp*Cl2]2 (0.1093 g, 0.137 mmol) was then added, and CH>Cl> (1.3 mL) was added.
The reaction was stirred overnight, and the solvent was removed to give 0.098 g of 3 as a light
yellow solid (95% yield). X-ray quality crystals were grown by the slow evaporation of CH2Cl>
from a saturated solution of 3. 3'P ("H) (CDCl3): & 19.6 (td, Jp-p 92, Jor 44, 54), 11.5 (dt, Jp-p 92,
Jer 74). BC('H) (CDCl3): § 136.2 (d, Jp-c 11.0), 134.3 (d, Je.c 10.0), 132.3, 131.9, 128.6 (d, Jr-c
11.3), 128.5 (sl br d, Jp.c 11.0), 127.5 (d, Jp-c 58.4), 121.2 (d, Jp-c 53.3), 118.8 (dddd, Jr.c 316.6,
297.3, Jp-c 184.0, 21.0), 93.1 (d, Jp-c 2.8), 73.23 (d, Jp.c 5.7), 73.18 (d, Jp-c 5.7), 24.4 (d, Jpc 3.0),
24.0 (d, Je-c 5.0), 8.6. '"H (CDCl3) 7.75 (t, 11.3 2H), 7.6 (t, 9.2 1H), 7.5 (t, 6.0 1.5H), 7.4 (s, 2H),
4.7 (h, 4.9, 1H), 1.5 (s, 15H), 1.3 (d, Ju-u 5.6, 6H).

Synthesis of 5: Compound 5 was synthesized following literature procedures.

Synthesis of 6: To compound 5 (5.9575 g, 32.5 mmol) was added tetrahydrofuran (50 mL) and
the resulting solution was cooled to -40 °C, and triethylamine (6.9185 g, 68.3 mmol) was added
dropwise. To this was then added 2,2,2-trifluoroethanol (6.8399 g 68.3 mmol). The reaction was
stirred at -40 °C for 1 h, then allowed to warm to room temperature overnight. The volatiles were
removed under vacuum. Hexanes (200 mL) were then added, and the slurry stirred for 10 min.
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This was then filtered through a fine glass frit, washed with hexane (1 x 50 mL), and the volatiles
were removed under vacuum to give 6 (8.0324 g) in 67% yield as a clear light yellow oil.

31p ('H) (CsDg): & 155.5(broad s). '9F (CDs): & -75.3 (td, Jo.r 4.7, Jivr 8.7). 'H (CeDe): 8 6.09(s,
1H), 4.10-3.78 (m, 4H), 3.05 (s, 3H), 1.34(s, 9H). '*C('"H) (CsDs):

Synthesis of 7: Compound 6 (8.0324 g, 21.9 mmol) was added to a 300 mL pressure vessel with
stir bar. To this was added hexanes (100 mL) and trimethyltrifluoromethylsilane (9.7184 g, 68.3
mmol). Cesium fluoride (1.2359 g, 8.1 mmol) was then added, and the reaction was stirred
overnight. The volatiles were removed by bulb to bulb distillation under static vacuum. The oily
liquid remaining was then distilled under reduced pressure (xxxx torr) and the fraction collected
at xxxx °C was 7, a clear, light yellow oil, (xxxx g xxxx mmol) in xxx % yield.

3P ("H) (CDCls): § -24.6 (h, Jer 87.3). 1°F (CDCl3): & -53.7(d, Jer 87.3). '"H (CDCl5): & 7.70 (t,
Jun 8, 4H), 7.40 (m, 6H), 4.75 (h, Junu 6, 2H), 1.25 (dd, Je-u 22, Juu 6, 12H).

Synthesis of 8: Dichlorophenylphosphine (Fisher, used as received; 3.00 g 16.7 mmol) was added
to a Schlenk flask with stir bar. Hexane (30 mL) was added, and the solution was cooled to 0 °C.
Triethylamine (5.14 mL, 36.8 mmol) was added. Trifluoroethanol (2.57 mL, ,35.2 mmol) was
added dropwise, and the reaction was allowed to warm to room temperature overnight. The
mixture was then filtered through a fine glass fritted funnel. The organic layer was washed with
Na>COs (1 M/L x 20 mL), then H>O (2 x 30 mL). The organic layer was collected, dried with
NaxSOs, the NaSO4 was removed and the volatiles were removed under vacuum to give 9 (4.6170
g, 15.1 mmol) in 87 % yield as a clear oil.

3P ('H) (CDCl): § 166.7 (h, Jer 3.7). 'F (CDCls): & -75.3(td, Je-r 3.7, Jur 8.8). 'H (CDCl3): &
7.65-7.60 (m, 2H), 7.52(m, 2H), 7,50, (m, 1H), 4.27-4.00 (m, 4H). *C ("H) (CDCl5): & 137.9, (d
Jr.c 19.8),131.4, (s) 129.8, (d, Jp-c 20.8), 129.0,(d, Jpc 5.4), 123.7, (qd, Jc-r277.5, Jp-c 6.1) 63.98,
(qd Jcr36.1, Jpc9.2)

QTOF-MS m/z for C1oHoFsO2PAg: Calculated 412.9295; Obtained 412.9301
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Synthesis of 9: 8 (20.0 g, 65.0 mmol) was added to a Schlenk flask with stir bar. To this was
added diethyl ether (200 mL) and trimethyltrifluoromethylsilane (19.5238 g, 137.2 mmol).
Cesium fluoride (2.4812 g, 16.3 mmol) was then added, and the reaction was stirred for 12 h. The
reaction mixture was then filtered through a fine glass fritted funnel, the volatiles were removed
under vacuum. The oily liquid remaining was then distilled under reduced pressure (0.5 torr) and
the fraction collected at 87-90 °C was a clear colorless liquid (4.3980 g, 17.8 mmol) in 27% yield.
The carbon spectrum displayed complex 2™ order coupling beyond the initial C-F one bond
coupling for the trifluoromethyl carbon peak, and further coupling constants were unable to be
determined.* 3'P("H) (CDCls): 8 0.0 (h, Jp_r 79.7). '°F (CDCl3): & -53.9 (d, Jp.r 79.7). '"H (CDCl3):
§ 7.88-7.80 (m, 2H), 7.67-7.61 (m, 1H), 7.56-7.49 (m, 2H). °P ("H) (CDCls): § 136.0 (d, Jc-r 29.0),
133.3, (d, Jc-p 1.5), 129.4 (d, Jc-p 10), 128.3* (qm, Jc-r 319.7), 121.3, (dhept, Jc-p 10.3, Jcr 2.5).

QTOF-MS m/z for C1oHgsFsNPAu: Calculated 483.9964; Obtained 483.9950

121.3
Key HMBC Correlations / 129 .4
7.86: 133.3,129.8,129.4 1212 7.65 _~CFs
7.65: 136.0, 129.8 1333 P\
7.54: 136.0.133.3, 121.3 CF,
754 5 gg
129.8  136.0

Synthesis of 10: N-methyl imidazole (2.000 g, 24.3 mmol, obtained from Fisher, degassed and
stored over 4 A molecular sieves) was added to a Schlenk flask with stir bar. To this was added
tetrahydrofuran (25 mL). This solution was cooled to 0 °C, and n-butyl lithium (9.9 mL, 2.5 M/L)
was added dropwise over 10 min. This was stirred for 30 min at 0 °C.
Bis(dimethylamino)chlorophosphine (3.238 g, 20.8 mmol) was dissolved in THF (3 mL), and was
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then added dropwise to the reaction mixture. This was allowed to warm to room temperature over
2 h, and then water (1.0 mL) was added to quench the reaction. Volatiles were removed under
vacuum, the crude product was redissolved in dichloromethane (20 mL) and washed with NaHCO3
(1 x 30 mL) and water (2 x 30 mL). The organic layer was collected, dried with Na>SOs, the
Na>SO4 was removed and the volatiles were removed under vacuum to give 11 (2.3965 g) in 57
% crude yield.

3IP('H) (CeDs): & 78.1 (s). 'H (CsDe): & 7.25 (d, Jun 1.8, 1H), 6.52 (d, 1.8, 1H), 3.10 (s, 3H), 3.25
2.78 (d, Jp-u 9.4,12H). BCUH): § 149.1, (s), 129.3 (s), 122.5 (s), 41.7, (P-N-CH3, d, Jp-c 16.1), 32.9,
(Nm-CHs d, Jpc 10.1).

QTOF-MS m/z for 2M+Ag Ci6H34NgP2Ag: Calculated 507.14326; Obtained 507.14331

Synthesis of 11: Compound 11 was synthesized according to literature procedures’, and was not
fully purified. N-Methylimidazole (2.0027 g, 24.3 mmol, degassed and stored over 4 A molecular
sieves), triethylamine (5.09 mL, 36.5 mmol), and tetrahydrofuran were added to a Schlenk flask
with stir bar. The solution was cooled to 0 °C, and trichlorophosphine (2.13 mL, 24.3 mmol) was
added dropwise. The reaction was allowed to warm to room temperature overnight with stirring.
Triethylamine (20.37 mL, 97.4 mmol) was added and the mixture was again cooled to 0 °C. Phenol
(9.1702, g 97.4 mmol) was dissolved in tetrahydrofuran (30 mL) and added dropwise via syringe
to the reaction mixture. This was then allowed to warm to room temperature overnight with
stirring. The mixture was filtered through a fine fritt. The filter cake was washed with hexanes
(50 mL), and the solution was allowed to sit overnight. Solvents and other volatiles were removed
in vacuo. Diethyl ether (150 mL) and hexanes (150 mL) were added to the crude oily product, and
to this was added 0.1 M/L KOH solution (600 mL). This was vigorously stirred overnight, and
then separated. The aqueous layer was washed with ether (3 x 100mL) and this was combined
with the original organic layer. The combined organic layer was washed with water (3 x 100 mL),
dried with Na2SOa4. The NaxSO4 was removed, and the volatiles were removed in vacuo.

31p ('H) (CDCls): & 144.4 (s), 'H (CDCLy): & 7.14-7.01, (m, 8H), 3.85, (s, 3H). '*C ("H) (CDCls):
5 149.1, (s), 129.3 (s), 122.5 (s) 41.7, (P-N-CHs, d, Jo.c 16.1), 32.9, (Nim-CH3 d, Jo.c 10.1)

QTOF-MS m/z for 2M+Au C32H30N404P2Au: Calculated: 793.1408, obtained: 793.1354

Synthesis of 12: Compound 11 (1.9987 g, 6.7 mmol) was added to a Schlenk flask with a stir bar.
Tetrahydrofuran (30 mL) was added, followed by trimethyltri(fluoromethyl)silane (3.0 mL, 20.3
mmol). Cesium fluoride (1.0034 g 6.7 mmol) was then added, and the reaction was stirred
overnight. The reaction was then filtered through a fine glass fritted funnel and the volatiles
removed under vacuum.

3IP('H) (CDCls): & -25.6 (h, Jpr 87.7). 1F (CDCls): 8 -53.5, (d, Jpr 87.7) & 'H (CDCls): §7.14-
7.01, (m, 8H), 3.85, (s, 3H), 2.31, (s, 3H) 3C ("H) (CDCls): 5 149.1, (s), 129.3 (s), 122.5 (s) 41.7,
(P-N-CHs, d, Jp-c 16.1), 32.9, (Nin-CH3 d, Jp.c 10.1)
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QTOF-MS m/z for M+AuCH3CN: CsHgFsN3PAu: Calculated 488.00255; Obtained 514.00127

Compound 6
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3Ip('H) NMR spectrum of compound 6
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'"H NMR spectrum of compound 6
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'"H NMR spectrum of compound 7
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Compound 9

121.3
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Compound 10
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Compound 12
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Chapter 4 Appendices

Synthesis of 13: 5.00 g of 2-bromoanisole was added to a Schlenk flask with stir bar. 50 mL of
pentane was added, followed by 11.1 mL of nBuLi (2.5 M/L). The mixture was stirred for 4 hours,
then filtered through a fine frit. The white precipitate was transferred to a new Schlenk flask with
stir bar, and diethyl ether (50 mL) was added. Chloro bis(dimethylamino)phosphine (3.9997 g
25.8 mmol) was added dropwise, and the reaction was stirred for 2 hours. Hexanes (100 mL) were
added, and the solution was washed with water (3 x 50mL), dried with Na2S0O4, and the volatiles
were removed in vacuo to give 5.0925 g (84%) of compound 13.3'"P(*H) (CeDs): 8 97.6 'H (C¢Ds):
§ 7.55-7.51 (m, 1H), 7.14-7.07 (m, 1H), 6.96-6.91 (m, 1H). 6.55-6.49 (m, 1H), '3C ("H) (Ce¢Ds): &
161.1 (d, Jcr 15), 132.6, (d, Jcp 5.7), 129.6 (d, Jcp 1.6), 129.1, 120.9, 110.6, 55.3, 41.8 (d, Jcp
18.7),

QTOF-MS m/z for C11H19N2OPAg: Calculated 333.0285; Obtained 333.0257

Synthesis of 14: 13 (5.0925 g 22.5 mmol) was added to a Schlenk flask with stir bar. Hexanes
(50 mL) were added. 2,2,2-Trifluoroethanol (13.665 g 135 mmol) was added to the mixture.
Acetic acid (1.35 g 22.5 mmol) was added, and the reaction was stirred for 12 h. After verifying
the reaction had gone to completion, K3PO4 (42.9443 g 198 mmol) was added. Diethyl ether (100
mL) and hexanes (200 mL) were added, The mixture was filtered through a fine frit, and the
filtrate was washed with water (3 x 50 mL), dried with Na>SOs, and the volatiles were removed in
vacuo to give 5.4434 g (72%) of compound 14.

3Ip('H) (CDCls): & 160.3 'H (CDCls): 8 7.61-7.56 (m, 1H), 7.49-7.43 (m, 1H), 7.08-7.02 (m, 1H),
6.95-6.89 (m, 1H) '*C ('H) (CDCL): 5 161.8 (d, Je.p 18), 133.2, 130.6 (d, Jc.p4.7), 124.8, 123.4 (qd
Jer278 Jep 7.7) 121.2, 110.7, 64.3 (qd Jcr 35.2 Jcp 9.8), 55.8,

QTOF-MS m/z for C11H11FsO3PAg: Calculated 442.9400 Obtained 442.9410

Synthesis of 15: 14 (5.4434 g 16.2 mmol) was added to a Schlenk flask with stir bar. Diethyl ether
(50 mL) was added. Trimethyl(trifluoromethyl)silane (6.907 g 48.5 mmol) was added. Cesium
fluoride (2.459 g 16.1 mmol) was added, and the reaction was stirred for 12 h. The mixture was
then filtered through a fine frit, and the filtrate was washed with water (3 x 40 mL) and dried with
NaxSOs. The crude product was distilled under reduced pressure, with the compound 15 distilling
at 85 °C at 6 Torr to give 2.7298 g (61%)

3IP('H) (CDCL): § -9.2, (h Jpr 80) 'F (CDCls): & -52.6 (d, Jp-r 78.9). 'H (CDCL): & 7.75-7.69
(m, 1H), 7.58-7.52 (m, 1H), 7.11-7.05 (m, 1H), 7.02-6.96 (m, 1H) 3C ('"H) (CDCL): & 163.7 (d,
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Jer 20), 134.7 (d, Jep 1,5), 134.6, 128.9 (qdq Jer 320 Jep24.5 Jor 6) 1219 (d Jep2) 111,5 (d,
Jer3), 110.1 (m), 56,2 (d Jep 1).

Synthesis of 16: 15 (.200 g 0.72 mmol) was added to a Schlenk flask with stir bar.
Dichloromethane (3 mL) was added. The mixture was cooled to -78 °C, and BBr3 (1.0887 g 4.3
mmol) was added. The reaction was stirred for 2 days. Water (5 mL) was added, and the mixture
stirred for 20 minutes. The mixture was placed in a separatory funnel, and the dichloromethane
layer was collected. The volatiles were removed in vacuo to give 0.0523 g (27%) 16.

3IP(*H) (CDCls): § -12.6, (h Jer 80.3) 'F (CDCls): § -52.5 (d, Jo.r 80.3). 'H (CDCl3): 8 7.74-7.65
(m, 1H), 7.48-7.40 (m, 1H), 7.08-7.02 (m, 1H), 6.93-6.86 (m, 1H), 5.86, (s, b, 1H) 3C ('H)
(CDCls):

Synthesis of 17: 2-Bromo-5-(trifluoromethyl)anisole (5.00 g 19.6 mmol) was added to a Schlenk
flask with stir bar. Hexanes (75 mL) was added. This mixture was cooled to 0 °C. nBuLi (8,15
mL 2.5 M/L) was added dropwise, and the reaction was stirred for 4 h. The mixture was filtered
through a fine frit, and the precipitate was transferred to a new Schlenk flask with stir bar. Diethyl
ether (75 mL) was added, and the mixture was cooled to 0 °C. Chloro
bis(dimethylamino)phosphine (2.5476 g 16.4 mmol) was added dropwise, and the reaction was
stirred for 12 hours. Pentane (100 mL) was added, and the solution was washed with water (3 x
50 mL), dried with Na>SQOs, and the volatiles were removed in vacuo to give 4.2761 g (73%) of
compound 17.

3IP('H) (CDCls): § 95.7 °F (CDCls): § -63.1, 'H (CDCls): & 7.48-7.44 (m, 1H), 7.24-7.20 (m, 1H),
7.05-7.00 (m, 1H), 3.89 (s, 3H), 2.69, (d Jp.u 9.7 3C ("H) (CDCls):

Synthesis of 18: 17 (4.2761 g 14.5 mmol) was added to a Schlenk flask with stir bar. Hexanes
(75 mL) was added. 2,2,2-Trifluoroethanol (5.8818 g 58.1 mmol) was added.. Acetic acid (0.8917
g 14.5 mmol) was added. The reaction mixture was stirred for 12 h. K3PO4(21.5612 g 101 mmol)
was added. Diethyl ether (100 mL) and hexanes (200 mL) were added, The mixture was filtered
through a fine frit, and the filtrate was washed with water (3 x 50 mL), dried with Na;SOs4, and the
volatiles were removed in vacuo to give 4.2951 g (74%) of compound 18.

3IpP('H) (CDCls): § 160.9, 1°F (CDCls): 8 -63.17, -75.30 (td, Je-n 8.4 Jpr 4.3). 'H (CDCls): & 7.73-
7.67 (m, 1H), 7.34-7.29 (m, 1H), 7.14-7.10 (m, 1H), 4.13 (m, 4H) 3.94 (s, 3H) '3C ('"H) (CDCls):
8 161.9 (d, Jep 17.5), 135.3 (q, Jer 33.7), 131.3 (d, Jep 4.9), 129.4 (d, Jep 26.0), 123.8 (qd Jeor
277.9 Je.p6.3), 123.7 (q, 272.7), 117.9 (q Jer 3.7), 107.7 (q Jer 3.9), 64.6 (qd Jcr36.6 Jep 12.0),
55.8,
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Synthesis of 19: 18 (4.2951 g 9.6 mmol) was added to a Schlenk flask with stir bar. Diethyl ether
(50 mL) was added. Trimethyl(trifluoromethyl)silane (4.1192 g 28.9 mmol) was added. Cesium
fluoride (1.4667 g 9.6 mmol) was added, and the reaction was stirred for 12 h. The mixture was
filtered through a fine glass frit. The filtrate was distilled, with 19 distilling at 95 °C at 5 Torr to
give 2.1521 g (64%).

SIP('H) (CDCL): § -9.7, (h Jo-r 78.6) °F (CDCL): 8 -52.1 (d, Jo.r 78.6), -63.7. 'H (CDCls): & 7.85-
7.79 (m, 1H), 7.36-7.31 (m, 1H), 7.21-7.17 (m, 1H), 3.98 (s 3H). 3C ("H) (CDCls): 5 163.8 (d, Jc-
»19.6), 136.5 (q, Jor 31.9), 135.2, 128.5 (qdq Jor 324.8 Jep 23.3 Jer 5.2), 123.3 (q Jor 275.4),
118.6 (d, Jep 3.8), 115.3 (d Jep 12.8), 56.6.

Synthesis of 20:

Synthesis of 21: 2-bromo-4(trifluoromethyl)anisole (10.0000g 39 mmol) was added to a Schlenk
flask with stir bar. Hexanes (100 mL) was added, and the reaction was cooled to 0 °C. nBuLi
(14.65 mL 2.5 M/L) was added dropwise, and the reaction was stirred for 4 hours. The mixture
filtered through a fine glass frit, and the precipitate was transferred to a new Schlenk flask with
stir bar. Diethyl ether (100 mL) was added, and the reaction was cooled to 0 °C. Chloro
bis(dimethylamino)phosphine was added dropwise, and the reaction was stirred for 2 hours.
Hexanes (100 mL) was added to the reaction mixture, and this was washed with water (3 x 100
mL), dried with Na;SOs, and the volatiles were removed in vacuo to give 8.3851 g (72%) of
compound 21.

3IP('H) (CDCls): § 93.7 °F (CDCls): § -62.5, 'H (CDCls): & 7.32-7.29 (m, 1H), 7.24-7.19 (m, 1H),
6.63-6.58 (m, 1H), 3.57 (s, 3H), 2.37, (d Jo.u9.5) '*C ('"H) (CDCLs): &

Synthesis of 22: 21 (8.3851 g 28 mmol) was added to a Schlenk flask with stir bar. Hexanes (100
mL) were added. 2,2,2-Trifluoroethanol (11.3718 g 113 mmol) was added. Acetic acid (1.68 g
28 mmol) was added, and the reaction was stirred for 12 h. K3PO4 (42.2870 g 199 mmol) was
added. Diethyl ether (200 mL) and hexanes (100 mL) were added, and the mixture was stirred for
1 h. The mixture was filtered through a fine frit, and the filtrate was washed with water (3 x 100
mL), dried with Na;SOs, and the volatiles were removed in vacuo to give 7.8259 g (67%) of
compound 22.

3IP('H) (CDCl3): § 160.8 °F (CDCl3): § -61.8, -75.4 (td, Jrn 8.1 Jpr 4.5). 'H (CDCl3): § 7.87 (s,
1H), 7.75-7.71 (m, 1H), 7.03-6.98 (m, 1H), 4.14 (m, 4H), 3.95, (s 3H). '*C ('H) (CDCl3): &
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Synthesis of 23: 22 (7.8259 g 19.4 mmol) was added to a Schlenk flask with stir bar. Diethyl
ether (100 mL) was added. Trimethyl(trifluoromethyl)silane (11.0132g 77.4 mmol) was added.
Cesium fluoride (2.9435 g 19,3 mmol) was added, and the reaction was stirred for 12 h. The
mixture was then filtered through a fine glass frit and the filtrate was washed with water (3 x 50
mL). The filtrate was distilled, with the fraction distilling at 100 °C at 5 Torr, giving 2.6339 g
(40%) of 23.

3IP('H) (CDCls): & -10.1, (h Jo.k 79.6) °F (CDCLs): 8 -52.1 (d, Jo-r 79.6), -62.1. 'H (CDCl3):
7.95 (s, 1H), 7.83-7.77 (m, 1H), 7.10-7.04 (m, 1H). 1*C (‘H) (CDCl:): 5 165.7 (d, Jc-p 18.2), 131.9
(d, Jep3.0), 131.8 (d, Jep 10.0), 128.4 (qdq Jer 320.1 Jep23.4 Jer6.1) 124.6,123.9, 111.8 (m),
111.5 (d Jcp2.5)., 56.7.

Synthesis of 24:
Synthesis of 25: 25 was synthesized using literature procedures?

Synthesis of 26: 25 (6,8419 g 16,2 mmol) was added to a Schlenk flask with stir bar.
Tetrahydrofuran (50 mL) was added. Trichlorophosphine (4.4502 g 32.4 mmol) was added
dropwise, and the mixture was stirred for 12 h. The volatiles were removed by heating the flask to
50 °C under vacuum for 6 hours to give 6.3523 g(94%) of 26.

Synthesis of 27: Magnesium turnings (0.948 g 39.5 mmol) was added to a Schlenk flask with stir
bar. Diethyl ether (60 mL) was added to the flask, and one crystal of I, was added. This was
stirred for 10 min. Bromopentafluorobenzene (4.8772 g 19.7 mmol) was added dropwise to the
flask, and the mixture was allowed to stir for 12 h. 26 (2.0012 g 4.9 mmol) was dissolved in
diethyl ether (20 mL). The pentafluorophenyl Grignard reagent was added dropwise to the solution
of 26 and was then stirred for 4 hours. The mixture was filtered through a fine frit and the filter
cake was washed with hexanes (40 mL). The volatiles were removed under vacuum to give 2.5445
2 (79%) of 27.

Synthesis of 28: 27 (2.5445 g 3.8 mmol) was added to a Schlenk flask with stir bar. Diethyl ether
(50 mL) was added to the flask. Trichlorophosphine (2.0916 g 15.2 mmol) was added dropwise,

and the reaction was stirred for 12 h. The volatiles were removed under vacuum at 50 °C to give
2.3465 g (95%) of 28.

Synthesis of 29: Magnesium turnings (0.7310 g 30.4 mmol) were added to a Schlenk flask with
stir bar. Diethyl ether (50 mL) was added. One crystal of I> was added and the mixture was stirred
for 10 minutes. 2-Bromoanisole (2.8486 g 15.2 mmol) was added dropwise, and the reaction
stirred for 12 h. 28 (2.3465 g 3.8 mmol) was added to a Schlenk flask with stir bar. Diethyl ether
(100 mL) was added and the solution cooled to 0 °C. The Grignard reagent was added dropwise
to the solution of 28, and stirred for 12 h. The solution was filtered through a medium frit with
Celite to remove the majority of magnesium salts. The filtrate was washed with water (3 x 50
mL), dried with Na;SOs, and the volatiles were removed in vacuo. The crude product was

95



redissolved in diethyl ether and filtered through a silica plug to remove phosphine oxides. The
crude product was then purified using flash column chromatography using 5% ethyl acetate 95%
hexanes, with the pure product having an Rr of 0.3. The two diastereomers were visible on the
TLC plate but were unable to be separated in the column.

Synthesis of 30: 29 (0.2000 g 0.2 mmol) was added to a Schlenk flask with stir bar.
Dichloromethane (3 mL) was added. Boron tribromide (0.3784 g 1.5 mmol) was added dropwise,
and the reaction was stirred for 2 days. Water (10 mL) was added, and the mixture transferred to

a separatory funnel. The organic layer was collected, dried with Na>SOs, and the volatiles were
removed to give 30 (0.1702 g 88%).

Synthesis of 31: 2-trimethylsilyl-N-Methyl Imidazole (0.52419 g 0.5 mmol) was added to a
scintillation vial with stir bar. Pentane (2 mL) was added. Bis(pentafluorophenyl)bromophosphine
(0.2000 g 0.6 mmol) was added dropwise with vigorous stirring, and the reaction was stirred for
12 h. Volatiles were removed under vacuum overnight to give 31 (0.5214 g) in 94% yield.

Compound 13
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'H NMR spectrum of compound 13
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