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Abstract

Chapter 1 takes the format of an “Outlook”, and sets forth the case for developing sus-
tainable methods in the synthesis of phosphorus-containing compounds. Methods used
by nature for phosphorus-carbon bond-formation, or in the chemistry of other elements
such as silicon, are discussed as model processes for the future of phosphorus in chemical
synthesis.

Chapter 2 describes the discovery of [TBA][P(SiCls)s], prepared from [TBA]3[P3Oq]-
.2H50 and trichlorosilane. The bis(trichlorosilyl)phosphide anion is used to prepare com-
pounds that contain P-C, P-O, P-F, and P-H bonds in a method that bypasses white
phosphorus (Py4), the traditional route to organophosphorus compounds.

Chapter 3 extends the phosphate precursors to [TBA][P(SiCls)s] from trimetaphos-
phate to crystalline phosphoric acid. Balanced equations are developed for the formation
of [TBA][P(SiCl3)2] from phosphate sources and the byproducts are identified as hex-
achlorodisiloxane and hydrogen gas. Extension of trichlorosilane reduction to bisulfate
provides improved access the known trichlorosilylsulfide anion, [TBA][SSiClz]. This anion
was used as a thionation reagent to prepare thiobenzophenone and benzyl mercaptan from
benzophenone and benzyl bromide, respectively.

Chapter 4 describes the synthesis of neutral phosphine, HP(SiCl3)2, obtained by proto-
nation of [TBA]1 with triflic acid. HP(SiCls)2 is a highly efficient reagent for photochemical
hydrophosphination of terminal alkenes. The phosphorus-silicon bonds in the hydrophos-
phination products can be functionalized to provide compounds of the general formulae:
RPCl,, RPHy, [RP(R’)3]Cl, RP(O)(H)(OH), and RP(O)(OH)a.

Chapter 5 describes a method to prepare phosphiranes (three-membered rings that
contain a phosphorus atom) from anthracene-based phosphinidene precursors and styrenic
olefins. The phosphinidene transfer reaction requires an organoiron and fluoride cata-
lyst. The resulting phosphirane is prepared in good yield (73%) with high stereoselectivity
(>99%). Experimental investigations into the mechanism point toward the intermediacy
of an iron-coordinated fluorophosphide species.

Thesis Supervisor: Christopher C. Cummins
Title: Henry Dreyfus Professor of Chemistry
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Abstract

Industrial and laboratory methods for incorporating phosphorus atoms into molecules
within the framework of Green Chemistry are in their infancy. Current practice requires
large inputs of energy, involves toxic intermediates, and generates substantial waste. Fur-
thermore, a negligible fraction of phosphorus-containing waste is recycled which in turn
contributes to negative environmental impacts such as eutrophication. Methods that begin
to address some of these drawbacks are reviewed and some key opportunities to be real-
ized by pursuing organophosphorus chemistry under the principles of Green Chemistry are
highlighted. Methods used by nature, or in the chemistry of other elements such as silicon,
are discussed as model processes for the future of phosphorus in chemical synthesis.

Reproduced in part with permission from: Geeson, M. B.; Cummins, C. C. ACS Central Sci. 2020, in
press (doi 10.1021/acscentsci.0c00332). Copyright (© 2020 American Chemical Society.
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1.1 Introduction: The Phosphorus Industry

The colors often associated with phosphorus are red and white, these being representative
of the two most common allotropes of the element.! Green is uncommon,??3 although
with global issues surrounding waste, environmental pollution, sustainability, and climate
change perhaps the concept of “green phosphorus” warrants serious consideration. The
twelve principles of Green Chemistry are a blueprint for performing chemistry with high
efficiency, while minimizing energy inputs, waste outputs, and potential for harm to the
environment or indeed personal safety.* In the case of synthesis surrounding the element
phosphorus, these criteria are met infrequently.
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v
al P c
P4
white phosphorus o
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+ /P"”CI i> /H"’OH
I & g 3
il C, Si0, PCl, HsPO,
+3 1500 °C
phosphorus trichloride phosphorous acid
©0 0
+4 ‘ Y4
o o O/ \O
s I H,S0, I NaCl | FI, 9
- Py Py 3 AN
oo ZINJoH 300°C” T/ N0\
5,.|°©° Yo o™ Nl ©0 ¥
-rgug Cas(PO,)sF H;PO, Na;[P304]
8 phosphate rock phosphoric acid trimetaphosphate

Figure 1.1 Summary of the synthesis of some key phosphorus-containing compounds and their formal
oxidation states. Compounds in the green box are “redox-neutral” products derived from phosphate
rock. Compounds in the red box are derived from P4. Orange phosphorus atoms are in the +3 oxidation
state and are useful intermediates in chemical synthesis.

Phosphorus atoms that exist in man-made chemicals and materials began their life
cycles, almost exclusively, in phosphate ores such as fluorapatite, Cas(PO4)sF. This is a
relatively modern phenomenon: up until the end of the 19*" century much of the world’s
phosphorus came from guano, the excrement of birds and bats. Prior to guano, farmers
relied on the scrupulous reuse of phosphate-containing materials, including mud from rivers
where phosphorus from agriculture and sewage accumulates. The discovery of the “wet
process” for producing phosphoric acid from phosphate rock and sulfuric acid (Figure 1.1)
has led to an “anthropogenically broken natural-phosphorus cycle”,®> where phosphorus
atoms now run from deposits of high concentrations on land to high dilution in the seas
and soils.®

Approximately 95% of mined phosphate rock is destined for the wet process, and the
resulting phosphoric acid is used to produce phosphate fertilizers.” Sulfuric acid, required
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stoichiometrically to operate the wet process, is produced from combustion of elemental
sulfur which is in turn obtained from fossil fuel refining (or historically, from volcanic
deposits).® The wet process is the principal reason for sulfuric acid production, and in this
scheme the industrial chemistry of phosphorus, sulfur, and fossil fuels are intertwined.?
As refinement of fossil fuels declines, future methods for obtaining useful products directly
from phosphate rock or the use of acids other than sulfuric would therefore be desirable.

The remaining 5% of phosphate rock is converted to white phosphorus in what is known
as the “thermal process”. This involves reduction with carbon in an electric arc furnace, in
the presence of silica as an oxide acceptor (Figure 1.1). The thermal process predates the
wet process, tracing its routes back to 1669 when Hennig Brand obtained white phosphorus
by heating deposits of urine to high temperatures in a blast furnace.!? In this early setup,
organic matter present in the urine, such as creatine, played the role of reducing agent
for phosphate which is present in relatively high concentrations in urine. This abundant
natural source of phosphorus is once again being exploited today by those interested in
phosphorus sustainability (Section 1.3). The modern thermal process requires large inputs
of energy for continuous electric arc furnace operation'! and so production facilities are
often centralized and close to cheap sources of power such as hydrothermal or nuclear.

At present, white phosphorus is the only industrially practicable way to obtain phos-
phorus-containing fine chemicals. This is achieved through intermediates such as PCls
which have phosphorus-chlorine bonds that can be functionalized readily by reduction or
salt metathesis. Both white phosphorus and PCls (made from the reaction of P4 and
Clp) have limitations as reagents within the framework of Green Chemistry. White phos-
phorus is a high-energy and toxic substance. For its military applications (smokescreens,
incendiary bombs) white phosphorus goes by the nickname “Willie Pete”.19 The use of
chlorine to make PCls requires special measures to mitigate the hazards and reactivity of
Cly toward personnel and reactor construction materials. Neither P4 nor PCls have any
significant direct applications and so they could in principle be omitted in the preparation
of phosphorus-containing chemicals if alternative routes are discovered.

1.2 Fine chemical synthesis from phosphorus(V) precursors

Phosphate esters from phosphoric acid

Advantages of beginning the synthesis of phosphorus-containing chemicals with phospho-
ric acid include its widespread availability, omitted energy inputs required for the thermal
process, and the absence of chlorine-containing byproducts generated when using PCls.
Furthermore, phosphoric acid can be produced from recycled sources of phosphorus (Sec-
tion 1.3). Procedures for incorporating phosphoric acid-derived phosphorus atoms directly
into molecules are scarce, though emerged as early as the 1950’s'? including the pioneering
work on nucleoside polyphosphate synthesis by Khorana. 3

One recent procedure involves treating an alcohol with 1.1 equivalents of phosphoric
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Figure 1.2 Procedures for converting alcohols into mono phosphate esters using phosphoric acid. NMP:
N-methyl-2-pyrrolidone; DMF: N,N-dimethylformamide.

acid in the presence of a catalyst under azeotropic reflux in order to remove water (Fig-
ure 1.2).'* This allows for the phosphorylation of simple alcohols such as stearyl alcohol
in high yields. One drawback of the procedure is the use of long-chain substrates, pre-
sumably imposed by the high reaction temperatures that would remove low-boiling alcohol
substrates by distillation. Nevertheless, use of nearly equimolar amounts of alcohol and
phosphoric acid, increasingly complex substrates such as 2’,3’- O-isopropylidene ribonucle-
osides, and production of water as the only stoichiometric byproduct is impressive. %16

These reactions involve loss of water and so, naturally, reagents used to induce de-
hydration reactions have been investigated for their ability to promote phosphorylation of
alcohols. The use of acetic anhydride!” or trichloroacetonitrile'® to activate phosphoric acid
toward attack by a nucleophile allow for milder temperatures and the use of lower molec-
ular weight alcohols such as allyl alcohol. However, from an atom-efficiency standpoint,
the formation of water as the sole byproduct is the most attractive method for preparing
organophosphate monoesters. The use of solid-state catalysts is also being investigated,
potentially leading to improved separation procedures.!?

Another strategy for preparing esters of phosphoric acid is the use of polyphosphoric
acid which, as a dehydrated form of phosphoric acid, already includes the anhydride func-
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Figure 1.3 A: Procedure for triphosphorylation of nucleoside bases using [TBA]3[P309].2H20. TBA:
tetra-n-butylammonium; MstCl: 2-mesitylenesulfonyl chloride; DABCO: 1,4-diazabicyclo[2.2.2]octane;
PyAOP: see text. B: Isolation of a triphosphorylating reagent and subsequent reaction with C, N, and
O-based nucleophiles.

tionality necessary for phosphorylation of nucleophiles. A variety of methods exists for
obtaining polyphosphoric acid and these can be broadly divided according to their reliance
on either P4 or H3POy for the input of phosphorus,? although a third method involves
the action of microbes on waste water (Section 1.3). Methods that utilize H3PO4 require
dehydration which is accomplished by heating, using either combustion of natural gas,
electrothermal, or microwave irradiation as the input of thermal energy.?" Polyphosphoric
acid is used a catalyst or reagent in organic synthesis, for example in cyclization or dehy-
dration reactions.?! Treatment of polyphosphoric acid with alcohols leads to the formation
of a mixture of mono- and diesters of phosphoric acid which find applications in cleaning
agents, cosmetics, and in the paper and textile industries. 22

Phosphorylation reactions using oligophosphates, the conjugate bases of polyphospho-
ric acids, to produce phosphoester linkages'??3 have been extended in recent years, with
particular focus on the trimetaphosphate trianion or its derivatives which incorporate some
P(V) centers derived from phosphoric acid.?* The sodium salt of trimetaphosphate is pro-
duced by dehydration of phosphoric acid in the presence of sodium chloride at 300 °C and is
therefore a useful starting material for synthesis of phosphorus-containing compounds in a
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manner that bypasses P4.%?® The sodium cations can be exchanged for organic alternatives
such as bis(triphenylphosphine)iminium ([PPN]*) or tetra-n-butylammonium ([TBA]™)
which endow favorable solubility properties to the resulting salts in organic solvents. Tay-
lor has disclosed the synthesis of nucleotide triphosphates using [TBA]3[P30g].2H20,26
while our group has isolated a triphosphorylating agent from the reaction of [PPN]3[P30q]
with the peptide coupling reagent PyAOP ([(pyrr)sPON,CsHs][PFg], pyrr = pyyrolidino,
NC4Hg, Figure 1.3), and used it to prepare trimetaphosphate derivatives of carbon, nitro-
gen, and oxygen-based nucleophiles. 2"

Using the bis(trichlorosilyl)phosphide anion

In an effort to bypass white phosphorus and phosphorus(III) chloride in the synthesis of
phosphorus-containing fine chemicals, we recently reported a method for preparing the
bis(trichlorosilyl)phosphide anion directly from trimetaphosphate and trichlorosilane (Fig-
ure 1.4).28732 The new compound was converted to other products such as phosphonium
salts, primary phosphines, alkyl phosphinic acids, and phosphine (PHs3). One attractive
aspect of the reducing agent, trichlorosilane, is that it is a high production volume chemical
used to produce high purity silicon metal for use in photovoltaics. However, silicon (from
which HSiCl3 is commonly derived) is prepared by the reduction of silica in a process re-
sembling the thermal process for phosphorus. Fortunately, exciting progress is being made
toward the production of SiCly and HSiCls using redox-neutral or sustainable processes,
respectively (Section 1.6).

In addition to trimetaphosphate, we also showed it is possible to prepare n-octylphos-
phine from n-octylchloride and crystalline phosphoric acid, via the same phosphide anion
which is generated in situ by trichlorosilane (Figure 1.4).33 Mass balance studies showed
that the main byproducts of the reduction of phosphate sources with trichlorosilane were
Hy gas and chlorosiloxanes, such as O(SiClg).33

A HSiCl,
[TBA]5[P;0o] ————— [TBA][P(SiCly),]
110°C, 72 h |
A
Ll PH [PFg] ‘|3n (1
P~ 3 Li[PFg +
#o/ Ph Bn//P\B
Bn "
B
1.5 H;PO,
1.5 [TBA][CI]

noct—Cl —————— NN PH,

HSiCl;, 110°C, 6 d
then H,0 41%, 13 g

Figure 1.4 A: Preparation of [TBA]1l from [TBA]3[P309].2H20O and trichlorosilane and subsequent
conversion to phosphorus-containing products. B: One-pot synthesis of n-octylphosphine from n-
octylchloride and phosphoric acid.
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1.3 Phosphorus sustainability and stewardship

Methods for recovering phosphorus from waste

The phosphorus industry presents many opportunities for optimization under the guiding
principles of Green Chemistry, particularly with regard to minimizing energy inputs and
avoiding the use of toxic or hazardous intermediates. However, most of the opportunities
for minimizing harm to the environment lie with phosphate pollution. As can be seen from
the Sankey diagram (Figure 1.5), phosphorus is approximately evenly distributed between
the natural and anthropogenic phosphorus cycles.?* The latter has been described as a
“broken cycle” because phosphate mining occurs on the order of Mt/y while the formation
of new reserves occurs over thousands of millennia.® Prior to large quantities of phosphate
available from the wet process, phosphorus atoms would be cycled from the soil, to plants
and animals, to manure, and back to the soil with high efficiency before substantial losses
to surface body waters.?> Nowadays, excessive application of phosphate fertilizers leads to
substantial run-off into surface body waters and contributes to eutrophication.3®

3

I weathering: 18

- surface
sewage: 2 body
waters: 34

I human excrement: 5

HyPO,: 25 fertilizer: 20 plants and

animals: 30
m manure: 25
phoskph;ze P;: 1 soil: 53
rock:

Ml beneficiation: 4 B H3;PO, processing losses: 3

Specialty/technical chemicals: 3 landfill: 4
W ore residue: 4 n

Figure 1.5 Sankey diagram depicting the global flows of phosphorus in 2011. Numbers refer to phospho-
rus flows in Mt/y. The values shown are adapted from the work of Scholz3* which should be consulted
for a detailed discussion of assumptions and errors. The numbers have uncertainties of approximately a
factor of 2, and up to 5. Thus the diagram should be treated semi-qualitatively.

Another source of phosphate that contributes to eutrophication is sewage arising from
human and animal excrement.3® Not all sewage is processed and in some regions it proceeds
directly to surface body waters without treatment. In places where waste-water treatment
is practiced, there are obvious opportunities for recovering and recycling phosphorus. In
several countries, legal limits on the concentration of phosphate in waste water have led
to the adoption of processes for recovering phosphate. In Germany, a recent amendment
requires recovery of 50% of the phosphorus from major sewage treatment plants.3”

A leading method for phosphate recovery is precipitation by the addition of magnesium
salts to give struvite (magnesium ammonium phosphate, Mg(NH,4)PO4-6H20) which can
be used as a slow release fertilizer. Struvite precipitation is practiced by at least forty
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full-scale installations world-wide.3® Two potential drawbacks of using struvite are (i) its
direct contact with wastewater, raising concerns about the accumulation of pharmaceuticals
and (ii) the accumulation of magnesium ions in soil where struvite is used extensively
which could lead to fixation of subsequently dosed phosphate. At least with the former
concern, Slootweg and coworkers have shown that bioaccumulation of micro-pollutants such
as Ibuprofen in tomato crop fruit is of no significance toward human health concerns,?’
although investigations into other micro-pollutants and crops are necessary given the debate
in the literature.“? In part due to the low values for total phosphorus recovery by struvite
precipitation (25-45%), other methods for removing phosphate from sewage sludge are
under active investigation and involve extraction using carbon dioxide, mineral acids, or
alkaline conditions.?®

A second method of phosphorus recovery involves incineration of sewage to produce
sewage sludge ash (SSA). This produces a product with high phosphorus content and
destroys organic pollutants, such as bacteria and drug residues.?® Another advantage of the
process is that the product is a dry powder, suitable for industrial recycling to phosphoric
acid. Beginning in 2013, a variation on the wet process was adopted in Japan that uses
phosphate rock blended with 2.5% SSA. This ratio is needed to guarantee the quality of
both the phosphoric acid and the phosphogypsum products. The two main drivers for
incorporating SSA into the process were cited as (i) minimizing risks associated with the
volatility of phosphate rock price and (ii) recycling phosphate available from waste water
treatment plants.*! In the Netherlands, a process for producing triple superphosphate
fertilizer (Ca(H2PO4)2-H20) allowed the ratio of SSA to phosphate rock to be pushed to
10%.3® Extending the idea of using recycled phosphorus in known industrial processes,
pilot studies are underway to produce white phosphorus from SSA in a process known as
RecoPhos. 42

Biological processes for removing phosphate from sewage sludge are also under devel-
opment. In a process known as Heatphos,*® microorganisms capture phosphate and ac-
cumulate it in the form of polyphosphate (polyP), featuring phosphoanhydride bonds and
chain lengths of up to 1000 residues.?* In laboratory experiments, polyP is released from
cells by heating to 70 °C for 1 h, and under these conditions shorter chains of polyP and
species such as trimetaphosphate are detected.*® Approximately 65% of the total phospho-
rus can be precipitated by the addition of CaCly without adjusting the pH.*® Interestingly,
trimetaphosphate is not precipitated under these conditions, and remains soluble even up
to a pH of 10. If trimetaphosphate could be separated from the mixture, it could have
potential commercial value or be employed in chemical synthesis using known methods
(Section 1.2). A pilot-scale plant study showed good assimilation (90-95%) of total phos-
phate intake by microorganisms, however the precipitation step using CaCls led to recovery
of only about 3% of P input,*” although this could be improved to 40% by adjusting the
pH.48

Although recycling phosphorus from sewage presents a low barrier to entry, Scholz
and Wellmer have identified significant waste of phosphorus before it enters either the
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wet or thermal processes (Figure 1.5).4% The two main mechanisms for these losses arise
during mining and beneficiation. The former involves selecting rock of sufficient phosphorus
content while the latter concerns upgrading of phosphate rock prior to processing in order to
increase its economic value, principally via flotation. Scholz and Wellmer note these can be
classed as possible or delayed losses, in theory recoverable if ore of lower phosphorus content
becomes economically viable to extract in a future where highly concentrated reserves are
exhausted.

Are phosphorus reserves running out?

The term “peak phosphorus” has been used to describe the phenomenon of phosphate
rock production volumes reaching a maximum, resulting from exhaustion of high quality
reserves.°0 Recent analysis suggests there are sufficient reserves for the next few centuries,
although quality or accessibility will diminish (for example, low phosphorus content or
located on the sea floor). On land, phosphate reserves are not geographically evenly dis-
tributed, with the majority of reserves concentrated in a handful of countries. As a result,
90% of countries are phosphate importers, and thus are not self sufficient for this resource.®
Recycling and re-use provides a domestic supply chain for phosphorus, desirable for food
security. Therefore, the question of long term phosphate supply is perhaps of little con-
sequence to the future of the phosphorus industry; moving to a circular phosphorus econ-
omy®! through decreased usage, increased recycling, and engaging in less energy-intensive
processing methods all provide significant benefits independent of global supply.>”

A transition to phosphite?

A recent breakthrough in biotechnology has afforded GMO crops (soybeans, corn, cot-
ton) to be developed that are capable of growth using phosphite, a phosphorus(III) com-
pound, as fertilizer rather than the traditional phosphates.??>® This has major implications
for both controlling weeds and eliminating the water pollution that leads to eutrophica-
tion. Because only the GMO crops can grow on phosphite fertilizer, weed killers such as
glyphosate are not needed to control weeds. Additionally, if there is rain and run-off, the
non-GMO marine algae also cannot grow on the phosphite such that the marine ecosystems
are protected from the harmful effects of algae blooms.

One potential drawback of this method is that under earth’s oxygen-rich atmosphere,
phosphate is preferred thermodynamically over phosphite, and it is known that phosphite is
oxidized naturally to phosphate either under atmospheric conditions or under the catalysis
of microorganisms. Despite this, the method could still present an advantage because
phosphite has the potential to be more easily sensed using devices due to its electrochemical
response.®” Thus, even if phosphite is eventually oxidized to phosphate, it would provide a
source of fertilizer that could be accurately monitored in the short term and applied more
strategically than is currently the case for phosphate fertilizers.
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An issue hindering the implementation of such a process is the relatively high cost of
phosphorous acid (HsPOs) and its derivatives, which are at present produced from Py
(Figure 1.1). The development of scalable and efficient methods for producing phosphite
from phosphate would therefore be desirable. Another strategy would be to recover phos-
phite from waste streams, such as those from electroless nickel plating.®® At present, the
P(III) waste from this process is chemically oxidized to phosphate and is not utilized fur-
ther, although research is being conducted into the utilization of this phosphite waste in a
biological setting.?® Another source of phosphite waste is from PH3 production from the re-
action of P4 with sodium hydroxide; the major byproduct of the reaction is hypophosphite
([H2POg2] ™), although some phosphite also forms (Scheme 1.1) and can be precipitated as
the calcium salt. 5%

1.4 P(III) compounds as the bottleneck

Phosphorus(III) chloride

Phosphorus(III) chloride (PCls) is produced by the strongly exothermic reaction of P4 with
Cls. The heat generated is sufficient to vaporize the PCly which leads to its distillation
and purification. Clearly, chemical energy is stored in the P-P and CI-Cl bonds of the
starting materials, energy that ultimately comes from the large scale industrial processes
used for their production; the thermal process and the chloralkali processes, respectively.
The oxidation states of phosphorus and chlorine in the starting materials are both zero,
while in the product they are +3 and —1, respectively. Chloride exemplifies the only
naturally occurring oxidation state of chlorine, while P(+3) is only two formal oxidation
states away from naturally occurring phosphate (45). With these considerations in mind,
is it possible to design a process that minimizes redox reactions of the substituent atoms?
If minimization of oxidation state change is considered a proxy for the energy requirements
to produce a chemical, then such a process would be highly desirable.

This idea was investigated by Nordschild and Auner, who investigated the carbochlo-
rination of calcium phosphate, Cag(POy)2, with hydrogen chloride and carbon under mi-
crowave conditions. Phosphorus(III) chloride was collected in a cold trap and identified by
its 3'P NMR chemical shift. The authors observed “white flashes”, attributed to electrical
discharges or arcs, and assumed to be the reaction zones in which carbochlorination oc-
curs. Further experiments for this interesting reaction are required analyze the efficiency of
the inputs of microwave energy and the nature of reaction intermediates: do phosphorus-
containing species in an oxidation state lower than +3 form? How much of the carbon
reductant is converted to CO or COy?

Besides this report, processes that lead from a phosphate source to PCls omitting the
intermediacy of white phosphorus are scarce. However, clues as to how such a transforma-
tion could be achieved may lie in chemistry that is being actively developed for upgrading
silicates and silica to silicon-containing chemicals of industrial importance (Section 1.6).
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Phosphine (PHj;)

Phosphine is used for the synthesis of alkyl phosphines by the atom-efficient hydrophosphi-
nation of olefins. Phosphine itself is produced by oxidation of P4 using sodium hydroxide,
a process that also results in the formation of hypophosphite ([HoPO2]~) and phosphite
(HPO3]?~) as byproducts (Scheme 1.1).6! The use of phosphine as opposed to PCls for
the synthesis of organophosphorus compounds is beneficial from a waste perspective be-
cause it does not result in stoichiometric halogen-containing byproducts. However, PHj
does not offer access to product classes such as arylphosphines.?? Additionally, the control
of product distribution between mono-, di-, and trialkylphosphines represents a difficulty
as a result of the presence of three P-H bonds in PHs.?? The major other phosphorus-
containing product, hypophosphite, has been pioneered by Montchamp as an alternative
reagent in synthesis that ordinarily requires PCls.62:63

0 0]
NaOH,,) Il I
P, —— H/P"’H + NaO/P"’H + H/P\’/ONa
H ONa
phosphine sodium sodium
hypophosphite phosphite

Scheme 1.1 Preparation of PH3, NaH2PO,, and NagHPOg3 (minor byproduct).

Phosphorous acid (H3;PO3) and its derivatives

Phosphorous acid (H3PO3), its conjugate base phosphite ([HPO3]?>~), and their many or-
ganic derivatives are typical phosphorus compounds in the +3 oxidation state (Scheme 1.2
shows the tautomerization between pentavalent and trivalent isomers). Although phos-
phite bears a simple relationship to phosphate by the subtraction of a single oxygen atom,
production of phosphorous acid passes through the intermediacy of white phosphorus. The
original industrial synthesis involved the hydrolysis of PCls, producing large quantities of
HCI as a waste byproduct that presents disposal issues. In 1977, Monsanto disclosed a
synthesis in which white phosphorus is subjected to electrolytic oxidation in the presence
of an aqueous acid such as hydrogen chloride.% Concomitant Hs gas formation leads to a
net chemical reaction that does not produce hydrogen chloride waste:

0.25 Py + 3 HyO — -1 1 pO, + 1.5 Hy

graphite electrode

The inorganic species phosphorus acid and phosphite find some direct applications, for
example in the form of lead phosphite as a stabilizer for polyvinyl chloride. However, it
is their organic derivatives, organophosphites, that are of notable use in chemical synthe-
sis. Triorganophosphites (P(OR)3) are the key reagents in the robust Arbuzov reaction%®
while diorganophosphites (HP(O)(OR)2) are used to produce phosphonates by hydrophos-
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Scheme 1.2 Thermal decomposition of phosphorous acid to phosphine and phosphoric acid. In brackets:
tautomerization of phosphorous acid between the pentavalent and trivalent isomers.

phonylation. % Organophosphites are derived from PCls, and so their syntheses entail the
stoichiometric formation of HCl. Methods to prepare organophosphites directly from P(V)
precursors or at least from phosphorus acid (thereby bypassing PCls) would represent an
advance by phosphorus sustainability standards, and would furnish products for which the
chemistry for further functionalization has already been well established. Furthermore,
procedures are known for the disproportionation of phosphorous acid to phosphine (PHs)
and phosphoric acid (Scheme 1.2) by heating to 200 °C.57

P(V) to P(III) recycling in chemical synthesis

The case made thus far entails elimination of P4 and PCls in the synthesis of phosphorus-
containing chemicals. However, another aspect of phosphorus sustainability that offers
an opportunity for improvement is recycling chemicals that already contain phosphorus.
Organophosphorus compounds such as triphenylphosphine are used in chemical synthesis
as stoichiometric reagents, for example in the Wittig or Mitsunobu reactions, where a com-
mon theme is the formation of a strong P=0O double bond as a thermodynamic driving
force. Therefore, an economically feasible method for the reduction of triphenylphosphine
oxide back to triphenylphosphine has the potential to minimize waste. BASF achieved
this by chlorination of Ph3PO with phosgene to Ph3PCls, followed by reduction using alu-
minum metal at 130 °C (Scheme 1.3).58 In an effort to avoid the use of high temperatures
and phosgene (which is toxic and gives CO2 as a byproduct of the chlorination reaction),
electrochemical methods for the reduction of triphenylphosphine oxide to triphenylphos-
phine are under active investigation.%® Interested in utilizing Hy as the reducing agent,
Frustrated Lewis Pair (FLP) catalysis enabled the reduction of triphenylphosphine oxide
to triphenylphosphine in the presence of Hy (4 bar) and oxalyl chloride (Scheme 1.3).70
Remarkably, increasing the pressure of Ha (80 bar) led to a variant of the reaction in which
the borane component was not required and triphenylphosphine could be obtained in 93%
yield.

In addition to stoichiometric recycling, a complementary approach is the use of organo-
phosphorus catalysts, in conjunction with sustainable stoichiometric reducing agents.”!
Such efforts have been disclosed for several classes of organic reactions that typically gen-
erate stoichiometric quantities of phosphine oxides, such as the Wittig, > Aza-Wittig, ™
Mitsunobu, ™ Appel,” and Staudinger "® reactions, as well as several others. "
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90 %
B
ﬁ 1.5 equiv (COCI), p
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Ph” \ ! o
130 °C, 48 h, CDCl; 98 %
H, (4 bar) 80 bar H,; no borane: 93%

Scheme 1.3 Stoichiometric reductions of triphenylphosphine oxide to triphenylphosphine.

1.5 How does biology make phosphorus-carbon bonds?

Assimilation of inorganic phosphate

The wet process strategy of lowering pH to access otherwise insoluble phosphate is, of
course, predated by nature. Phosphate solubilizing bacteria (PSB) achieve uptake of phos-
phate by the release of small molecular weight organic acids, such as citric or lactic acid.”®
These acids improve phosphate solubility by lowering the pH of the soil and by chelation
of metal cations such as Ca?* or Mg?". In addition to providing inspiration for our own
methods of processing phosphate, PSB are also being investigated as biofertilizers that

could lead to decreased application of synthetic fertilizers. ™
Phosphoenolpyruvate as the entryway
o) o)
e e ]
Ho7 o — HO
HO
phosphaenolpyruvate phosphonopyruvate ppd
(PEP) (PnPy) -CO,

[0} [0}
_ Il
Most n.aFuraI P—C . P .
bond-containing compounds HO”/ H
HO
phosphonoacetaldehyde
(PnAA)

Scheme 1.4 Biosynthesis of phosphorus-carbon bonds. See text for abbreviations.
Natural product biosynthesis is a proven source of inspiration for reaction discovery.

So how do P—C bonds form in nature? The key phosphorus-carbon bond-containing com-
pounds in biology are phosphonates (RPO3Hz), typically used by nature as antibacterial
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agents. The starting point for biological P-C bond-formation (Scheme 1.4) is phospho-
enolpyruvate (PEP), widely available in cells as a key biological intermediate in the glycol-
ysis metabolic pathway for adenosine triphosphate (ATP) biosynthesis. PEP is reversibly
converted to phosphonopyruvate (PnPy) by the enzyme PEP mutase (PepM), which fea-
tures a magnesium(II) ion in the active site and is thought to operate through a metaphos-
phate reactive intermediate.8? Although the thermodynamic equilibrium between PEP and
PnPy lies far toward PEP, probably a result of the strong P-O bond, nature overcomes
this thermodynamic issue by linking P-C bond formation to a second, irreversible, decar-
boxylation event in which PnPy is converted by phosphonopyruvate decarboxylase (ppd)
to phosphonoacetaldehyde (PnAA) which serves as a key intermediate to numerous P—-C
bond-containing compounds via subsequent functionalization.!

Linking biological intermediates to chemical synthesis, a recent study employed the
potassium salt of PEP in conjunction with [TBAJHSO, as a catalyst for the phospho-
rylation of alcohols to give phosphate esters.®? Currently, commercially available PEP is
accessed using chemistry derived from Py4. If obtained instead using enzymatic methods®3
or via reactions starting from wet-process P(V) precursors, this would constitute a method
for the synthesis of phosphate esters in a manner that avoids reduction of phosphorus from
its preferred oxidation state of +5.

1.6 Lessons from Group 14

Redox-neutral processing of silicate minerals to silicon(IV) chloride

Silicon also enters commercial products through the intermediacy of the elemental form, the
production of which is analogous to the thermal process for obtaining white phosphorus.
Industrially important silicon-containing polymers can be produced from chlorosilanes such
as SiCly and so the same arguments around redox-neutral processing can be be made for
both silicon and phosphorus.®*

A

HCl/ethanol
Ca,Si0, > Si(OEt),
toluene
B
LiCl (1 mol %) OMe
Si(OMe), + 8 HCl + 4 MeCN > SiCl, + 4
0°C,6h
[CIH,N Me
C
[TBA]CI (40 mol %)
Si(OMe), + 4 SOCl, > SiCl, + 4 SO, + 4 MeCl

90°C, 3 h

Scheme 1.5 Examples of redox-neutral reactions using silicon(IV) compounds.

With these goals in mind, Goodman and Kenney showed in 1988 that tetraethoxysilane
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(Si(OEt)4, TEOS) could be obtained by treating silicate-containing minerals with ethano-
lic hydrogen chloride (Scheme 1.5).8%% More recently, Choi described the preparation of
TEOS from silica and ethanol, using molecular sieves to drive the dehydration reaction to
completion.®” The molecular sieves could be reactivated by heating (300 °C, 15 h), allowing
the reaction to be cycled six times with no loss to the TEOS yield. Furthermore, rice hull
ash (RHA), a product of agricultural rice production, could also be used as the source of
silica to give TEOS in 60% yield. Further improvements to the procedure involve use of
calcium oxide instead of molecular sieves as the desiccant, resulting in the formation of
Ca(OH)2.%8 A full technoeconomic and environmental assessment suggest the new proce-
dure could result in a reduction of 7% to production costs and 34% to green house gas
(GHG) emissions if the new process were implemented. 3®

Tetraalkylsilanes such as TEOS are important chemical feedstocks for a variety of ze-
olites, ceramics, and silica based organic-inorganic hybrid materials. Industrially, they are
produced from SiCly and an alcohol, with the liberation of HCl. Researchers at Dow have
taken steps toward producing SiCly in a redox-neutral process by using tetraalkoxysilanes as
their starting point. A first report dealt with the production of SiCly from tetramethoxysi-
lane (Si(OMe)s, TMOS) and HCI, in the presence of lithium chloride as a catalyst.®
Acetonitrile and additional equivalents of HCI were required in order to trap the methanol
byproduct as an imidate salt and prevent its back reaction with SiClsy (Scheme 1.5). Using
this procedure, the reported yield of SiCly was 99%, as determined by 2?Si NMR. spec-
troscopy.

In a second report, the chlorination reagent was changed from hydrogen chloride to
thionyl chloride.?® Thionyl chloride has several advantages over HCI; it can be used
in smaller excess, it is easier to handle, and the absence of protons reduces the likeli-
hood of condensing orthosilicates. A catalytic amount of a chloride salt such as tetra-n-
butylammonium chloride was required for the success of the reaction, intended to activate
the tetraalkoxysilane toward reaction with SOCly by forming a hypervalent anionic silicon
species. The main byproducts of the reaction are SO and chloromethane, the latter being
potentially recyclable to produce other useful silicone products via the Direct Process. !

Diverging requirements for elemental P vs. Si

Despite the similarities between the industrial processes for obtaining elemental silicon and
phosphorus, a key difference is the subsequent applications of the two products. Elemental
silicon has large scale applications in the photovoltaics and electronics industries. Elemental
phosphorus, on the other hand, has no major direct applications and is instead converted
to compounds such as PCl3 or H3POgs. Thus, elemental silicon can be regarded as an
industrial product whereas elemental phosphorus is an intermediate. As such, there is no
non-military requirement for P4 production, should alternative methods utilizing phosphate
become available. Elemental silicon, however, will continue to be required in a future that
is increasingly reliant on solar electricity. This has spurred research into the production of
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elemental silicon using green methods, such as electrochemical reduction of silica,”? or by
the reduction of recycled SiCly with sustainably generated Hs, through the intermediacy
of HSiClj. 394

Towards chlorine-free processing of elements

7.9 Treatment of

A chlorine-free protocol for processing germanium was reported in 201
germanium dioxide or germanium metal with either a catechol or ortho-quinone, respec-
tively, led to the formation of germanium(IV) bis(catecholates), supported by two pyridine
ligands (Scheme 1.6). The catecholate groups could be replaced with carbon-based nu-
cleophiles to prepare tetraorganogermanes (GeRy) in good yields (>91%). The argument
made for processing germanium in a chlorine-free manner can also be applied to phospho-
rus or indeed any element chloride: Cly is a highly toxic substance, is corrosive toward
many materials, and is derived from an energy-intensive process. Additionally, the ger-
manium(IV) bis(catecholates) are bench stable solids, while germanium tetrachloride is
a moisture and air-sensitive liquid that produces HCI upon hydrolysis. Thus, the use of
comparatively stable germanium catecholates represents an advance in terms of toxicity
and potential for harm to the environment. Another benefit of the reported procedure was
the use of mechanochemistry to perform the reactions, a methodology of growing interest
due to low solvent usage, scalability, and fast reaction times. 0

One challenge posed by the objective of replacing chloride for organooxy groups in
element processing is the relatively low cost of the halides. In this regard, future success
on a large scale is likely to be met where the organic group is cheap and abundant, for
example methyl, ethyl, or phenyl.

Cl
Cly or HCI . [ RMgX
4 o,
| C,/G‘\’la
Cl
Ge Traditional v
OF = = = = — - m - - - - - m - - - - m - m - - - - - - GeR,
Ge0, Chlorine-free £Bu oy A
/dO\(Jc/O oo
\—> N
t-Bu 07| o RMgX

ortho-quinone
or catechol Py Bu

Scheme 1.6 A chlorine-free protocol for processing germanium.

Developing chlorine-free protocols for processing white phosphorus has been an active
area of research for decades,?” 191 and exciting new reactions are still emerging.192-104
The recent stabilization of white phosphorus in activated carbon!? raises the possibility
of decreasing the hazards associated with this pyrophoric intermediate, which is likely to
feature in chemical synthesis for some time to come.
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1.7 QOutlook: challenges and opportunities

Clearly, there are many aspects of phosphorus chemistry that could be improved, as judged
from the perspective of green chemistry. Here, we lay out some of the key challenges and
opportunities for synthetic chemists.

1.

Develop selective reductions from P (V) to P(III). While these are known for
the reduction of organic molecules (e.g. OPPhs to PPhs), selective reductions of
inorganic P(V) to P(III) compounds are scarce. A selective reduction of phosphate
to phosphite has the potential to make white phosphorus obsolete and minimize
halogen-containing waste in the production of phosphorus-containing chemicals.

Use of electrochemical methods for phosphate reduction. Ideally, reduction
of phosphate would be performed electrochemically where electricity can be supplied
sustainably and the half reaction corresponding to phosphate reduction is balanced
by the formation of Oy from water oxidation.

Use of renewable sources of phosphorus in chemical synthesis. Such products
include struvite, sewage sludge ash, or materials obtained from biological extraction
processes such as polyphosphates.

If met, overcoming these challenges would provide the following opportunities:

1.

Decreased energy consumption and CO> emissions. The thermal process re-
quires large inputs of costly electricity. The chemistry of the thermal process requires
the oxidation of carbon, eventually to COq, a greenhouse gas.

. Extraction of phosphate rock is minimized. Phosphate rock is considered a

non-renewable resource over very long timescales. Over short timescales, recycling of
phosphorus materials minimizes supply risks.

. Transition to a “circular” or “conical” phosphorus economy. Waste prod-

ucts such as phosphogypsum are minimized, leading to reduced processing costs and
potential for harm to the environment. The term “conical economy” refers to a circu-
lar economy that emphasizes reducing the consumptive footprint of the value chain,
i.e. a circle with a smaller diameter. %

Discovery of new methods in organophosphorus chemistry. Reaction discov-
ery has the potential to increase “chemical space” among phosphorus compounds,
which are important herbicides and pharmaceutical agents.

. Application of discoveries to other elements. In the same way that the chem-

istry of silicon can shape a greener phosphorus industry, findings made as a result of
research into phosphorus chemistry may have the ability to symbiotically improve the
processing of other element oxides, such as those of silicon, boron, and germanium.
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Abstract

White phosphorus, generated in the legacy thermal process for phosphate rock upgrading,
has long been the key industrial intermediate for the synthesis of phosphorus-containing
chemicals including herbicides, flame-retardants, catalyst ligands, battery electrolyte ma-
terials, pharmaceuticals, detergents, etc. On the other hand, phosphate fertilizers are
made on a much larger scale from phosphoric acid, obtained by treating phosphate rock
with sulfuric acid in what is known as the wet process. If non-fertilizer phosphorus

Reproduced in part with permission from: Geeson, M. B.; Cummins, C. C. Science 2018, 359, 1383—
1385 (doi 10.1126/science.aar6620). Copyright (©) 2018 AAAS.
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chemicals could be obtained from phosphoric acid, then their production would bene-
fit from the economics of scale of the wet process. Dehydration of phosphoric acid us-
ing salt gives trimetaphosphate, and herein we report that trichlorosilane, primarily used
for the production of high purity silicon, reduces trimetaphosphate to the previously un-
known bis(trichlorosilyl)phosphide anion. This anion offers an entry point to value-added
organophosphorus chemicals such as primary and secondary alkyl phosphines, and thus
to organophosphinates, and can also be used to prepare phosphine gas and the hexafluo-
rophosphate anion, all previously available only downstream from white phosphorus.

2.1 Introduction

Present industrial practice for production of most phosphorus-containing chemicals is by
the energy intensive reduction of phosphate to white phosphorus (thermal process), followed
by oxidation with environmentally hazardous chlorine to give phosphorus trichloride. ! This
is the case even for important compounds such as the herbicide glyphosate, and the battery
electrolyte lithium hexafluorophosphate, that in the end contain no chlorine.?? For this
reason, chemists have been seeking routes to connect the dots between elemental phospho-
rus and valuable chemicals featuring phosphorus-carbon bonds, thereby omitting chlorine
from the sequence.*® A paradigm shift would be to obtain value-added phosphorus chem-
icals in a manner that bypasses both elemental phosphorus and chlorine with the potential
to substantially reduce energy inputs, waste, and harm to the environment. Herein we
describe such a process that borrows from the semiconductor industry for its energy inputs
in the form of trichlorosilane, a high-production volume chemical that is the precursor to
elemental silicon for the manufacture of solar panels.®

Global production of white phosphorus (P4) is near 1 Mt/y, with most production
taking place in China, and production to a much lesser degree taking place in Vietnam and
Kazakhstan; production in the USA is limited to one plant, and the EU has no capacity
for production, relying entirely on imports.” In 2017, the EU added Py to its list of critical
materials.® Worldwide, a shift has taken place to manufacturing high purity phosphoric
acid from wet process phosphate due to lower production costs and the appealing fact
that this method does not incur the hazardous waste disposal issues that are connected
with P4 production.? Like elemental chlorine, P4 has been used for chemical warfare,
and it is also toxic and pyrophoric.'® Since the wet process accounts for ca. 95% of all
phosphate rock processed,! a shift to wet process phosphate as the starting point for
phosphorus chemicals production would benefit from the economics of scale (Scheme 2.1).
The foregoing considerations give substantial impetus for finding synthetic routes that
utilize wet process phosphate, instead of Py, as the starting point for making value-added
phosphorus chemicals.

Phosphate rock used for fertilizer production, underpinning global agriculture, is ini-
tially converted into phosphoric acid by the wet process that involves treatment with
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Scheme 2.1 lllustration of pathways taken by phosphorus atoms starting from the raw material, phos-
phate rock, via the legacy thermal process or via the wet process en route to phosphorus chemicals and
fertilizers, respectively, as well as the new connection (green arrow) developed in this work.

sulfuric acid and is the major driver of that commodity chemical’s production.? It was
shown recently that phosphoric acid can be dehydrated conveniently by reaction with
sodium chloride at elevated temperatures to provide sodium trimetaphosphate.'! We tar-
geted trimetaphosphate, [P309]3~, for direct conversion to value-added chemicals upon
recognizing an analogy between the monomeric unit, metaphosphate ion (POj3), and car-
bon dioxide: both are Lewis acidic species that may act as oxide ion acceptors to provide
phosphate and carbonate, respectively. > We hypothesized that the Lewis acid character of
metaphosphate vis-a-vis phosphate would make this form of the raw material more prone
to favorable kinetics for a reductive process.

2.2 Results and discussion

We began our investigations by converting the sodium salt of trimetaphosphate to the
tetrabutylammonium (TBA) salt, [TBA]3[P309]-2H20,'3 to allow our studies to proceed
under homogeneous reaction conditions in organic solvent and to facilitate analysis of
products by common laboratory characterization techniques such as nuclear magnetic res-
onance (NMR) spectroscopy. Upon heating [TBA|3[P309]-2H20 in neat trichlorosilane,
3IP{'H} NMR spectroscopy indicated clean conversion to one new phosphorus-containing
product that was identified as the bis(trichlorosilyl)phosphide anion (1, Scheme 2.2). Anion
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Scheme 2.2 Conversion of trimetaphosphate to bis(trichlorosilyl)phosphide (1), and subsequent reac-
tions of this central anion illustrating formation of bonds between phosphorus and carbon, hydrogen,
and fluorine.

1 gives rise to a diagnostic 3'P NMR singlet at ~171.7 ppm, displaying 2981{1H} satellites
(*Jp_si = 150 Hz, Fig. 2.1A). Optimization of the reaction conditions by using a steel
pressure reactor heated to 110 °C for 72 h provided [TBA][1] in 65% yield on a gram scale.
The identity of [TBA][1] was confirmed by multinuclear NMR spectroscopy, X-ray crystal-
lography (Fig. 2.1B) and elemental analysis. Anion 1 is also unambiguously observable by
negative-mode electrospray ionization mass spectrometry and has a characteristic isotope
pattern with an average mass of 299.86 m/z (Fig. S10).

To the best of our knowledge, anion 1 has not been described previously, and is re-
markable as a product resulting from complete deoxygenation of wet process phosphate
in a reaction taking place under relatively mild conditions. Recently, the carbon'# and
silicon!® analogues of anion 1 were successfully synthesized, suggesting a general stability
of trichlorosilyl stabilized p-block anions. As the only phosphorus-containing species ob-
servable by 3'P NMR spectroscopy in the crude reaction mixture, 1 appears to be a stable
thermodynamic sink for phosphorus under these reaction conditions. The stability of 1
is presumably a result of the electron-withdrawing trichlorosilyl groups. The phosphorus-
silicon bonds are notably short at 2.128(5) A (the sum of the single bond covalent radii is
2.27 A), 16 5 distance contraction indicative of delocalization of phosphorus electron-density
into the six o*(Si—Cl) bonds. This is supported by natural bond orbital (NBO) and nat-
ural resonance theory (NRT) calculations!? revealing that multiple resonance structures
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Figure 2.1 A: 3'P NMR spectrum of [TBA][1] displaying 2°Si{'H} satellites. B: Molecular structure
of 1 with thermal ellipsoids shown at the 50% probability level and the TBA cation omitted for clarity.
Selected bond and angle metrics: P1-Sil: 2.141(2) A, P1-Si2: 2.1439(19) A, Si1-P1-Si2: 97.86(8)°.
C: Plot of the 0.83 ELF isosurface. Color key: orange, P lone pair basin; cyan, P-Si bond basins;
magenta, Si—Cl bond basins; and green, Cl lone pair basins.

are needed to describe the total electron density of 1 (Table S5). The chemical bonding in
anion 1 is visually summarized by an electron localization function (ELF)!® isosurface plot
(Fig. 2.1C), where elongations of ELF P—Si bonding basins above and below the Si—P—Si
plane are indicative of phosphorus-silicon multiple bonding. The packing of [TBA][1] in
the solid state, as determined by an X-ray diffraction study, show that the shortest con-
tacts between the bis(trichlorosilyl)phosphide anion and the TBA cation are between the
chlorine and hydrogen centers respectively (2.78-2.94 A). The phosphorus center, though
it carries the formal negative charge, has significantly longer contact distances to the TBA
cation (>3.07 A).

With [TBA][1] in hand, we were eager to see if this salt could be used to make
phosphorus-carbon bonds. An alkyl halide, (4-chlorobutyl)benzene (Ph(CHs2)4Cl), was
selected as the reaction partner to target organophosphorus products of low volatility and
of relevance to the pharmaceutical industry.'? Treatment of [TBA][1] with Ph(CHz)4Cl (5
equiv.) in toluene gave the corresponding dialkylsilylphosphine (Ph(CHzg)4)2PSiCls which
was not isolated but rather converted during workup to the borane-protected secondary
phosphine (Ph(CHz)4)2P(BH3)H by using a solution of THF-BHj followed by treatment
with a solution of aqueous sodium hydroxide. Before the work-up procedure, silicon tetra-
chloride was detected as a byproduct in the crude reaction mixture using **Si{'H} NMR
spectroscopy. Air-stable phosphine-borane adduct (Ph(CHz)4)2P(BHs3)H could be purified
by column chromatography and isolated in 19% yield (unoptimized).

Conditions selective for monoalkylation of anion 1 were discovered when a preparation
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Scheme 2.3 Conversion of (4-phenylbutyl)phosphine to (4-phenylbutyl)phosphinic acid, an intermediate
in the literature synthesis of fosinopril.

of the same secondary phosphine was attempted in a one-pot procedure. Accordingly,
heating a mixture of [TBA]3[P309]-2H20, Ph(CH3)4Cl and trichlorosilane was found to
yield clean alkylsilylphosphine Ph(CHj)4P(SiCl3)H, which was identified by 3'P NMR
spectroscopy. Cleavage of the phosphorus-silicon bond using either water or basic alu-
mina gave the corresponding primary phosphine, Ph(CHg)4PHs, which was purified by
distillation and isolated in 64% yield. Anion 1 was implicated as a likely intermediate in
this one-pot procedure, since the same primary phosphine was also obtained when pure
[TBA][1] was used as the phosphorus-containing starting material under otherwise identical
conditions. The presence or absence of trichlorosilane in alkylation reactions of 1 there-
fore provides tunably selective conditions for the preparation of primary and secondary
phosphines, respectively. Existing routes from primary and secondary phosphines to sev-
eral important classes of phosphorus-containing compounds such as phosphonates?’ and
trialkylphosphines?!' are already well established. Secondary phosphines in particular are
valuable starting materials for hydrophosphination reactions.??23

With (4-phenylbutyl)phosphine in hand as the product of a one-pot procedure from
trimetaphosphate, it was of interest to complete a formal synthesis of fosinopril, an an-
giotensin converting enzyme inhibitor used against hypertension and chronic heart failure,
by oxidizing the primary phosphine to (4-phenylbutyl)phosphinic acid. This was accom-
plished with excellent selectivity upon treatment with hydrogen peroxide along the lines of
a literature procedure (Scheme 2.3).2* The resulting (4-phenylbutyl)phosphinic acid may
be converted to the target prodrug fosinopril as reported by a group at Bristol-Meyers
Squibb.'? Using their synthetic scheme, the key phosphorus-carbon bond-forming step in-
volving radical addition of hypophosphorous acid was not entirely selective for addition to
the terminal, olefinic carbon of 3-buten-1-yl-benzene. Chromatographic purification was
necessitated in order to assess the impact of regioisomeric impurities on the quality of inter-
mediates downstream. In the case of the new phosphorus-carbon bond forming methodol-
ogy reported herein (Scheme 2.2), in which an alkyl chloride is used as the source of the 4-
phenylbutyl group in the (4-phenylbutyl)phosphinic acid synthesized, no such regioisomeric
impurities are produced as side products. This example illustrates how the new P—-C bond-
forming methodology, proceeding by way of in situ generated bis(trichlorosilyl)phosphide,
can be plugged into existing synthetic pathways to value-added phosphorus chemicals.
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After observing hydrolytic cleavage of phosphorus-silicon bonds, we wondered whether
anion 1 might react in a similar fashion to produce phosphine (PHs, Scheme 2.2), which is
primarily used in the fumigation industry and is typically produced by hydrolysis of metal
phosphides.?> Treatment of a dichloromethane solution of [TBA][1] with water (15 equiv.)
gave clean formation of PHj in at least 65% yield, as determined by quantitative 3'P NMR
spectroscopy. This reactivity is reminiscent of that reported for trisilylphosphines, such as
P(SiMes)s, which also react with water to give phosphine, indicative of a highly reduced
phosphorus center.?% Accordingly, such compounds, traditionally synthesized from white
phosphorus, are used as versatile reagents for the synthesis of metal phosphides?’ and
quantum dots. 28

Having established the reduced nature of the phosphorus atom in 1, it was of in-
terest to determine whether oxidation of the phosphorus-silicon bonds with a source of
fluorine might give the hexafluorophosphate anion, which is extensively employed as an
electrolyte component in lithium ion batteries.? Treatment of [TBA][1] with xenon di-
fluoride, a convenient laboratory source of elemental fluorine,?” gave clean conversion to
the hexafluorophosphate anion as assayed by its characteristic '9F and 3'P NMR multi-
plets; the hexafluorophosphate could be isolated as its lithium salt after precipitation with
lithium tetrakis(pentafluorophenyl)borate ethyl etherate (Scheme 2.2) in 70% yield.

2.3 Conclusions

In the past, when high purity phosphoric acid for the detergent industry was manufactured
from white phosphorus, the latter was a linchpin synthetic intermediate for phosphorus fine
chemicals,3? and it is still essential for those derived today from phosphorus trichloride.
With the present work we illustrate an alternative pathway to phosphorus chemicals origi-
nating with wet process phosphate. It is clear that several classes of phosphorus chemicals
will be accessible using the chemistry described herein, passing through the key molecular
intermediate bis(trichlorosilyl)phosphide anion, a new simple inorganic anion produced in
a reaction employing trichlorosilane, a high-production-volume chemical. In a possible fu-
ture in which white phosphorus production were to cease, the new methodology could be
adopted as a replacement keeping supply chains open for critical chemicals that currently
rely on the manufacture of Py.
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2.4 Experimental methods

2.4.1 General methods

All manipulations were performed in a Vacuum Atmospheres model MO-40M glovebox
under an inert atmosphere of purified No or using standard Schlenk techniques. When
reagents were removed from a stock bottle containing a Sure/Seal, the equivalent volume
of dry nitrogen was injected into the bottle prior to removing the desired volume of solution
with a syringe. All solvents were obtained anhydrous and oxygen-free by bubble degassing
(argon) and purification by passing through columns of alumina and Q5.3' Once collected,
solvents were stored over activated 4 A molecular sieves (20 wt%) inside the glovebox.3?
All glassware was oven-dried for at least 6 h prior to use, at temperatures greater than
150 °C.

Tetrabutylammonium hydroxide (40 wt% in water, Millipore-Sigma), trisodium tri-
metaphosphate (Millipore-Sigma), xenon difluoride (Alfa Aesar), and trichlorosilane (Milli-
pore-Sigma) were used as received. (4-chlorobutyl)benzene (TCI) was degassed three times
by the freeze-pump-thaw method and stored over activated 4 A molecular sieves for 48 h
prior to use. Borane (1.0 M in THF, Millipore-Sigma) was stored in a fridge at —10 °C.
Hydrogen peroxide (30% (w/w) in HoO, Alfa Aesar) was stored in a fridge at 5 °C. Dichloro-
methane-do, benzene-dg, acetonitrile-dg and chloroform-d were purchased from Cambridge
Isotope Labs and were degassed three times by the freeze-pump-thaw method and stored
over activated 4 A molecular sieves for 48 h in the glovebox prior to use. Diatomaceous
earth (Celite 435, EM Science), 4 A molecular sieves (Millipore-Sigma) and basic alumina
(Millipore-Sigma) were dried by heating to 200 °C under dynamic vacuum for at least 48 h
prior to use. Silica gel 60 was purchased from EMD. The temperature of the aluminum
shot used to heat reagents or reaction mixtures was measured using a Hanna Instruments
K-type Thermocouple Thermometer (model HI935005).

NMR spectra were obtained on Varian Inova 300 and 500 instruments equipped with
Oxford Instruments superconducting magnets, on a Jeol ECZ-500 instrument equipped
with an Oxford Instruments superconducting magnet, or on a Bruker Avance 400 instru-
ment equipped with a Magnex Scientific or with a SpectroSpin superconducting magnet.
'H and '3C NMR spectra were referenced to residual dichloromethane-dy (*H = 5.32 ppm,
13C = 54.0 ppm), benzene-dg (*H = 7.16 ppm, 13C = 128.06 ppm), acetonitrile-d3 (‘H =
1.94 ppm, 3C = 118.26 ppm) or chloroform-d (*H = 7.26 ppm, *C = 77.16 ppm). 3'P
NMR spectra were referenced externally to 85% H3POy (0 ppm). F NMR spectra were
referenced externally to hexafluorobenzene in benzene-dg (0.2 M, ~164.9 ppm). ''B NMR
spectra were referenced externally to 15% (w/w) BF3-OEty in CDCl3 (0 ppm). ‘Li NMR
spectra were referenced externally to 1.0 M LiCl in DO (0 ppm).

Electrospray ionization mass spectrometry (ESI-MS) was performed using a Micromass
Q-TOF ESI spectrometer (see section 2.4.10 for details).

Raman spectra were collected using a Renishaw Invia Reflex Micro Raman (see section
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2.4.11 for details).
Elemental combustion analyses were performed by Robertson Microlit Laboratories
(Ledgewood, NJ, USA).

2.4.2 Synthesis of [TBA];[P;0]-2H,0

[TBA]3[P30g]-2H20 was prepared using a modified literature procedure. 3 Dowex 50WX8
Hydrogen form (1.7 meq/mL) was added to a 200 mL beaker containing deionized water
(50 mL) until a wetted bed volume of 96 mL (163 meq) was achieved. The slurry was
transferred to a 1000 mL Erlenmeyer flask, and the volume of the solution increased to
500 mL. [TBA][OH] (40 wt% in water, 105 mL, 162 mmol) was measured into a beaker,
then transferred to the flask containing the Dowex ion exchange resin. The final volume
was increased to 1000 mL using deionized water, and left to stir at 23 °C for 24 h. The
slurry was loaded into a column (60 cm x 2 cm) which was washed with additional deion-
ized water (160 mL), using a positive pressure of air to increase the flow rate. Sodium
trimetaphosphate (10.0 g, 32.7 mmol) was dissolved in deionized water (500 mL) and the
solution was added to the ion exchange column, and allowed to flow through at a rate of
2 mL/min. The first 100 mL of eluent was discarded, and the rest collected in a 1000 mL
Erlenmeyer flask. The column was rinsed with additional deionized water (100 mL), main-
taining a flow rate of 2 mL/min. Water was removed from the solution using a rotary
evaporator, to give a clear viscous oil, which became a waxy solid after an additional hour
on the rotary evaporator. The solids were washed with diethyl ether (3 x 90 mL) by
adding ether, breaking up the solids with a spatula, then decanting off the clear diethyl
ether solution. The solids obtained were dried for 18 h on a vacuum line at 45 °C. The
material so obtained was dissolved in 1,2-dichloroethane (125 mL) and the solution was
passed through a frit (fine porosity, 30 mL) to remove any undissolved material. Diethyl
ether (700 mL) was added to the clear solution to give a fine precipitate, which was washed
with diethyl ether (3 x 90 mL) by stirring for 5 minutes then decanting off the clear diethyl
ether. The obtained solids were transferred to a Schlenk flask, where they were dried at
45 °C for 24 h before being isolated in the glovebox as a free-flowing white powder (24.9 g,
24.9 mmol, 76% yield). 'H NMR (300 MHz, CDyCly, 6) 4.30 (s), 3.41 — 3.23 (m, 2H), 1.64
(m, 2H), 1.45 (m, 2H), 0.99 (t, 7 Hz, 3H). 3'P{'H} NMR (121 MHz, CD5Cly, §) —19.77
(s).

2.4.3 Synthesis of [TBA][P(SiCl;),]

Caution: [TBAJ[P(SiCl3 )] releases toxic phosphine gas (PHs) upon exposure to water (Sec-
tion 2.4.4). The preparation of this compound generates volatile dichlorosilane, chlorosilane
and hydrogen, as determined by ' H NMR spectroscopy.®® The preparation should be carried
out behind a blast shield. Reactor size is important to allow enough head space for volatile
products and to avoid excessive pressure build-up.
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2.4.3.1 In a thick-walled glass reactor

In the glovebox, [TBA]3[P309]-2H20 (1.0 g, 1.0 mmol) was transferred to a thick-walled
100 mL glass reactor equipped with a gas-tight valve and a Teflon-coated magnetic stir bar
(10 mm). The flask was removed from the glovebox and connected to a Schlenk line in the
fume hood. The nitrogen manifold of the Schlenk line was equipped with an oil bubbler,
followed by a water bubbler in series; the function of the water bubbler was to scrub any
moisture-reactive gases released from the flask. Under a flow of nitrogen, trichlorosilane
(10.0 mL, 99.2 mmol) was added to the flask using a syringe, directly from the stock bottle
which was equipped with a Sure/Seal. The addition of trichlorosilane caused an exothermic
reaction with bubbling, so the flask was left open to the nitrogen manifold for 20 min after
the initial addition. The flask was sealed then heated with stirring in a preheated oil bath
behind a blast shield at 65 °C for 3 h. (Note: When reaching around the blast shield to
move the flask or to adjust a valve, a thick leather glove was worn to protect against the
risk of explosion.) The flask was removed from the oil bath and cooled to 23 °C before
being opened to the nitrogen manifold of the Schlenk line to equalize the pressure inside
the reaction flask. The flask was sealed and placed back in the oil bath at 65 °C for 240 h.
Every 24 h, the pressure inside the flask was equalized as described above. After 240 h,
the flask was removed from the oil bath, and allowed to cool to 23 °C. Volatile materials
were removed in vacuo for 2 h. The flask was brought inside the glovebox, and the material
was dissolved in THF (20 mL) to give a cloudy solution. The solution was passed through
diatomaceous earth (3 cm bed) in a frit (fine porosity, 15 mL). The diatomaceous earth was
washed with THF (2 x 10 mL) and volatile material was removed from the filtrate in vacuo
over the course of 8 h to give a tacky white oil. The oil was triturated with diethyl ether (3
x 5 mL) to give a white paste. The paste was dissolved in DCM (4 mL) and the solution
was passed through a piece of filter paper inside a pipette into a scintillation vial (20 mL).
Diethyl ether (16 mL) was added, causing a white precipitate to form immediately. The
vial was capped and taped shut using electrical tape and placed in a freezer at —35 °C
overnight. The solids that formed were broken up with a spatula and collected on a frit
(fine porosity, 15 mL), and were washed with pentane (3 x 10 mL, —35 °C) before being
dried to constant mass to give a free-flowing white powder (1.150 g, 2.1 mmol, 70.7%
yield). Elem. Anal. Calcd(found) for C16H36ClgN1P;Sie: C 35.44(36.03), H 6.69(6.70),
N 2.58(2.83). 'H NMR (500 MHz, CDyCly, 6) 3.24 — 3.17 (m, 2H), 1.68 — 1.58 (m, 2H),
1.42 (m, J = 7.3 Hz, 2H), 1.00 (t, J = 7.3 Hz, 3H). 3C{'H} NMR (126 MHz, CD5Cls,
§) 59.45, 24.47, 20.21, 13.91. 3'P NMR (203 MHz, CDyCly, 6) ~171.7 (s, Jp_s; = 156 Hz).
PSi{!H} NMR (99 MHz, CD5Cly, 6) 11.8 (d, Jp_s; = 156 Hz).

2.4.3.2 1In a steel pressure reactor

Note: This method is preferred for the preparation of [TBAJ[1] due to the shorter reaction
time and decreased risk of explosion due to the use of a steel pressure reactor instead
of a glass pressure vessel. In the glovebox, [TBA]3[P30¢]-2H20 (1.0 g, 1.0 mmol) was
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transferred to a 25 mL steel pressure reactor, equipped with a Teflon-coated magnetic stir
bar (20 mm), a needle valve and a relief valve (see section 2.6 and Fig. 2.2 for details).
The reactor was sealed using Teflon tape on the threading, removed from the glovebox
and connected to a Schlenk line in the fume hood. Under a positive flow of nitrogen,
trichlorosilane (10.0 mL, 99.2 mmol) was added to the flask using a syringe, directly from
the stock bottle which was equipped with a Sure/Seal. The reactor was heated to 110 °C
in a heating mantle filled with aluminum shot for 72 h behind a blast shield. (Note: It
was found that the heating mantle had a thermal gradient of typically 20 °C from top to
bottom; the temperature of the reaction flask was determined by taking the average of the
temperature at the bottom (temperature probe placed at the very base of the heating mantle,
120 °C) and top (temperature probe placed 2 cm beneath the top of the aluminum shot,
100 °C) of the heating mantle.) The reactor was then allowed to cool to 23 °C over the
course of 2 h. The needle valve was opened to an oil bubbler, followed by a water bubbler
in series to equalize the pressure inside the reactor. (Note: When reaching around the blast
shield to mowe the flask or to adjust a valve, a thick leather glove was worn to protect against
the risk of explosion.) The reactor was removed from behind the blast shield and volatile
material was removed on a Schlenk line for 2 h. The reactor was pumped into the glovebox,
and the crude material subjected to the same work up as detailed in section 2.4.3.1 to give
[TBA][1] as a free-flowing white powder (1.60 g, 1.96 mmol, 65.2% yield). The material
obtained by this method was spectroscopically identical to the material obtained in section
2.4.3.1.

Figure 2.2 A: [TBA]3[P309]-2H20 being loaded into the steel reactor inside the glovebox. B: The steel
pressure reactor sealed inside glovebox. C: Process of adding trichlorosilane to the steel reactor under
a flow of nitrogen on the Schlenk line. D: The steel reactor in a heating mantle filled with aluminum
shot.
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Figure 2.3 'H NMR spectrum of [TBA][1] in CD5Cly at 25 °C, recorded at 500 MHz.
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Figure 2.5 3P NMR spectrum of [TBA][1] in CD5Cly at 25 °C, recorded at 203 MHz.
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Figure 2.6 2°Si{'H} NMR spectrum of [TBA][1] in CDyCly at 25 °C, recorded at 99 MHz.
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2.4.4 Synthesis and quantification of PH; from [TBA][P(SiCl;),]

This experiment was carried out in quadruplicate. Capillaries for quantitative 3'P NMR
spectroscopy were prepared by dissolving chromium(III) acetylacetonate (10.0 mg, 0.03
mmol) and triphenylphosphine (270 mg, 1.03 mmol) in C¢Dg (2.0 mL). The purpose of
the chromium(III) acetylacetonate was to act as a paramagnetic relaxation agent.3* This
stock solution (70 ul) was transferred to a capillary which was then flame sealed. In the
glovebox, [TBA][1] (100 mg, 0.18 mmol) was weighed into a vial and dissolved in DCM
(0.5 mL). The solution was transferred to an NMR tube equipped with a J. Young valve
and the capillary was inserted. The Ty for triphenylphosphine and [TBA][1] were measured
(Bruker 400) to be 4.35 s and 6.07 s respectively using the inversion recovery experiment
(Fig. 2.7). Quantitative 3P NMR spectra (Fig. 2.8) were acquired (8 transients) using a
d1 of >5* T, which was chosen to guarantee integration accuracy of 1%.3% The solutions
were frozen inside the NMR tubes using liquid nitrogen, then degassed water (50 L) was
added using a microsyringe against a positive flow of nitrogen. The tubes were sealed
then removed from the liquid nitrogen and allowed to warm to 23 °C. The T of the
phosphine produced by the reaction was measured using the inversion recovery method
(Fig. 2.7). Quantitative 3'P NMR spectra (Fig. 2.9) were acquired (8 transients) using
a dl of >5*T;. Integration of resonances relative to triphenylphosphine were used to
calculate the yield (> 63%, Table 2.1). 3'P{1H} NMR (162 MHz, DCM, §) —241.1 (s).
3P NMR (162 MHz, DCM, §) —241.1 (q, Jp-g = 188 Hz).

Run Phosphide (%%?Si) PHj Yield

1 434 (8%) 290 67%
2 3.24 (8%) 2.06  63%
3 411 (8%) 3.49  85%
4 4.35 (9%) 279 64%

Table 2.1 Integration of species relative to PPhg for each of the four experimental runs
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Figure 2.7 Array of 3P NMR spectra of the species studied by the inversion recovery experiment. The
times at the top of the figure correspond to the T time for each of the species.
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Figure 2.9 Quantitative 3'PNMR spectra at 25 °C of the four reaction mixtures after the addition of
water to a DCM solution of [TBA][1].
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2.4.5 Synthesis of LiPFg from [TBA][P(SiCl;),]

In the glovebox, [TBA][1] (108 mg, 0.2 mmol) was weighed into a vial containing a Teflon-
coated magnetic stir bar (10 mm) and dissolved in DCM (4 mL). Xenon difluoride (270 mg,
1.6 mmol) was weighed into a separate vial (20 mL) and dissolved in DCM (4 mL). Both
solutions were placed in the glovebox coldwell, which was cooled with liquid nitrogen,
until frozen. Once removed and upon thawing, the solution of xenon difluoride was added
dropwise to the stirring solution of [TBA][1]. After stirring for one hour, the solution was
filtered into a fresh vial (20 mL) through a piece of filter paper inside a pipette. Lithium
tetrakis(pentafluorophenyl)borate ethyl etherate (174 mg, 0.2 mmol) in DCM (2 mL) was
added to the reaction mixture, causing a white precipitate to form immediately. The
precipitate was collected on a piece of filter paper inside a pipette, then washed with DCM
(2 x 2 mL). The collected material was washed from the filter paper into a preweighed
vial using acetonitrile (4 x 3 mL). Volatile material was removed in vacuo to give LiPFg
as a white solid (21 mg 0.14 mmol, 70% yield). '"F NMR (376 MHz, CD3CN, §) ~73.0
(d, Jp.r = 706 Hz). 3'P NMR (162 MHz, CD3CN, §) -144.6 (sept., Jp.r = 706 Hz).
"Li NMR (155 MHz, CD3CN, §) ~1.9 (s). Elemental analysis was not performed due to
minor observable impurities by 3'P and F NMR spectroscopy; one of these impurities
was identified as the bifluoride anion, by comparison of its '?F NMR chemical shift with
values from the literature. 3

A crude yield was also obtained by quantitative 3'P NMR spectroscopy. In the glove-
box, [TBA][1] (30 mg, 0.056 mmol) was weighed into an NMR tube equipped with a
J. Young valve and dissolved in DCM (0.5 mL). Capillaries for quantitative 3'P NMR
spectroscopy were prepared as described in Section 2.4.4. A capillary was inserted into
each NMR tube and the resonance of [TBA][1] was integrated relative to the resonance of
triphenylphosphine. The NMR, tubes were brought into the glovebox and xenon difluoride
(75 mg, 0.44 mmol) was slowly added to the tube (caution: gas evolution!). The tubes
were left open to the glovebox atmosphere for thirty minutes to allow any gases produced
to escape before being sealed. The T of the [PFg]™ anion was measured using the inver-
sion recovery method, and was found to be 5.12 s (Fig. 2.10). Quantitative spectra were
acquired using a d1 of >5*T; and 8 transients. Signals were integrated relative to the
triphenylphosphine resonance (Fig. 2.11). The average yield was found to be 68% by this
method (Table 2.2).

Run Phosphide (%?Si) [PFg]~ Yield

1 1.75 (9%) 118 68%
2 1.85 (8%) 121 66%
3 1.95 (8%) 134 69%

Table 2.2 Integration of species relative to PPhg for each of the four experimental runs.
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Figure 2.10 Array of 3'P NMR spectra from the measurement of the T of [PFs]~ by the inversion
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Figure 2.12 400 MHz 'H NMR spectrum of LiPFg prepared as described in section 2.4.5 in CD3CN at
25 °C. The black spectrum shows a blank of the NMR solvent before the product was dissolved in it
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Figure 2.13 162 MHz 3'P NMR spectrum of LiPFg prepared as described in section 2.4.5 in CD3CN
at 25 °C.
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2.4.6 Synthesis of Ph(CH,),PH,
2.4.6.1 From [TBA][P(SiCl;)]

In the glovebox, [TBAJ[P(SiCl3)2] (50 mg, 0.09 mmol) was weighed into an NMR tube
equipped with a J. Young valve. (4-chlorobutyl)benzene (309 mg, 1.83 mmol) was added
by pipette. The tube was sealed and removed from the glovebox. On the Schlenk line,
trichlorosilane (0.3 mL, 2.97 mmol) was added, directly from the stock bottle which was
equipped with a Sure/Seal, using a syringe against a positive flow of nitrogen. The tube
was sealed and heated to 50 °C behind a blast shield for 144 h. 3'P NMR spectroscopy
showed alkylsilylphosphine Ph(CH3)4P(SiCl3)H as the major product, as well as some
[TBA][1] and primary phosphine Ph(CHy)4PHsy. Volatile material was removed in vacuo
and the residue obtained was taken up in DCM (5 mL). The resulting solution was passed
through a short column of basic alumina, which converts the P—SiCls to a P—H bond,
to give the desired primary phosphine as a colorless oil (3 mg, 0.018 mmol, 20% yield).
Alkylsilylphosphine, Ph(CHz)4P(SiCl3)H: 3!P{'H} NMR (203 MHz, HSiCl3, 6) —130.25
(s, Jp-si = 68 Hz). 3'P NMR (203 MHz, HSiCl3, ) —130.25 (dm, Jp.y = 202 Hz).
Alkylphosphine, Ph(CHy)4PHy: 3'P{'H} NMR (203 MHz, HSiClg, §) —140.44 (s). 3'P
NMR (203 MHz, HSiCls, §) —140.44 (dm, Jp_g = 187 Hz).

2.4.6.2 From [TBA]3[P309]-2H20

Note: This method is preferred to the procedure described in section 2.4.6.1 for the prepara-
tion of Ph(CHs )4 PHy because it does not require isolation of [TBA][1]. Instead, [TBA][1]
is formed in situ. In the glovebox, [TBA]3[P30¢]-2H20 (1.0 g, 1.0 mmol) was weighed into
a 25 mL steel pressure reactor containing a Teflon-coated magnetic stir bar (20 mm), a
needle valve and a relief valve (see section 2.6 for details). (4-chlorobutyl)benzene (338 mg,
2.0 mmol) was weighed into the reactor, which was then sealed using Teflon tape on the
threading, and brought outside the glovebox. The reactor was connected to a Schlenk
line and trichlorosilane (10.0 mL, 99.2 mmol) was added directly from the stock bottle,
which was equipped with a Sure/Seal, against a positive flow of nitrogen. The reactor
was heated to 130 °C with stirring behind a blast shield for 96 h, before being allowed
to cool to 23 °C over the course of 2 h. Volatile material was removed in vacuo for 2 h
and the reactor was brought into the glovebox. Analysis of the crude material by 3'P
NMR spectroscopy showed alkylsilylphosphine Ph(CHs2)4PH(SiCl3) and [TBA][1] as the
major species in solution. The material was dissolved in DCM (15 mL) and transferred
to a vial (20 mL). Basic alumina (8.0 g) was added to form a slurry, which was stirred
for 2 h, then filtered through basic alumina (2 cm bed) in a frit (fine porosity, 15 mL).
The frit was washed with DCM (3 x 10 mL) and the combined washings were dried in
vacuo to give white oily solids and a clear oil. The material obtained was slurried in pen-
tane (10 mL) and the solution passed through basic alumina (2 cm) in a pipette plug.
Volatile material was removed from filtrate in vacuo to give a cloudy colorless oil. The oil
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was purified by trap-to-trap distillation under static vacuum (60 mTorr, measured using a
Duniway thermocouple vacuum gauge, model DST-531). An oil bath at 60 °C was used
to heat the crude material side and dry ice/acetone bath at —78 °C was used to condense
product on the collection side. The product was washed from the distillation apparatus
using pentane (10 mL) and dried to constant mass in vacuo to give a colorless oil (214 mg,
1.28 mmol, 64% yield). 'H NMR. (400 MHz, CDCl3, 6) 7.37 — 7.10 (m, 5H), 2.69 (dt, Jp u
= 195 Hz, J = 7 Hz, 2H), 2.62 (t, J = 7 Hz, 2H), 1.77-1.63 (m, 2H), 1.63 - 1.42 (m, 4H).
13C{'H} NMR (101 MHz, CDCls, 6) 142.38, 128.39, 128.30, 125.72, 35.55, 32.48 (Jp ¢ =
3 Hz), 32,34 (Jp.c = 6 Hz), 13.65 (Jp_.c = 8 Hz). 3'P{!H} NMR (162 MHz, CDCls, §)
~136.22 (s). 3'P NMR (162 MHz, CDCls, 6) -136.22 (tm, Jp i = 195 Hz). This material
failed elemental analysis. A minor impurity was identified as 4-chlorobutyl)benzene (<3%
as determined by 'H NMR. spectroscopy). The material was judged to be sufficiently pure
for further synthetic applications.
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Figure 2.16 'H NMR spectrum of Ph(CHz),PHs in CDCl3 at 25 °C, recorded at 400 MHz.
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Figure 2.17 3C{'H} NMR spectrum of Ph(CH3)4PHz in CDCl3 at 25 °C, recorded at 101 MHz.
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Figure 2.18 3'P{'H} NMR spectrum of Ph(CH3)4PHz in CDCl3 at 25 °C, recorded at 162 MHz.
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Figure 2.19 3'P NMR spectrum of Ph(CH3),PHs in CDCl3 at 25 °C, recorded at 162 MHz.
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2.4.7 Synthesis of (Ph(CH,),).PH
2.4.7.1 Method 1: Isolation as borane adduct

In the glovebox, solid [TBA][1] (1.084 g, 2.0 mmol) was weighed into a 100 mL Schlenk flask
equipped with a Teflon-coated magnetic stir bar (10 mm). (4-chlorobutyl)benzene (1.69 g,
10.0 mmol) was weighed into a vial (20 mL), and added to the Schlenk flask using a pipette.
The vial used to weigh (4-chlorobutyl)benzene was washed with toluene (2 x 4 mL) which
was subsequently added to the Schlenk flask. The flask was sealed and placed in a preheated
oil bath at 105 °C for 108 h. After this time, it was connected to a Schlenk line and placed
in an ice bath. After cooling to 0 °C, a THF solution of BH3 (1.0 M, 7.0 mL, 7.0 mmol) was
added to the flask using a syringe against a positive pressure of nitrogen. The solution was
stirred for one hour at 0 °C followed by one hour at 23 °C. The product was worked up using
a modified literature procedure for the isolation of other secondary alkylphosphine-borane
compounds.3” The solution was carefully added to an aqueous solution of sodium hydroxide
(1.0 M, 80 mL, caution: exothermic!) and once the addition was complete the mixture
was stirred for 2 h. DCM (30 mL) was added to the mixture which was then stirred
for an additional twenty minutes. The organic layer was separated using a separatory
funnel and the aqueous portion extracted with DCM (3 x 30 mL). The organic layers were
combined and dried over anhydrous magnesium sulfate, then filtered through a frit (fine
porosity, 15 mL) into a round bottom flask (200 mL). Volatile material was removed in
vacuo on the Schlenk line to give a colorless oil. The crude material was purified on silica
gel using hexane/EtOAc (95:5) as the eluent to give (Ph(CHs)4)2P(BH3)H as a colorless
oil (120 mg, 0.38 mmol, 19% yield). The major phosphorus-containing product of this
reaction was identified as the primary phosphine Ph(CHy)4PHs, as determined by further
experiments (section 2.4.7.3). 'H NMR (500 MHz, CDCl3, §) 7.52 — 6.96 (m, 10H), 4.54
(dm, Jp_g = 355.9 Hz, 1H), 2.81 — 2.47 (m, 4H), 1.90 — 1.41 (m, 12H), 0.43 (m, 3H).
13C{'H} NMR (126 MHz, CDCls, ) 141.77, 128.50, 128.44, 126.03, 35.42, 32.50 (d, Jp ¢
= 11.2 Hz), 24.11, 20.40 (d, Jp ¢ = 34.8 Hz). 3'P{!H} NMR (203 MHz, CDCls, §) -8.13
(d, Jp_p = 70.0 Hz). 3P NMR (203 MHz, CDCl3, 6) —8.13 (d, *'P{'H} = 355.9 Hz). !'B
NMR (161 MHz, CDCls, §) —42.41 (d, J = 52.5 Hz). Elemental analysis was not performed
due to observable impurities by 'H and 3'P NMR spectroscopy.
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Figure 2.20 'H NMR spectrum of (Ph(CHz)4)2P(BH3)H in CDCl3 at 25 °C, recorded at 500 MHz.
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Figure 2.22 3'P{1H} NMR spectrum of (Ph(CHx)4)2P(BH3)H in CDCl3 at 25 °C, recorded at 203 MHz.
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2.4.7.2 Method 2: Isolation as unprotected phosphine

In the glovebox, [TBA]|[1] (1.084 g, 2.0 mmol) was weighed into a 100 mL thick-walled
Schlenk flask equipped with a Teflon-coated magnetic stir bar (10 mm). (4-chlorobutyl)-
benzene (1.690 g, 10.0 mmol) was weighed into a vial (20 mL) and transferred to the Schlenk
flask using toluene (4 mL, 2 x 2 mL; 8 mL total). The flask was sealed and removed from
the glovebox, then placed in a preheated oil bath at 110 °C for 108 h. After this time, it was
allowed to cool to 25 °C. On the Schlenk line, volatile material was briefly removed in vacuo
for 5 minutes to remove any volatile silicon containing species. The flask was then brought
into the glovebox and the solution transferred to a vial (20 mL); pentane (10 mL) was
used to aid transfer of the material. Activated basic alumina (8.0 g) was added to the vial,
and the solution was stirred for 20 minutes. The solution was poured into a frit (60 mL,
fine porosity) that had been filled with activated basic alumina (45 mL). The alumina bed
was washed with pentane (100 mL) and the filtrate was discarded (!H NMR, spectroscopy
showed it contained (4-chlorobutyl)benzene. The alumina bed was washed with additional
pentane (100 mL) followed by DCM (100 mL). Volatile material was removed in vacuo,
to give a clear colorless oil, which was purified by column chromatography inside the
glovebox. The stationary phase was activated basic alumina (50 mL dry volume), and the
eluent was pentane/DCM (5:1 v/v) which also contained triethylamine (0.1% v/v). Before
the crude material was loaded onto the column, the stationary phase was treated with
pentane:DCM:triethylamine (49.5:49.5:1 v/v/v, 100 mL). Fractions (12 mL) were analyzed
by TLC and 3'P NMR spectroscopy, with the desired compound eluting between fractions
4-10. The sixth fraction was used to collect the NMR data shown in Figs. 2.24-2.27, so as to
unambiguously assign the product by its NMR data. The fractions containing the desired
product were combined and dried to constant mass to give bis(4-phenylbutyl)phosphine as a
clear colorless oil (143 mg, 0.480 mmol, 24% yield). The purity of the product was assessed
by use of an internal standard and "H NMR spectroscopy, and the final yield adjusted to
20%. The major phosphorus-containing product of this reaction was identified as the
primary phosphine Ph(CHj),4PHs, as determined by further experiments (section 2.4.7.3).
'H NMR (500 MHz, CDCls, ) 7.35 — 7.16 (m, 10H), 3.11 (dm, Jp y = 199.5 Hz, 1H), 2.70
~2.60 (m, 4H), 1.77-1.45 (m, 12H). 3C{'H} NMR (126 MHz, CDCl3, §) 142.57, 128.53,
128.42, 125.82, 35.76, 32.90 (d, Jp_¢ = 8.7 Hz), 28.09 (d, Jp_c = 10.0 Hz), 20.32 (d, Jp_¢
= 9.2 Hz). 3'P{'H} NMR (203 MHz, CDCls, §) —69.16. 3P NMR (203 MHz, CDClIs3,
9) —69.16 (d, Jp-g = 199.5 Hz). Elemental analysis was not performed due to observable
minor impurities by 'H and 3'P NMR spectroscopy.
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Figure 2.25 3C{*H} NMR spectrum of (Ph(CHz)4)2PH in CDCl3 at 25 °C, recorded at 126 MHz.
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2.4.7.3 In situ yield of (Ph(CHy),),PH

In the glovebox, [TBA][1] (21 mg. 0.04 mmol) was weighed into an NMR tube equipped
with a J. Young valve. (4-chlorobutyl)benzene (33 mg, 0.2 mmol) was weighed into a vial
(20 mL) and transferred to the NMR tube using toluene-dg (0.6 mL total, in three washes).
A capillary, prepared as described in section 2.4.4, was inserted into the NMR tube. The
tube was sealed and the T of the 3P nucleus of [TBA][1] was measured and found to be
2.94 s. The NMR tube was placed in a preheated oil bath at 105 °C for 120 h. The T
of the 3'P nucleus of the (Ph(CHs)4)2PSiCl3 that formed was measured by the inversion
recovery method and found to be 0.67 s. A quantitative 3P NMR spectrum was acquired
(8 transients) with a d1 of >5*T (Fig. 2.28). Water (70 pL, 3.8 mmol), bubble degassed
with nitrogen for 20 minutes, was added using a micro syringe to the NMR, tube against
a flow of nitrogen. The solution was heated to 70 °C for 2 h. The T'; of the 3'P nucleus
of the (Ph(CHz)4)2PH that formed was measured and found to be 4.83 s. A quantitative
3P NMR spectrum was acquired (8 transients) with a d1 of >5*T. The in situ yield of
(Ph(CHz)4)2PH was found to be 38%.
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Figure 2.28 Quantitative 3'P NMR spectra of the reaction mixture at three different time points in
toluene-dg at 25 °C. Top: spectrum immediately after dissolving [TBA][1] and (4-chlorobutyl)benzene
in toluene-dg. Middle: spectrum after heating the reaction mixture at 105 °C for 120 h. Bottom:
spectrum after addition of water (15 equiv.) to the reaction mixture, followed by heating to 70 °C for
2h. Integrations are given relative to the integration of the PPhs resonance which was set to 1.00 and
omitted for clarity.
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2.4.8 Synthesis of Ph(CH,),P(0)(OH)H

In the glovebox, (4-phenylbutyl)phosphine (30 mg, 0.18 mmol) was weighed into a vial
(20 mL) containing a Teflon-coated magnetic stir bar (10 mm) and dissolved in acetonitrile
(2 mL). The vial was brought outside the glovebox and an aqueous solution of HoOy (30%
(w/w) in H20O, 40 pL, 0.40 mmol) was added using a micro syringe. The solution was
stirred for two hours with the vial cap on, before volatile material was removed in vacuo to
give a sticky colorless residue. The residue was partitioned between brine (4 mL) and ethyl
acetate (4 mL), and the organic phase separated. The brine was washed with additional
ethyl acetate (4 mL), and the organic phases were combined and dried over magnesium
sulfate. The solids were removed by filtration and volatile material was removed in vacuo.
The oil obtained was triturated once with chloroform (2 mL) to give the product as a clear
colorless viscous oil (32 mg, 0.16 mmol, 90% yield). 'H NMR (500 MHz, CDCls, ) 10.40
(s, 1H), 7.31 — 7.15 (m, 5H), 7.08 (d, Jp_p = 542 Hz, 1H), 2.64 (t, J = 7 Hz, 2H), 1.92 —
1.48 (m, 6H). 3C{'H} NMR. (126 MHz, CDCl3, ) 141.82, 128.50, 128.45, 126.03, 35.55,
32.27 (d, Jp_¢ = 15.9 Hz), 29.19 (d, Jp_¢ = 94.1 Hz), 20.42. 3'P{IH} NMR (203 MHz,
CDCl3, §) 38.77 (s). 3P NMR (203 MHz, CDCl3, 6) 38.77 (d, Jp.-y = 542 Hz). These

spectral data match reported values from the literature. 1938
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Figure 2.29 'H NMR spectrum of Ph(CH3)4P(O)(OH)H in CDCl3 at 25 °C, recorded at 500 MHz.

68



r0.24

r0.23

O~
< o
NN
NSNS

—141.82
128.50
128.45

28
—20.42

<
\126.02

r0.22
r0.21
r0.20
r0.19
r0.18
r0.17
r0.16
r0.15
r0.14

r0.13
r0.12
L] r0.11

_,,
®
>

o~ Fo.10
F0.09
Fo.08
0.07
.06
d Fo.0s
e F0.04
a, b c 10.03
F0.02

L1

0.00

r-0.01
-0.02

140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure 2.30 13C{'H} NMR spectrum of Ph(CH3)4P(O)(OH)H in CDClj3 at 25 °C, recorded at 126 MHz.
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Figure 2.31 3'P{*H} NMR spectrum of Ph(CHz),P(O)(OH)H in CDCl3 at 25 °C, recorded at 203 MHz.
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Figure 2.32 3P NMR spectrum of Ph(CH3)4P(O)(OH)H in CDCl3 at 25 °C, recorded at 203 MHz.

2.4.9 X-ray Diffraction Studies of [TBA][1]

Diffraction-quality, colorless crystals were grown by dissolving [TBA][1] (300 mg, 0.55
mmol) in DCM (1 mL), followed by addition of diethyl ether (2 mL) to produce a white
precipitate. The mixture was stored in the freezer (with no filtration step) at —35 °C for
48 h. A single crystal was selected under a microscope and mounted in hydrocarbon oil on
a nylon loop. Low-temperature (100 K) data were collected on a Bruker-AXS X8 Kappa
Duo diffractometer coupled to a Smart Apex2 CCD detector with Mo Ka radiation (A =
0.71073 A) with ¢- and w-scans. A semi-empirical absorption correction was applied to
the diffraction data using SADABS.3%40 The structure was solved by direct methods using
SHELXT 442 and refined against F'! on all data by full-matrix least squares with ShelXle. 3
All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were included
in the model at geometrically calculated positions and refined using a riding model. The
isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the Ug,
value of the atoms they are linked to (1.5 times for methyl groups).

[TBA][1] crystallizes with two anions and two cations in the asymmetric unit. One of
the tetrabutylammonium cations was disordered; the disorder was treated with a simple
model to restrain chemically equivalent methylene and methyl groups to be the same
(SAME command). One of the bis(trichlorosilylphosphide) anions was disordered over two
sites; this disorder was modeled as a major and minor component. During the refinement,
the two disordered anions were restrained to be the same. However, these restraints could
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be lifted at the end of the refinement procedure to provide a stable solution. The other
bis(trichlorosilyl)phosphide anion was not disordered and was refined without restraints.
Similar-ADP and rigid bond restraints (SIMU and RIGU commands, respectively) were
applied to the entire structure.

CSD identification code 1815508
Reciprocal net code X817117
Empirical formula C16H34ClgNPSI,
Formula weight 542.31 g/mol
Color / morphology colorless / needle
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group P212:2;
a = 15.511(3) A o = 90°
Unit cell dimensions b =17.665(3) A g = 90°
¢ = 20.303(3) A v = 90°
Volume 5562.9(15) Al
Z 8
Density (calculated) 1.295 g/cm!
Absorption coefficient 0.766 mm ™!
F(000) 2272
Crystal size 0.138 x 0.090 x 0.090 mm!
Theta ranges for data collection 1.528 to 27.877°
Index ranges —20<=h<=20, —23<=k<=23, —26<=1<=26
Reflections collected 83971
Independent reflections 13268 [Rint = 0.0727]
Completeness to 0 = 25.242° 100.0%
Absorption correction Semi-empirical from equivalents
Refinement method Full-matrix least-squares on F'!
Data \restraints \parameters 13268 \1406 \708
Goodness-of-fit on F'! 1.037
Final R indices [I>20 (1)] Ry = 0.0507, wRy = 0.1079
R indices (all data) Ry = 0.0730, wRy = 0.1174
Absolute structure parameter —0.02(3)
Extinction coefficient n/a
Largest diff. peak and hole 0.728 and —0.391 e-A™3

Table 2.3 X-ray crystallographic information for [TBA][1]
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2.4.10 Mass spectral studies of [TBA][1]

[TBA][1] (5 mg, 0.01 mmol) was dissolved in DCM (5 mL). This stock solution (1 mL) was
transferred to a GC vial (2 mL) equipped with a septum. The GC vial was placed inside
a scintillation vial (20 mL) which was capped and sealed with electrical tape to minimize
air exposure prior to data acquisition. The capillary of the instrument was washed with
dry DCM (3 mL) before the data were collected in negative ion mode, using a source
temperature of 100 °C and a desolvation temperature of 150 °C. Anion 1 was identified as
a species with low signal intensity (Fig. 2.33). Decreasing the capillary voltage from 3400 to
2800 V gave a concomitant increase in the signal of 1 relative to the most intense fragment.
Other fragments were identified as [ClgOPSia]|~ (m/z = 315.86) and [ClgO2PSis]™ (m/z =
331.86).
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Figure 2.33 ESI-MS(-) of a DCM solution containing [TBA][1]. Inset: (left) Relative intensity of 1
as a function of capillary voltage, (right) comparison of the experimental (2800 V) and simulated mass
spectrum of 1.
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2.4.11 Raman spectrum of [TBA][1]

In the glovebox, [TBA][1] (3 mg, 0.006 mmol) was loaded into a quartz capillary, and the
opening was sealed with vacuum grease. The capillary was placed in the instrument, and
analyzed using 785 nm wavelength irradiation. Density functional theory (DFT) calcula-
tions were performed as described in section 2.5.3. An intense band was observed in the
experimental spectrum at 378 cm~! (Fig. 2.34), corresponding to the Aj stretching mode
(according to idealized C, symmetry).
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Figure 2.34 Experimental (black) and calculated (red) Raman spectra of [TBA][1] and 1, respectively.

2.5 Computational details

Calculations were performed using Orca 4.0.0.4* The geometries of stationary points were
found to have zero imaginary frequencies, as determined by vibrational frequencies calcu-
lations.
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2.5.1 Natural bond order (NBO) analysis of 1

The geometry of 1 was optimized at the M062X /ma-def2-TZVPP level of theory. Solvation
effects were modeled using COSMO, and the solvent was selected as DMSO. The optimized
structure (Table 2.4) was analyzed by the NBO method.!” The results (Table 2.5) were
obtained with the NRT keyword.

Element X Y Z
P -0.0185850000 0.0179640000 -0.9657100000
Si -0.6907010000 -1.8507850000 -0.1421610000

Si 1.9583370000  0.2180480000 -0.1423770000
Cl 0.5478510000 -3.5185880000 -0.2487080000
Cl -2.4040430000 -2.3670430000 -1.2159580000
Cl -1.3142460000 -1.8569380000  1.8516590000
Cl 2.4869410000  2.2226580000 -0.3543400000
Cl 3.5108540000  -0.7890080000 -1.1089960000
Cl 2.2577170000 -0.2272220000 1.8641680000

Table 2.4 Optimized cartesian coordinates of 1 at the M062X/ma-def2-TZVPP level of theory.

Resonance CI\Si/ Pe\Si/ “ Cl\si/ P\$i/ . c® Si/P\Si/ “
strueture cTE \<:| cTE \CI ac® o \C' cTE \CI cTE Cl
Weight 22% 8% 2%
Degeneracy 1 4 2

Total 22% 32% 4%

Net total 58%

Table 2.5 Leading resonance structures for 1

2.5.2 Electron localization function (ELF) analysis of 1

The geometry of 1 was optimized at the wB97X-D3/def2-TZVPP level of theory. The
program Multiwfn*® was used to generate the ELF cube file. Chimera S was used to make
the figure shown in the manuscript.
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2.5.3 Calculated Raman spectrum of 1

The geometry of 1 was the same as obtained in section 2.5.1. Vibrational frequencies and
Raman activities and polarizations were calculated at the M062X/ma-def2-TZVPP level
of theory (Table 2.6). The calculated spectrum was plotted using Avogadro;4” no scaling
factor was employed.

Frequency / ecm~!  Activity = Depolarization

40.54 0.299195 0.685709
56.87 0.857369 0.404067
105.31 6.113329 0.710889
116.06 4.379565 0.746071
129.33 5.889518 0.518846
149.31 0.554515 0.736762
176.11 7.707499 0.525424
189.05 6.872388 0.733365
196.32 2.558793 0.723032
206.17 6.604676 0.749695
217.10 8.008290 0.726101
244.96 7.453775 0.124526
367.04 125.835812 0.004776
384.81 8.519372 0.741051
489.19 10.063755 0.748864
491.64 10.363886 0.721530
497.58 12.445801 0.746545
508.32 8.318944 0.658862
558.45 3.982386 0.744372
585.06 15.754700 0.091124

Table 2.6 Calculated vibrational frequencies and corresponding Raman activity and depolarization.

2.6 Fabrication of steel pressure reactor

Caution: The integrity of this pressure reactor was not tested. Reactions should be carried
out behind a blast shield. The steel pressure reactor was fabricated at the MIT central ma-
chine shop. Drawings of the nut and bolt are shown in Fig. 2.35 and Fig. 2.36, respectively.
The parts ordered from Swagelok to assemble the relief valve (top of nut part) and needle
valve (side of nut part) are given in Table 2.7. A Teflon ring was cut to fit inside the nut
part of the reactor, which formed a gas-tight seal by tightening the nut and bolt assembly.
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Part description Swagelok part number

Spring for relief valve 177-R3A-K1-F
Proportional Relief Valve, 1/4 in. MNPT x 1/4 in. FNPT SS-4R3A5
Needle Valve, 1/8 in. MNPT SS-1RM2
Pipe Plug, 1/4 in. Male NPT SS-4-P
Hex Coupling, 1/8 in. Female NPT SS-2-HCG
Hose Connector, 1/8 in. Male NPT, 1/4 in. Hose ID SS-4-HC-1-2

Table 2.7 Parts ordered from Swagelok for the steel pressure reactor.
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Figure 2.35 Schematic drawing of the nut part of the steel pressure reactor.
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Figure 2.36 Schematic drawing of the bolt part of the steel pressure reactor.
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Chapter 3

Orthophosphate and Sulfate
Utilization for C-E (E = P, S)
Bond Formation via Trichlorosilyl
Phosphide and Sulfide Anions
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Abstract

Reduction of phosphoric acid (H3PO4) or tetra-n-butylammonium bisulfate ([TBA][HSO4])
with trichlorosilane leads to the formation of the bis(trichlorosilyl)phosphide ([P(SiCls)2] ™,
1) and trichlorosilylsulfide ([Cl3SiS]~, 2) anions, respectively. Balanced equations for the
formation of the TBA salts of anions 1 and 2 were formulated based on the identifica-
tion of hexachlorodisiloxane and hydrogen gas as byproducts arising from these reductive

Reproduced in part with permission from: Geeson, M. B.; Rios, P.; Transue, W. J.; Cummins, C. C. J.
Am. Chem. Soc. 2019, 141, 6375-6384 (doi 10.1021/jacs.9b01475). Copyright (©) 2018 American Chemical
Society.
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processes: i) [HoPO4]™ + 10 HSiCl3 — 1 4+ 4 O(SiCls)2 + 6 Hy for P and ) [HSO4|™
+ 9 HSiCl3 — 2 4+ 4 O(SiCls)2 + 5 Hy for S. Hexachlorodisiloxane was identified by
29Si NMR spectroscopy and hydrogen gas was identified by its subsequent use to hydro-
genate an alkene ((—)-terpinen-4-ol) using Crabtree’s catalyst ([(COD)Ir(py)(PCys)][PF¢],
COD = 1,5-cyclooctadiene, py = pyridine, Cy = cyclohexyl). Phosphide 1 was gen-
erated in situ by the reaction of phosphoric acid and trichlorosilane, and used to con-
vert an alkyl chloride (n-chlorooctane) to the corresponding primary phosphine, which
was isolated in 41% yield. Anion 1 was also prepared from [TBA]J[H2PO4] and iso-
lated in 62% yield on a gram scale. Treatment of [TBA|1 with an excess of benzyl
chloride leads to the formation of tetrabenzylphosphonium chloride, which was isolated
in 61% yield. Sulfide 2 was used as a thionation reagent, converting benzophenone to
thiobenzophenone in 62% yield. It also converted benzyl bromide to benzyl mercaptan
in 55% yield. The TBA salt of trimetaphosphate ([TBA]3[P309].2H50), also a precur-
sor to anion 1, was found to react with either trichlorosilane or silicon(IV) chloride to
provide bis(trimetaphosphate)silicate, [TBA]2[Si(P30g)2], which was isolated in 27% yield
and characterized by NMR spectroscopy, X-ray crystallography and elemental analysis.
Trichlorosilane reduction of [TBA]2[Si(P309)2] also provided anion 1. The electronic struc-
tures of 1 and 2 were investigated using second order Mgller-Plesset (MP2), Natural Bond
Orbital (NBO) and Generalized Valance Bond (GVB) theories; the computational stud-
ies suggest that the trichlorosilyl ligand is a good m-acceptor and forms o-bonds with a
high degree of s character. One-bond 3'P-2?9Si coupling constants obtained computation-
ally compared well with those determined by experiment for a series of phosphorus-silicon
bond-containing species.

3.1 Introduction

White phosphorus has long been the critical intermediate for the synthesis of nearly all
phosphorus-containing non-fertilizer chemicals.' The production of white phosphorus,
in what is known as the “thermal process”, requires the energy-intensive reduction of
phosphate rock and is conducted in an electric arc furnace at 1500 °C.3 White phosphorus
is a toxic and pyrophoric substance that has been used as a chemical warfare agent and
its transport has led to high-profile catastrophes.* The legacy thermal process for the
production of P4 has served a secondary role as a method of purification; the phosphorus
volatilized from the electric arc furnace allows for it to be separated from chiefly sulfur-
and silicon-containing impurities.® However, it struggles to separate arsenic, which is toxic
to humans,% because As replaces P in the P4 lattice.?”

In contrast, phosphoric acid, H3PQOy, is produced by the “wet process”, which involves
treating phosphate rock with sulfuric acid.® In this scheme, the industrial chemistry of
sulfur and phosphorus are intimately intertwined; sulfur is a secondary product from the
petrochemical industry, and the vast majority of it is used to make sulfuric acid, allowing
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Scheme 3.1 A: Synthetic routes to phosphorus-containing chemicals from phosphate rock. TBA =
tetra-n-butylammonium. Most commonly, phosphate rock has the formula Ca;(POy4)3X, where X is
typically F, Cl or OH, collectively referred to as apatite. B: Application of trichlorosilane reduction to
the chemistry of sulfur by preparation of [TBA]2 from [TBA][HSO4].

the wet process to operate.® The scale of the latter is much larger than that of the thermal
process, accounting for the fate of 95% of the phosphate rock mined annually.? Improve-
ments in the methods for purifying phosphoric acid have been such that, nowadays, the
purity of H3POy4 produced by the wet process rivals that produced by the thermal process,
allowing wet process phosphoric acid to be used in food-grade applications.”? The higher
energy requirements of the thermal process, in addition to the toxicity and pyrophoric
properties of P4, provide motivation for eliminating P4 in favor of phosphoric acid as the
key starting material for the production of P-containing chemicals. 114 Along these lines, a
microwave-assisted preparation of PClg from calcium phosphate in a scheme that is thought
to bypass elemental P has also been reported.'®

We recently reported the synthesis and characterization of the bis(trichlorosilyl)phos-
phide anion 1, as its TBA salt, by reduction of trimetaphosphate with trichlorosilane
(Scheme 3.1A).19 [TBA]1 was shown to be a versatile reagent for the preparation of several
phosphorus-containing products previously only available downstream of white phosphorus,
such as Li[PFg|, RPHy and PH3. We also demonstrated that [TBA]1 does not need to be
isolated and purified, and can instead be generated in situ for the conversion of a primary
alkyl chloride to a corresponding alkyl phosphine.

Trichlorosilane, the reducing agent used to prepare anion 1, is manufactured on an
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industrial scale for the production of high-purity elemental silicon, which is in turn used
to produce photovoltaic (PV) cells.!® It is listed as a high production volume (HPV)!”
chemical, produced in the US in the range of 1-5 billion pounds (2016).'® The major-
ity of trichlorosilane is produced by the reaction of hydrogen chloride gas and elemental
silicon, the latter being derived from a similarly high energy process to thermal P4 pro-
duction.'® More recently however, sustainable and less energy-intensive approaches for
preparing trichlorosilane have been explored. One example, already practiced industrially,
is the reaction of silicon(IV) chloride with hydrogen.!??® Silicon(IV) chloride is a waste
product of the PV industry,' or can alternatively be prepared in a redox-neutral pro-
cess that involves converting silicate-containing minerals to a tetraalkyl orthosilicate?! and
subsequent chlorination to silicon(IV) chloride.???* A method for producing silicon(IV)
chloride from silica in a process that avoids elemental silicon entirely was described and
patented in 2012.1%2% Finally, new methods for preparing silicon from silica using elec-
trochemical techniques are areas of active investigation.?® These recent developments in
the field of sustainable silicon chemistry hold promise for the use of trichlorosilane as a
reducing agent for other element oxides.

3.2 Results and discussion

3.2.1 Reduction of orthophosphate with trichlorosilane

Trimetaphosphate, the precursor to [TBAJ1, is produced by the dehydration of monoso-
dium dihydrogenphosphate at 300-500 °C,% or more recently by a similarly high-temper-
ature dehydration of H3PO, in the presence of sodium chloride.?® We wondered whether
it might be possible to obviate this dehydration step, and instead prepare anion 1 more
directly from a source of orthophosphate. Despite the well-documented reactivity of wa-
ter and alcohols with Si~Cl bonds to give silanols,?” our initial system tolerated the two
equivalents of water present in the [TBA]3[P309]-2H20 starting material. ?® We therefore
considered sources of orthophosphate containing acidic protons as potentially viable sub-
strates for the preparation of [TBA|1.

HSiCl,

[TBAJH,PO, » [TBA][P(SiCly),]  62%, 1 gram
110°C, 6 d

Scheme 3.2 Preparation of [TBA]1 starting from [TBA][H2PO4].

Crystalline phosphoric acid,??3° typically obtained from an aqueous 85% solution of
H3PO,, accordingly was tested for its ability to serve as a precursor to anion 1. In order
to target the stable TBA salt of 1, crystalline phosphoric acid was heated with [TBA]Cl
in neat trichlorosilane. After heating at 110 °C for 86 h an aliquot was analyzed by 3P
NMR spectroscopy; the characteristic signal for anion 1 was observed at —171.7 ppm.
Despite several attempts, we were unable to obtain [TBA]1 as a pure compound using this
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preparative method due to the formation of byproducts, including [TBA]2[SigCly4],3! 33
which was identified by 2Si NMR spectroscopy (3.4.3.2). Instead, we used phosphoric acid
to generate anion 1 in situ. In the presence of n-octylchloride, anion 1 undergoes a key
carbon-phosphorus bond forming reaction and, after workup, m-octylphosphine could be
isolated in 41% yield based on n-octylchloride as the limiting reactant (Scheme 3.3).

Although unactivated alkyl halides can be reduced with trichlorosilane in the presence
of a halide catalyst to give trichlorosilyl-functionalized alkanes, such reactions typically
require even more forcing conditions than we have employed here for P—C bond forma-
tion.?* In support of a mechanism in which a primary alkyl chloride undergoes nucle-
ophilic attack by anion 1, we have previously shown that cleanly isolated [TBA|1 reacts
with an alkyl chloride to give P—C bond-containing products in the absence of additional
trichlorosilane. ! This method for the preparation of primary alkyl phosphines is attractive
because it constitutes a one-step procedure from commercially available starting materials
(Scheme 3.1A) and gives a primary alkyl phosphine in two steps from phosphate rock, the
raw material that is mined from the ground. n-Octylphosphine is a useful precursor to
stannylphosphines, 236 as well as phosphacyclohexanes.?” Octylphosphine can also be oxi-
dized to octylphosphonic acid,3® which finds applications as a ligand for nanoparticles3?:49
and for heavy metal extraction processes. 4142

1.5 H;PO,

1.5 [TBA]CI \/\/\/\/ H,
CH;(CH,)sCH,CI >

HSiCl;, 110 °C, 6 d

then Al,O;3 or H,0 41%, 13 g

Scheme 3.3 Synthesis of n-octylphosphine from n-octylchloride and phosphoric acid.

Interested in having a reliable preparation of pure samples of [TBA]1 from a source
of orthophosphate, we considered the possibility that tetra-n-butylammonium dihydrogen-
phosphate, [TBA][H2PO4],* might be a more suitable phosphate-containing starting mate-
rial. By avoiding the introduction of additional chloride to the reaction, as was the case for
the initial H3PO,4/[TBA]CI conditions, we sought to minimize the formation of byproducts
such as [TBA]3[SigCl14] which had impeded isolation of pure [TBA]1. Gratifyingly, [TBA]1
could be isolated pure and in a moderate yield (62%) when [TBA][H2PO4] was subjected
to the standard conditions for preparing anion 1 (Scheme 3.2). Importantly, we encoun-
tered no difficulties in the typical workup and purification procedure. Over the prolonged
reaction times employed, decomposition of TBA to give tri-n-butylammonium ([BugNH]™)
was observed, although based on the moderate yield of [TBA]1 from [TBA][H2POy4] (62%,
Scheme 3.2) this process appears to be slow. [TBA]1 melts with slight decomposition at
105-108 °C; analysis of a sample of [TBA]1 that was maintained at 110 °C for 20 minutes
partially redissolved in DCM to show the presence of anion 1 by 3'P NMR spectroscopy
(3.4.3.3). Nonetheless, future work will seek to determine which cations that can be paired
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with anion 1 to provide salts with superior thermal stabilities.

CH,Ph | Cl
10 PhCH,CI |

~N\IcHph  O1%
CH,Ph

[TBA][P(SiCls),]

\

4
MeCN, 70 °C PhH,C
Scheme 3.4 Synthesis of tetrabenzyl phosphonium chloride from [TBA]1 and benzyl chloride.

With a method in hand for preparing [TBA]1 directly from a source of orthophosphate,
we set out to further explore the reactivity of 1 with carbon-based electrophiles. Heating
[TBA]1 with an excess (10 equiv.) of benzyl chloride led to the formation of tetraben-
zylphosphonium, identified by its 3'P NMR spectrum (& 24.5 ppm, displaying coupling to
8 equivalent protons to give a binomial nonet with 2Jp i = 14 Hz), in line with previ-
ous literature reports.** The phosphonium salt was separated from any TBA salts using
water; while both the TBA and phosphonium salts were soluble in boiling water, only
the TBA salts were soluble at 23 °C. Accordingly, recrystallization of the crude product
from boiling water provided tetrabenzylphosphonium chloride in 61% yield (Scheme 3.4).
Tetrabenzylphosphonium can be converted to the corresponding Wittig reagent and sub-
sequently used to make carbon-carbon double bonds. %>

3.2.2 Intermediates in the HSiCl; reduction of phosphate sources
3.2.2.1 With trimetaphosphate as the P source

Reduced P-containing species other than anion 1 were not observed upon trichlorosilane
treatment of phosphate sources. However, a small but significant shift (10 ppm) of the
trimetaphosphate resonance in the 3'P NMR spectrum was observed when the initial reac-
tion of [TBA]3[P309].2H20 with trichlorosilane was monitored at 23 °C. Such changes in
chemical shift are diagnostic of trimetaphosphate coordinating as a ligand. %647 Diluting the
reaction mixture in dichloromethane, thereby lowering the concentration of trichlorosilane
and slowing the rate of reaction, led to the observation of an additional species (3, Fig. 3.1),
which by 3'P NMR spectroscopy was indicative of two trimetaphosphate units coordinated
to two separate silicon centers. The connectivity of intermediate 3 was assigned based on
the integration ratios and chemical shifts of the x® coordinated*6 (P,), ultraphosphate?”
(Py) and branched*® (P.) polyphosphate regions, as well as the coupling pattern (ABg,
2Jpp = 27 Hz) of P, and P.. After 48 h, this intermediate had converted to one having
a single 3'P NMR resonance at ¢ 29.4 ppm, which is formulated as [TBA]2[Si(P3Og)s].
This compound could be prepared independently by reaction of SiCly with [TBA]s-
[P309].2H20, allowing for its isolation in 27% yield. An X-ray diffraction study con-
firmed the connectivity of [TBAJ2[Si(P30yg)s], featuring a six-coordinate central silicate
moiety sandwiched between two trimetaphosphate ligands. Anion [Si(P30g)2]?~ is a rare
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Figure 3.1 3'P{*H} NMR spectrum of the reaction mixture obtained when [TBA]3[P309].2H20 and
SiCly are mixed for 30 minutes in DCM at 23 °C. The resonances correspond to intermediate 3 (inset)
in the synthesis of [TBA]2[Si(P30g)2]. The asterisk (*) denotes [TBA]2[Si(P30g)2].

example of an entirely inorganic molecular silicophosphate; the majority of structurally
characterized molecular silicophosphates contain organic substituents at silicon.?” Like
[TBA]2[Si(P309)2], silicophosphate materials generally feature silicon in an all-oxygen six-
coordinate environment.?® However, their syntheses generally proceed at higher tempera-
tures®! than we have found to be the case for [TBA]2[Si(P309)2].

Silicophosphate [TBA]2[Si(P309)2] forms quickly and quantitatively (>20 min) when
a DCM solution of [TBA]1 is treated with a large excess of trichlorosilane (23 equiv.) at
room temperature. It was confirmed that the [Si(P30g)]?>~ anion can serve as a P-source in
the generation of 1, by subjecting an independently prepared sample of [TBA]2[Si(P30g)2]
to the standard synthesis conditions (neat HSiCls, 110 °C).Although no other interme-
diates were observed by 3'P NMR spectroscopy, the reduction of [TBA]2[Si(P30g)2] by
trichlorosilane might proceed through mechanisms similar to those which have been pro-
posed for related organic phosphine oxide reductions.®? These have been postulated to
proceed through either attack of the trichlorosilyl anion, [SiCl3]~,%37%% at the phosphorus
center or via a A’ phosphorane intermediate.?” Disproportionation and redistribution re-
actions of chlorosilanes by either a nucleophile or a base are well known,3' 33 and so a
potentially large number of silicon-containing species could be responsible for reduction
of the phosphate sources we have identified as precursors to [TBA]1. Given that we do
not observe additional intermediates by 3'P NMR spectroscopy, the first reduction event at
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Figure 3.2 Molecular structure of [TBA]2[Si(P509)2] with the ellipsoids at the 50% probability level and
the two TBA cations omitted for clarity. Color coding: phosphorus (orange), oxygen (red) and silicon
(tan). Selected bond distances (given as the average of chemically equivalent bonds) (A): Si1-O1:
1.7717(21), O1-P1: 1.5254(23), P1-02: 1.4448(25), P1-03: 1.6121(34).

L

phosphate is likely rate-determining. Remarkably, anion 1 forms selectively under the reac-
tion conditions; analogs in which a Cl is replaced by a hydrogen atom, a trichlorosilyl group,
or a trichlorosiloxy group (~OSiCl3) were not observed by 3'P NMR. Each of these three
scenarios seems reasonable, given the facile redistribution of H for Cl in chlorosilanes,® the
ease at which chlorosilane oligomers are formed3'®? and the existence of a related anion
in which a phosphide features two dichloroaryloxysilyl functional groups ([P(SiClo,OR)2]™
(R = 2,4,6—(t—Bu)3C6H2)).60

3.2.2.2 With phosphoric acid as the P source

Condensed phosphates are observed (3'P NMR) to form under the reduction conditions for
the preparation of 1 from phosphoric acid, demonstrating trichlorosilane must serve the
role of dehydrating agent in addition to its role as the reducing agent. At the end of the
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reaction used to prepare anion 1 in situ from H3PO,, a white precipitate was seen to have
formed that was insoluble in common organic solvents. The material dissolved completely
in water and analysis of this aqueous solution by 3'P NMR spectroscopy revealed the
presence of pyrophosphate and linear triphosphate (Scheme 3.5). Trichlorosilane is clearly
capable of condensing orthophosphate into longer chain polyphosphates, and this may play
a role in the mechanism governing the formation of [TBAJ1. Presumably, condensed phos-
phates formed under the dehydrative conditions employed are capable of acting as ligands
towards silicate centers, in a manner similar to the formation of [TBA]5[Si(P30y)2] from
trimetaphosphate and trichlorosilane. The longer reaction times required for orthophos-
phate to be converted to anion 1, versus trimetaphosphate, are in line with our previous

arguments that metaphosphates are kinetically more prone to reductive processes.!'®
0 0 0
I I I
- O SO SO - .
[TBAJ[CI] (1 equiv.) 0 \O' 0 \O_O \O_O triphosphate

HsPO, > 1] + o o
HSiCl,, 110 °C, 6 d I I

07 N0 o

o~ o~

pyrophosphate

Scheme 3.5 Under the conditions used to prepare anion 1 in situ, pyrophosphate and linear triphosphate
were observed by 3'P NMR spectroscopy. Line drawings of the polyphosphate products are shown in
their fully deprotonated states for clarity.

3.2.3 Sulfate reduction by trichlorosilane

The ability of trichlorosilane to effect the dehydration and complete deoxygenation of phos-
phate suggests a likely strategy for the reduction of other p-block oxoanions to give products
containing the E-SiCls group. Such compounds (E = C, Si, Ge) have received interest in
recent years due to their potential applications in deposition processes®' and chemical syn-
thesis.®? A survey of the literature returned the trichlorosilylsulfide anion ([Cl3SiS]~, 2),
which was prepared previously from tetraethylammonium hydrogen sulfide upon treatment
with silicon tetrachloride in liquid hydrogen sulfide.®? Given the above results for generation
of 1 from dihydrogen phosphate and phosphoric acid, it follows that 2 might be accessed by
reduction of bisulfate with trichlorosilane: a procedure that would avoid the use of liquefied
HsS, which is both extremely toxic and dangerous.% Accordingly, [TBA]2 was prepared in
moderate yield (43%) by stirring [TBA][HSO4] in an acetonitrile/trichlorosilane mixture
at 23 °C for 20 h (Scheme 3.6). Conditions leading to the formation of [TBA]2 are notably
milder than the conditions required for the corresponding preparation of [TBA]1 (3.4.3.6).
We also found that reduction of [TBA][HSO4] with trichlorosilane leads to the formation
of some elemental sulfur. A single crystal obtained from the crude reaction mixture in the
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MeCN, HSiCl, . [TBAJ[CISiS]
4
23°C,20 h [TBA]2
Scheme 3.6 Preparation of [TBA]2 from [TBA][HSO4,].

[TBA][HSO,] 43%

preparation of [TBA]2 was unambiguously identified as Sg by comparison of its unit cell
with previous literature reports. %

[TBA]2 was characterized by multinuclear NMR, IR, and Raman spectroscopies in ad-
dition to elemental analysis and X-ray crystallography (Fig. 3.3). The IR and Raman data
are consistent with those provided in the single previous report of anion 2, which had been
isolated as the tetraethylammonium (TEA) salt.% The previous report also described the
solid-state structure of [TEA][2] but the data were of insufficient quality to permit a de-
tailed discussion of the bond metrics of the anion. Fortunately, our crystallographic study
of [TBA]2 permitted unambiguous assignment of the sulfur and chlorine atoms of anion
2. The assignment of the sulfur and chlorine atoms is also supported by the different Si—S
and Si—Cl lengths, which match well with those we calculated at the wB97X-D3/ma-Def2-
QZVPP level of theory.%%67 Anion 2 displays a Si-S bond of 1.9756(14) A, significantly
shorter than the sum of the covalent single bond radii, 2.19 A.% This bond length con-
traction is indicative of multiple bonding between silicon and sulfur, a phenomenon we
have analyzed using a suite of theoretical methods (see Electronic Structure and Bonding
section).

S1

Figure 3.3 Molecular structure of [TBA]2, with ellipsoids at the 50% probability level and the TBA
cation omitted for clarity. Selected bond lengths (A) and angles (°): Sil-S1: 1.9756(14), Si1—Clay.:
2.073(7), S1-Si1—Cl,: 115.59(25), CI-Si1-Cl,y : 102.69(30).
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Scheme 3.7 Use of [TBA]2 as a thionation reagent to give benzyl mercaptan and thiobenzophenone
from benzyl bromide and benzophenone respectively.

3.2.4 Carbon-sulfur bond-forming reactions

With [TBA]2 in hand, we set out to test the value of this reagent for the preparation of
organosulfur compounds (Scheme 3.7). Although the conjugate acid of 2, Cl3SiSH, has
been known for half a century,® the use of this species in chemical synthesis seems to be
largely unexplored. It seems reasonable to expect that formation of Si-X bonds (X = O,
Cl, Br) from the reaction of anion 2 with C—X bond-containing substrates would provide
a thermodynamic driving force for such reactions. Such is the case for an organic analog
of 2, [S-SiMes]~, recently prepared by desilylation of S(SiMes)s by ionic liquids™ and
thought to be an intermediate for thionation reactions employing S(SiMes)2.”" Treatment
of benzyl bromide with [TBA|2 gave rise to a major new species in solution, identified as
benzyl trichlorosilylsulfide by its NMR data (3.4.9.1). A hydrolytic workup and purifica-
tion by vacuum transfer allowed for the isolation of benzyl mercaptan in 55% yield. We
also found that [TBA]2 showed comparable reactivity to other thionating compounds, such
as Lawesson’s reagent, which can be used for the conversion of carbonyl to thiocarbonyl
functional groups.” Accordingly, thiobenzophenone could be prepared from benzophe-
none using [TBA]2 (5 equiv.) in chloroform. An excess of [TBA]2 was required in order
to achieve a reasonable reaction time. Thiobenzophenone was extracted from the TBA-
containing byproducts using hexanes and isolated in 62% yield.

3.2.5 Electronic structure and bonding

Electronic structure calculations on sulfide 2 at the MP2/aug-cc-pVTZ level of theory
(Csp-optimized metrical parameters (A, °): Si-S, 1.984; Si-Cl, 2.103; S-Si-Cl, 116.8) are
indicative of multiple bonding between sulfur and silicon. Analysis of this wavefunction
using GAMESS 77 gave a Mayer bond order of 1.784 for the S-Si linkage. > Submitting the
same wavefunction for natural bond orbital (NBO) analysis """ provided via the natural
resonance theory (NRT) routine an even larger estimate of this bond order, at 2.037, while
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MP2 it MOs © NBOs

Figure 3.4 Comparison of the 7 interaction between silicon and sulfur in anion 2. The MP2 © MOs
resemble p-orbital lone pairs on sulfur, whereas the corresponding m NBOs suggest the presence of polar
7 bonds. Green: chlorine, tan: silicon, orange: sulfur.

indicating the presence of multiple resonance structures contributing greater than 10%
to the overall electron density. The leading resonance structure, at ca. 22%, is the one
corresponding to the NBOs and having a triple bond between sulfur and silicon together
with three Si—Cl single bonds. The 7 bonds for this resonance structure are highly polar
with 6% Si dp character and 94% S p character; thus, these m bonds are close to the NBO
bonding/nonbonding cutoff. The S-Si ¢ bond is much more covalent with 35% Si sp!>2
character and 64% S sp?! character. The short nature of the Si-S bond is likely due to the
large amount of s character used by silicon to form the ¢ interaction. This is in line with
Bent’s rule considerations that a central atom (here, Si) will accumulate s-orbital character
in forming bonds to less electronegative elements. Accordingly, silicon uses majority p-
orbital character, sp?>®d'*, in forming the polar (19% Si, 81% C1) Si-Cl bonds. In terms
of their appearance (Fig. 3.4) the MP2 7 molecular orbitals (left) look like p-orbital lone
pairs polarized in the direction of silicon, while the corresponding S—Si 7 NBOs (right) do a
better job of suggesting the presence of polar m bonds. Finally, analysis of the generalized
valance bond (GVB) wavefunction (Fig. 3.5) using the VB2000 program "® as implemented
in GAMESS, 3™ treating the Si-S bond at the CASVB(6,6)/6-31++G** level of theory,
gave a Si—S bond order of 1.84.

Analyzed similarly, there is some evidence of multiple bond character between phos-
phorus and silicon in phosphide 1; the anion was geometry optimized with Cy point group
symmetry (key metrical parameters (A, °): P-Si, 2.145; Si-P-Si, 95.4). Analysis of the
MP2/aug-cc-pVTZ wavefunction using GAMESS™"™ gives a P-Si Mayer bond order of
1.318. In this case, NBO analysis indicates the presence of two lone pairs at the phosphorus
atom, the first of which points along the Cs rotational axis of symmetry and accumulates
two-thirds s-orbital character (sp”® hybridization). The second P lone pair is contained in
a pure p-orbital for which the PSiy plane is a nodal plane. The P-Si ¢ bonds are formed
from overlap of sp® and sp'** hybrids at P and Si, respectively, such that once again,
silicon reserves much of its p-orbital percentage for bonding to the chlorine substituents,
with s-orbital character being strong in silicon’s contributions to the P—Si ¢ bonds.
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Figure 3.5 Summary of the generalized valance bond (GVB) wavefunction for anion 2 treating the Si-S
bond at the CASVB(6,6)/6-31+-+G** level of theory. Analysis of the GVB wavefunction gives a Si-S
bond order of 1.84.

In anion 1, the o bonds are quite covalent (55% P, 45% Si). From inspection of the NBO
second order perturbation theory analysis of the Fock matrix, the strongest delocalizations
come from the 7 lone pair into the Si—Cl o* orbitals. The NRT analysis gives a natural
bond order of 1.340 in this case, close to the value obtained from the GAMESS analysis
of the MP2 wavefunction. Once again, due to the importance of multiple ionic resonance
structures in which P—Si 7 bonds are formed at the expense of Si—Cl o bonds, the leading
resonance structure has a weight of only 22%.

3.2.6 Calculation of 'Jp_g; coupling constants

Theoretical analysis of the electronic structure of anions 1 and 2 predicted the s character
of the Si-E (E= P, S) bonds to be high, principally due to the electronegative chloride sub-
stituents on silicon. In the case of anion 1, we sought to experimentally validate this anal-
ysis by interpretation of the !Jp_g; coupling constant, as measured by NMR spectroscopy.
The magnitude of the 'Jp x coupling constant is dominated by the Fermi-contact inter-
action, proportional to the bond s character.” Comparison to a series of related 'Jp_g;
values was approached with quantum chemical calculations (Table 3.1). These provided
both the signs and magnitudes of the scalar couplings, as these can be difficult to deter-
mine in the presence of second-order coupling patterns.® The geometry of each species was
optimized at a low level of theory (B3LYP/6-31G(d,p)) then the total nuclear spin-spin
coupling constants (J) were calculated at the PBE/aug-cc-pVQZ level of theory.®1:%2 Lin-
ear regression between experimental and calculated scalar coupling constants®! provided
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Table 3.1 Comparison of the experimental and predicted values for the ! Jp g; coupling constants
and the % s-orbital character in the P-Si bonds for a series of compounds

1 Jp s / Hz % s character?®
Species Exp.? Pred.¢ o(P-Si)¢ Si®
Me3SiPPhy-BH3 —4483 —42 20 8
F5SiPH, 1584 22 21 15
HP(SiH3)2 3585 20 17 9
Cl3SiPH, 5286 54 21 15
(i-Pr)P(SiCl3)s 7387 85 21 15
[P(SiH3)2]~ 7780 76 22 14
(i-Pr)P(NPhy)(SiCls) 12588 115 23 18
[P(SiCl3)s]~, 1 15810 159 26 20

“ Determined by NBO analysis

b Experimental value determined by *'P NMR spectroscopy

¢ Predicted value determined by evaluation of the calculated I Jp_si value in Eqn. 3.1
4 Sum of the P and S s-orbital character in the P-Si bond

¢S s-orbital character in the P—Si bond

an excellent correlation (R? = 0.98, Eqn. 3.1):

LJp si(cale.) = 0.77 x ' Jp_g;i(exp.) — 38.57 (3.1)

The species included in our study contained a range of different substituents on both
phosphorus and silicon, as well as two-, three-, and four-coordinate phosphorus compounds
(Table 3.1). Anion 1 exhibits the largest positive ! Jp g; value among all the species studied,
consistent with a large amount of s character in its P—Si bonds, imparted by the trichlorosi-
lyl groups. Trichlorosilyl groups consistently enhance P—Si scalar coupling, giving rise to
four of the five largest constants in Table 3.1. The anionic charge of 1 may also increase
1 Jp_si as suggested by the large value for [P(SiH3)2]~. In order to determine the amount of
s character of the phosphorus-silicon bonds, natural bond order (NBO) calculations were
carried out. The s character of the o(P—Si) bonds, and in particular the s character arising
from silicon, correlated moderately well with the experimental ! Jp_g; constants, (R2 =0.54
and 0.76, respectively).

3.2.7 Balancing the equations for the formation of anions 1 and 2

An important question we wished to address in these two reductive processes was the fate of
the hydrogen atoms, originating from trichlorosilane and the protic substrates HsPO,4 and
[TBA][HSO4]. Hy or HC1 would be the most likely gaseous hydrogen-containing byproducts
with the former considered the more likely candidate given that P—Si and S—Si bonds of 1
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or 2, respectively, would be cleaved by HCl. Under the assumption of Hy as the gaseous
byproduct, we carried out a two-compartment experiment where the hydrogen generated
from the reduction of bisulfate could be used to hydrogenate an alkene. We selected
Crabtree’s catalyst for the hydrogenation of (—)-terpinen-4-ol (Scheme 3.8) due to the
high efficiency of this reaction at mild pressures and temperatures.? Using a two-flask
setup, we were able to confirm the formation of the hydrogenated product, trans-4-methyl-
1-isopropylcyclohexan-1-ol, by 'H NMR spectroscopy.

[TBAJ[HSO,] + HsiCl, — N o 41 [TBAJ2

cat. [(COD)Ir(py)(PCys;)][PFe]
DCM, 0 °C

. .
- -

s s
e e

HO -Pr HO -Pr

Scheme 3.8 ldentification of the hydrogen produced from the reduction of [TBA][HSO4] to [TBA]2
using trichlorosilane; the hydrogen generated from the reduction was used to hydrogenate (—)-terpinen-
4-ol using Crabtree's catalyst.

Control experiments showed that this method was unsuitable for the quantification of
hydrogen (3.4.11.3), so instead we turned to a simple gas collection experiment.? The
evolved hydrogen gas was collected by the displacement of water (3.4.13), and this method
indicated production of 4.45 equivalents of hydrogen gas per mole of added [TBA][HSOy4],
compared to the theoretical maximum of 5.0 (Eqn. 3.4). An analogous study to quantify
the Hy produced by the formation of [TBA|1 from H3PO, gave 5.0 equivalents of Ha,
representing 71% of the theoretical maximum of 7 equivalents (Eqn. 3.2). Although not
experimentally verified, the corresponding balanced equation leading to the formation of
[TBA]1 from [TBA][H2PO4] is shown in Eqn. 3.3.

[TBA][C]] + H3PO, + 11 HSiCls — [TBA][1] + 4 O(SiCl,), + 7H, + SiCl (3.2)

[TBA][H2PO4] + 10 HSiCls — [TBA][1] + 4 O(SiCly), + 6 Ha (3.3)

[TBA][HSO,] 4+ 9 HSiCl3 — [TBAJ[2] + 4 O(SiCly), + 5 Hy (3.4)

Analysis of the volatile liquid products at the end of the reaction was carried out
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to determine the fate of the oxygen atoms. Following the synthesis of [TBA]1, volatile
material was removed under reduced pressure from the reaction vessel and collected in a
liquid nitrogen cooled trap. Analysis of this material by 2?Si NMR spectroscopy confirmed
the presence of hexachlorodisiloxane (Cl3Si-O-SiCls) and pentachlorodisiloxane (Cl3Si—O—
SiCloH) (3.4.3.8). Also observed was the formation of a white precipitate that was insoluble
in common organic solvents, but which dissolved in aqueous sodium hydroxide solution to
yield orthosilicate, as determined by 2?Si NMR spectroscopy.”! These observations are
consistent with the formation of some amount of silica, which is known to form when
silicon tetrachloride is exposed to even substoichiometric quantities of water.??

3.3 Conclusions

The scope of P(V) reagents that can be used to prepare anion 1 has been extended to
[TBA][H2PO4] and H3POy4. Both present a significant advance over the use of trimetaphos-
phate, obtained by dehydration at elevated temperatures. Instead, trichlorosilane is em-
ployed to carry out both the dehydration and reduction of phosphate at 110 °C.

The present work opens the door for further reduction of p-block oxoanions using
trichlorosilane as a viable strategy for the preparation of trichlorosilyl stabilized anions,
which are known for the elements C,3362 Si 93 Ge, %1 N, %4 P10 and S.93 [TBA]1 and [TBA]2
are useful reagents for the preparation of phosphorus-carbon and sulfur-carbon bonds re-
spectively, with concomitant formation of Si-X (X = Cl, Br, O) bonds as a thermodynamic
driving force for such reactions, demonstrating the utility of such trichlorosilyl substituted
anions in chemical synthesis.
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3.4 Experimental methods

3.4.1 General methods

All manipulations were performed in a Vacuum Atmospheres model MO-40M glovebox
under an inert atmosphere of purified No or using standard Schlenk techniques. When
reagents were removed from a stock bottle containing a Sure/Seal, the equivalent volume
of dry nitrogen was injected into the bottle prior to removing the desired volume of solution
with a syringe. All solvents were obtained anhydrous and oxygen-free by bubble degassing
(argon) and purification by passing through columns of alumina and Q5.%5 Once collected,
solvents were stored over activated 4 A molecular sieves (20 wt%) inside the glovebox.?
All glassware was oven-dried for at least 6 h prior to use, at temperatures greater than
150 °C.

Trichlorosilane (Millipore-Sigma) was used as received. Tetrabutylammonium dihydro-
gen phosphate (Alfa Aesar), tetrabutylammonium chloride (Millipore-Sigma), tetrabutyl-
ammonium hydrogen sulfate (Acros) and phosphoric acid (crystalline, Millipore-Sigma)
were dried at 23 °C in vacuo for 12 hours prior to use. Benzyl bromide (Alfa) and 1-
chlorooctane (Millipore-Sigma) were degassed three times by the freeze-pump-thaw method
and stored over activated 4 A molecular sieves for 48 h prior to use. Dichloromethane-ds,
CgDg, CD3CN and CDCl3 were purchased from Cambridge Isotope Labs and were degassed
three times by the freeze-pump-thaw method and stored over activated 4 A molecular sieves
for 48 h in the glovebox prior to use. Diatomaceous earth (Celite 435, EM Science), 4 A
molecular sieves (Millipore-Sigma) and basic alumina (Millipore-Sigma) were dried by heat-
ing to 200 °C under dynamic vacuum for at least 48 h prior to use. The temperature of the
aluminum shot used to heat reagents or reaction mixtures was measured using a Hanna
Instruments K-type Thermocouple Thermometer (model HI935005).

NMR spectra were obtained on Varian Inova 300 and 500 instruments equipped with
Oxford Instruments superconducting magnets, on a Jeol ECZ-500 instrument equipped
with an Oxford Instruments superconducting magnet, or on a Bruker Avance 400 instru-
ment equipped with a Magnex Scientific or with a SpectroSpin superconducting magnet.
'H and '3C NMR spectra were referenced to residual CD2Cly (*H = 5.32 ppm, 3C = 54.0
ppm), CgDg (*H = 7.16 ppm, 13C = 128.06 ppm), CD3CN (*H = 1.94 ppm, 3C = 118.26
ppm) or chloroform-d (*H = 7.26 ppm, '3C = 77.16 ppm). 3'P NMR spectra were refer-
enced externally to 85% H3POy4 (0 ppm). 2Si NMR spectra were externally referenced to
TMS in CDCls.

Raman spectra were collected using a Renishaw Invia Reflex Micro Raman.

Infrared spectra were collected using a Bruker ATR-IR Tensor 37. Samples were re-
moved from the glovebox in sealed vials and briefly handled in air prior to data collection.

High resolution mass spectral (HRMS) data were collected using a Jeol AccuTOF
4G LC-Plus mass spectrometer equipped with an Ion-Sense DART source. Data were
calibrated to a sample of PEG-600 and were collected in positive-ion mode. Samples were
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prepared in DCM (10 M concentration) and were briefly exposed to air (<5 s) before
being placed in front of the DART source.

Electrospray ionization mass spectrometry (ESI-MS) was performed using a Micromass
Q-TOF ESI spectrometer.

Elemental combustion analyses were performed by Midwest Micro Laboratories (Indi-
anapolis, IN, USA).

3.4.2 Safety and hygiene considerations
3.4.2.1 Procedures and notes pertaining to [TBA]1

[TBA]1 has been shown to release toxic phosphine (PH3) gas upon exposure to water.
Although the hydrolysis of [TBA]2 was not investigated, highly toxic HaS is a plausible
product of such a reaction.% Glassware that was contaminated with [TBA]1 or [TBA]2
was quickly quenched with household bleach in a well ventilated fume hood upon initial
exposure to the atmosphere. Glassware decontaminated in this manner was left in contact
with bleach for 24 hours, after which time the glassware was rinsed clean with water.

When removing contaminated glassware from the glovebox and transporting it to the
fume hood, a secondary container with a good seal was used to avoid exposing the lab envi-
ronment to malodorous and potentially toxic vapors. A squirt bottle of bleach was readily
available to rinse the downspout of the liquid nitrogen-cooled trap that was connected
to the glovebox, as this was frequently a source of malodorous vapors. For larger scale
reactions, volatile material is preferably removed on a Schlenk line in a fume hood, so as
to avoiding contaminating the lab environment when taking down a liquid nitrogen-cooled
trap located outside of a fume hood.

Inside the glovebox, glassware contaminated with [TBA|1 and [TBA]2 was immediately
stored in a secondary container. It was found that if contaminated glassware was left in
the glovebox for prolonged periods, a fine white powder was produced. This white powder
was also found to coat clean, nearby objects too.

3.4.2.2 Procedure for quenching trichlorosilane

In a fume hood, trichlorosilane (100 mL) was added dropwise to isopropyl alcohol (1 L) in
a two-necked round bottom flask (2000 mL) with vigorous stirring. The isopropyl alcohol
was pre-chilled in a water/ice bath for 20 minutes before the addition of trichlorosilane
began. The temperature of the mixture was monitored using a thermometer, and did
not exceed 40 °C. Once the addition of trichlorosilane was complete the resulting solution
was stirred overnight. The solution was added portionwise to aqueous sodium hydroxide
solution (1.5 M, 3000 mL) in a Erlenmeyer flask (4 L). The addition is exothermic and
produces gas, and so was performed slowly with the temperature not exceeding 40 °C.
Once the addition was complete, the mixture was stirred overnight and then discarded.
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Any residue contaminating the glassware was removed using aqueous sodium hydroxide
solution (1.0 M).

3.4.3 Preparation of [TBA][P(SiCls)s]
3.4.3.1 General notes and procedure for the purification of [TBA]|1

[TBA]1 is water- and air-sensitive; rigorously dry solvents and glassware should be used
throughout the preparative procedures. Recrystallization of impure material can be ac-
complished using DCM and pentane at —35 °C. A typical procedure for purification is
provided below.

[TBAJ]1 (ca. 1.0 g, 1.8 mmol), was dissolved in DCM (20 mL) and filtered through a
pipette plug containing diatomaceous earth (1 cm bed). (Note: if the pipette filter be-
comes blocked, additional pipette filters can be used. Alternatively, a frit (fine porosity,
15 mL) containing diatomaceous earth (1 cm bed) can be used.) The filtrate was con-
centrated to 4 mL. (Note: if precipitate is observed after concentration then the solution
is filtered through a filter pipette containing diatomaceous earth (1 cm)). Addition of
pentane (16 mL, 4:1 v:v) to the filtrate produced a cloudy solution. (Note: addition of
the pentane with agitation is preferred to careful layering; the latter sometimes does not
result in formation of solid material and instead produces an oil.) The resulting mixture
was placed in the glovebox freezer overnight (—35 °C), after which time a white precipitate
developed. (Note: occasionally, the precipitate develops only after shaking the vial, or
scratching with a metal spatula.) The solids were collected on a frit (15 mL, fine porosity)
while the mixture was still cold, then quickly washed with pentane (3 x 7 mL, —35 °C).
Solvent was removed from the collected material under vacuum (rough pump) for an hour
to give spectroscopically pure [TBA]1.

3.4.3.2 Attempt from phosphoric acid

In the glovebox, a steel Parr reactor (300 mL) containing a glass liner and a dumbbell
shaped stir bar (4 cm length) was charged with tetrabutylammonium chloride (9.17 g,
33.0 mmol, 1 equiv) and crystalline phosphoric acid (3.26 g, 33.0 mmol, 1 equiv). The
reactor was sealed and removed from the glovebox and connected to the Schlenk line.
Trichlorosilane (100 mL, 1.0 mol, 30 equiv) was added directly from the stock bottle using
a cannula. The volume was estimated using the diameter of the stock bottle; 2.5 cm of
vertical height of trichlorosilane was added from the bottle (500 mL, Millipore-Sigma).
Once addition of trichlorosilane was complete, the reactor was sealed and heated in an
aluminum heating block at 110 °C for 86 hours. The reactor was allowed to cool to
ambient temperature overnight, then vented to an oil bubbler followed by a water bubbler
in series, to scrub any moisture reactive gases. Once vented, the reactor was connected
to the Schlenk line and volatile material was removed under reduced pressure over the
course of 4 hours. DCM (3 x 100 mL) was used to wash the contents of the reactor into a
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Schlenk flask (1000 mL). The slurry was allowed to settle overnight, then the supernatant
was transferred to a fresh Schlenk flask (1000 mL) to separate it from solid material. The
DCM was removed under reduced pressure and the resulting material was dissolved in THF
(200 mL). The mixture was allowed to settle overnight, then the supernatant was passed
through a Schlenk frit (fine porosity, 100 mL) into a Schlenk flask (500 mL). The Schlenk
flask that had contained the material before the filtration was rinsed with THF (70 mL),
and the resulting slurry was also passed through the Schlenk frit. Volatile material was
removed from the combined filtrate under reduced pressure to give a yellow oil. The oil
was triturated with ether (3 x 100 mL); however the obtained material remained an oil.

The material was brought into the glovebox. Benzene (100 mL) was added and the
slurry was stirred for a week. This procedure was followed based on the ability of benzene
to separate [TBA]5[SigCli4] from [TBA][C(SiCl3)3].33 After allowing the mixture to settle,
two phases separated out. The lower phase was opaque and white, while the upper phase
was clear and yellow. Both phases were analyzed by 2?Si NMR spectroscopy (Fig. 3.6). The
upper phase contained [TBA|1 and no [TBA]2[SigCli4] whilst the lower phase contained
both. The clear yellow phase was removed from the lower opaque white phase using a
pipette and passed through a frit (fine porosity, 30 mL) containing diatomaceous earth
(2 cm bed). The white phase was washed with additional benzene (50 mL), and the
benzene washings were passed through the same frit. The diatomaceous earth was washed
with additional benzene (20 mL), then volatile material was removed from the combined
filtrate to give a thick yellow oil. The oil was dissolved in DCM (30 mL), to which pentane
(400 mL) was added. The solution was placed in the freezer (—35 °C) overnight to give a
solid compound.

The solids were broken up with a spatula and collected on a frit (30 mL, fine porosity).
The solids were washed with pentane (3 x 30 mL, —35 °C). As the solids slowly warmed to
room temperature, they formed a thick gel. The material was redissolved in DCM (30 mL)
and the resulting solution was passed through a fine porosity frit (30 mL), where the frit
surface had been covered in a layer of microfibre filter paper. On top of the filter paper
was placed diatomaceous earth (2 cm bed). The oil was filtered through the frit and the
frit was washed with DCM (20 mL). The resulting solution was filtered through a Pasteur
pipette containing microfiber filter paper into a 400 mL flask. Pentane (400 mL) was added
and the mixture was placed in the freezer (—35 °C). The solids that formed overnight were
collected on a frit (fine porosity, 30 mL), but became an oil after warming to ambient
temperature. The material was discarded.
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Figure 3.6 2°Si{'H} NMR spectrum of benzene insoluble (top) and benzene soluble (bottom) material
during the workup described in section 3.4.3.2, at 25 °C, recorded at 99 MHz. The top spectrum was
recorded in DCM and the bottom spectrum in benzene.
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3.4.3.3 From [TBA] [H2P04]

In the glovebox, [TBA][H2PO4] (1017 mg, 3.0 mmol, 1 equiv) was weighed into a steel
pressure reactor (25 mL)!? equipped with a stir bar (2 cm length). The reactor was sealed
using Teflon tape and removed from the glovebox. On the Schlenk line, trichlorosilane
(10.0 mL, 13.4 g, 99.2 mmol, 33 equiv) was added against a positive pressure of nitrogen
using a needle and syringe. The reactor was sealed and placed in a heating mantle filled
with aluminum shot, then heated to 110 °C. This temperature was determined by taking
the average temperature at the bottom (120 °C) and surface (100 °C) of the aluminum
shot in the heating mantle. The reaction vessel was heated for 6 days, then vented to an
oil bubbler followed by a water bubbler in series, to scrub any moisture reactive gases.
Volatile material was removed in vacuo on the Schlenk line over the course of 2 h, then
the reactor was brought into the glovebox. The solid white material was dissolved in
THF (20 mL) and the resulting solution was passed through a frit (fine porosity, 30 mL)
containing diatomaceous earth (1 cm bed). The frit was washed with additional THF (2
x 10 mL). Volatile material was removed from the filtrate to give a white solid that was
triturated with ether (3 x 5 mL). The solids so obtained were dissolved in DCM (20 mL)
then passed through a frit (fine porosity, 15 mL) containing diatomaceous earth (1 cm
bed). The diatomaceous earth was washed with DCM (2 x 2 mL), then volatile material
was removed from the filtrate in vacuo. The resulting oil was redissolved in DCM (4 mL)
then filtered into a fresh vial through a pipette filter. Ether (16 mL) was added to the vial
which was taped shut with electrical tape and placed in the freezer overnight (—35 °C).
The solids obtained were collected on a frit (fine porosity, 15 mL) and washed with pentane
(=35 °C, 3 x 7 mL). The material was brought to constant mass under vacuum (1.016 g,
1.874 mmol, 62% yield). The 'H and 3'P NMR spectra of the obtained material are in
agreement with the published data.°

3.4.3.4 From [TBA]g [P309] .2H20

Note: This procedure is analogous to our previous report,’? but is on a larger scale and
can be carried out using Schlenk techniques, as opposed to inside a glovebox. A glovebox
is only required for the isolation of the final product. In the glovebox, [TBA]3[P309].2H20O
(9.9 g, 9.9 mmol, 1.0 equiv) was weighed into a 300 mL Parr reactor containing a glass
liner and a dumbbell shaped stir bar (4 cm length). The reactor was sealed then removed
from the glovebox. Against a positive flow of nitrogen on the Schlenk line, trichlorosilane
(ca. 100 mL, 992 mmol, 100 equiv) was added from the stock bottle by cannula transfer.
The volume was estimated using the diameter of the stock bottle; 2.5 cm of vertical height
of trichlorosilane was added from the bottle (500 mL, Millipore-Sigma). The reactor was
sealed and heated to 110 °C in an aluminum heating block for 72 h, then allowed to cool
to room temperature overnight. The reactor was vented to an oil bubbler followed by
a water bubbler in series, to scrub any moisture reactive gases. Volatile material was
removed under reduced pressure on a Schlenk line over the course of 4 h. The material in
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the reactor was extracted using DCM (3 x 100 mL) by transferring DCM to the reactor,
stirring the contents for five minutes, then transferring the solution to a Schlenk flask
(500 mL). The resulting mixture was allowed to settle overnight then the clear supernatant
was transferred by filter cannula (prepared by folding a piece of filter paper around the
end of a steel cannula and securing it with Teflon tape) to a fresh Schlenk flask (500 mL).
Note: This filtration step can take several hours, and may require refreshing of the filter
cannula. Volatile material was removed from the filtrate to give a sticky yellow oil which
was kept under vacuum for an additional 2 h. THF (200 mL) was added to the residue,
resulting in most of the material dissolving. The mixture was allowed to settle overnight.
The supernatant was transferred by filter cannula into a Schlenk flask (1000 mL). Volatile
material was removed from the filtrate to give a sticky yellow oil. Addition of diethyl ether
(50 mL) caused a fine white precipitate to form. The flask was brought into the glovebox
and the solids collected on a frit (fine porosity, 30 mL), then washed with additional diethyl
ether (4 x 50 mL). Volatile material was removed from the product under vacuum bringing
it to constant mass (10.065 g, 18.5 mmol, 63%). The NMR data are consistent with the
previously published data.!? [TBA]1 has a melting point of 105-108 °C; upon melting there
is a slight discoloration from white to yellow. Analysis (3}P NMR) of [TBA]1 (20 mg) after
being melted in an NMR tube in an oil bath at 110 °C for 20 minutes showed the presence
of [TBA]1, however not all of the material dissolved in DCM after melting.

3.4.3.5 From [TBA]Q[SI(PgOg)Q]

[TBA]2[Si(P30g)2] was prepared according to section 3.4.4. In the glovebox, [TBA]2[Si(P3-
Og)2] (99 mg, 0.1 mmol, 1 equiv) and tetra-n-butylammonium chloride (111 mg, 0.4 mmol,
4 equiv) were weighed into a steel pressure reactor (25 mL). ! The reactor was sealed using
Teflon tape then removed from the glovebox. Trichlorosilane (5 mL, 27.6 mmol, 276 equiv)
was added against a positive flow of nitrogen on the Schlenk line. The reactor was sealed
and placed in a heating mantle filled with aluminum shot. The reactor was heated to
110 °C for 72 h. The temperature of the reactor was determined to be halfway between
the temperature at the bottom of the heating mantle (120 °C) and the top (100 °C), as
measured by a thermocouple thermometer. The reactor was allowed to cool to 23 °C then
volatile material was removed under reduced pressure on the Schlenk line. The reactor
was brought into the glovebox and the residue dissolved in DCM (10 mL). An aliquot was
analyzed by 3'P NMR spectroscopy, which showed a single resonance corresponding to
[TBAJ1 (Fig. 3.7). The material was not subjected to further work up and so a yield was
not recorded. 3'P{'H} NMR (203 MHz, CH,Cly, §) —172.8.
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Figure 3.7 3!P{'H} NMR spectrum of the crude product obtained as described in section 3.4.3.5, in
DCM at 25 °C, recorded at 203 MHz.
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3.4.3.6 Attempt using the conditions used for the preparation of [TBA|2

In the glovebox, [TBA][H2PO4] (50 mg, 0.147 mmol, 1 equiv) was weighed into a vial.
Acetonitrile (0.4 mL) was added to the vial, and the resulting solution transferred to an
NMR tube equipped with a J. Young Valve. The NMR tube was sealed and removed from
the glovebox. On the Schlenk line, trichlorosilane (0.3 mL, 2.98 mmol, 20 equiv) was added
to the NMR tube using a syringe against a positive flow of No. The tube was then sealed
and allowed to stand at 23 °C for 48 h. Analysis of the solution by 3'P NMR spectroscopy
did not show formation of anion 1. The only phosphorus-containing product was observed
at 34.04 ppm; this peak was also observed in the commercially obtained starting material,
which was used as received with no purification besides drying at 23 °C under vacuum for
12 h prior to use.

3.4.3.7 Observation of condensed polyphosphates under the conditions used
to prepare [TBA]|1

A small portion (ca. 50 mg) of the crude white material obtained after removing volatile
material from the reaction vessel, as described in Section 3.4.3.2, was placed in a pipette
filter and washed with THF (5 mL) then DCM (10 mL). The white material was dissolved in
water (0.7 mL), then transferred to an NMR, tube and analyzed by 3'P NMR spectroscopy.
The observed species were assigned as orthophosphate, pyrophosphate, end-chain and mid-
chain phosphates based on their chemical shifts (Fig 3.8).
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Figure 3.8 3!P{'H} NMR spectrum of the white material obtained as described in section 3.4.3.7, in
H2O at 25 °C, recorded at 203 MHz.
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3.4.3.8 Characterization of the volatile silicon-containing byproducts from the
synthesis of [TBA]1

Following a synthesis of [TBA|1 as described in Section 3.4.3.4, volatile material that was
removed in vacuo from the crude reaction mixture was collected in a liquid-nitrogen cooled
Schlenk flask (250 mL). The flask was allowed to warm to ambient temperature under
an atmosphere of nitrogen then an aliquot (0.7 mL) was transferred by cannula into a
NMR tube equipped with a J. Young valve. The NMR tube was sealed and the sample
was analyzed by 2?Si NMR spectroscopy. Two of the products could be assigned as hex-
achlorodisiloxane and pentachlorodisiloxane based previous reports in the literature. 798
Hexachlorodisiloxane (Cl3Si-O-SiCls): 2°Si{*H} NMR (99 MHz, HSiCls, §) —46.38. Pen-
tachlorodisiloxane (Cl3Si-O-SiHCly): 29Si{'H} NMR (99 MHz, HSiCls, §) —46.07, —36.13.
2981 NMR (99 MHz, HSiCls, 6) —46.07, —36.13 (d, 'Jgi u = 362 Hz).
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Figure 3.9 Overlay of Si{!H} and 2°Si NMR spectra of the distillate obtained in section 3.4.3.8 at
25 °C, recorded at 99 MHz.
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3.4.3.9 Characterization of non-volatile silicon-containing byproducts from
the synthesis of [TBA]|1

Following an attempted synthesis of [TBA]1 as described in section 3.4.3.2, the insoluble
material that had settled from the DCM extraction was collected on a frit (fine porosity,
30 mL). A portion of this material (40 mg) was dissolved in water (0.7 mL) and filtered
through a piece of microfiber filter paper in a pipette into an NMR tube. A single resonance
was observed, attributable to orthosilicate dissolved in basic aqueous solution. !
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Figure 3.10 2°Si{*H} NMR spectrum of the residue dissolved in aqueous sodium hydroxide (1.0 M)
(section 3.4.3.9) at 25 °C, recorded at 203 MHz.
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3.4.4 Preparation of [TBA];[Si(P309)]

In the glovebox, [TBA|3[P309].2H20 (2.0 g, 2.0 mmol, 1.0 equiv) was weighed into a
Schlenk flask (25 mL) equipped with a Teflon screw cap. DCM (15 mL) was added to
the flask, which was then sealed and removed from the glovebox. On the Schlenk line,
silicon(IV) chloride (1.36 mL, 12.0 mmol, 6 equiv) was added against a flow of nitrogen
using a syringe. The flask was sealed and stirred at ca. 23 °C for 24 h. Volatile material
was removed under reduced pressure to give a sticky white oil. The flask was brought into
the glovebox and the residue slurried in THF (8 mL). The mixture was passed through a
frit (medium porosity, 30 mL). The white solid that collected on the frit was recrystallized
by dissolving the material in DCM (8 mL) then filtering the resulting mixture through a
piece of microfibre filter paper in a pipette to give a clear colorless solution. Diethyl ether
(12 mL) was added to the solution and the resulting slurry was placed in the freezer. The
solids that formed were collected on a frit (15 mL, fine porosity) and the material was
subjected to the same DCM /diethyl ether recrystallization procedure as described in the
preceding two sentences. The solid material that formed was collected on a frit (15 mL,
fine porosity) and washed with diethyl ether (3 x 5 mL). Volatile material was removed
from the product under vacuum bringing it to constant mass to give [TBA]2[Si(P30g)2]
as a crystalline white powder (253 mg, 0.266 mmol, 27%). 'H NMR (500 MHz, CHCls,
§) 3.23-3.02 (m), 1.62 (p, J = 8.1, 7.7 Hz), 1.42 (h, J = 7.0 Hz), 1.01 (t, J = 7.8 Hz).
3Ip{1H} NMR (203 MHz, CH2Cly, 6) —30.0. A 2?Si NMR signal was not observed, despite
collecting 2000 scans with a saturated sample of [TBA]2[Si(P30g)2] in DCM on a 500 MHz
instrument. This was attributed to the low signal/noise that would be expected from
the binomial septet coupling pattern arising from 6 magnetically equivalent phosphorus
nuclei. Elem. Anal. Calcd(found) for C3oH79N2O1gP6Siy: C 38.95(38.71), H 7.35(7.01), N
2.84(2.51). Signals corresponding to [018P6Si]>~ and [C16H36NO15PgSi]~ were observed
in the negative mode ESI mass spectrum (Fig.3.13)
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Figure 3.11 'H NMR spectrum of [TBA]2[Si(P309)2] in DCM at 25 °C, recorded at 500 MHz.
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Figure 3.12 3'P{'H} NMR spectrum of [TBA]2[Si(P30q)2] in DCM at 25 °C, recorded at 203 MHz.
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Figure 3.13 Negative mode ESI mass spectrum of a solution of [TBA]2[Si(P30g)2] in acetonitrile.
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3.4.5 Monitoring the formation of [TBA];[Si(P350y)]
3.4.5.1 From SiCly

In the glovebox, [TBA]3[P309].2H20 (30 mg, 0.031 mmol, 1 equiv) was weighed into an
NMR tube and dissolved in DCM (0.6 mL). The tube was sealed and removed from the
glovebox. On the Schlenk line, SiCly (50 uL, 0.439 mmol, 14 equiv) was added using a
microsyringe against a positive flow of nitrogen. The reaction mixture was analyzed by 3'P
NMR spectroscopy after 30 minutes and 48 hours. After 30 minutes, the solution contained
a mixture of [TBA]2[Si(P30g)2] and an intermediate species. After 48 h, all signals had
converged to one assigned to [TBA]2[Si(P30g)2] (Fig. 3.14).
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Figure 3.14 3'P{*H} NMR spectra of the reaction mixture obtained upon mixing [TBA]3[P30¢].2H>0
and SiCly in DCM (as described in section 3.4.5.1) at 25 °C, recorded at 162 MHz.

3.4.5.2 From HSIiCl;

In the glovebox, [TBA]3[P309].2H20 (43 mg, 0.043 mmol, 1 equiv) was dissolved in CD2Cl,
(0.6 mL). The sample was analyzed by 3'P NMR spectroscopy. On the Schlenk line,
trichlorosilane (0.1 mL, 0.99 mmol, 23 equiv) was added by syringe against a flow of
nitrogen. Immediate bubbling was observed. Once the bubbling stopped, the NMR tube
was sealed and analyzed by 3'P NMR spectroscopy after 20 min and 3 h. Upon addition of
trichlorosilane, a shift of 8 ppm of the 3'P NMR resonance of the trimetaphosphate signal
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was observed, consistent with the formation of [TBAJ2[Si(P309)2] (Fig. 3.15). A species of
low intensity was also observed, with chemical shifts in line with the intermediate observed
between SiCly and [TBA]3[P309].2H20 (Section 3.4.5.1).
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Figure 3.15 31P{'H} NMR spectra of the reaction mixture obtained upon mixing [TBA]3[P309].2H20
and HSiCl3 in DCM (as described in section 3.4.5.2) at 25 °C, recorded at 121 MHz.

3.4.6 Preparation of n-octylphosphine

In the glovebox, a steel Parr reactor (300 mL) equipped with a glass liner and a dumbbell-
shaped stir bar (4 cm length) was charged with tetrabutylammonium chloride (9.17 g,
33 mmol, 1.5 equiv), crystalline H3POy4 (3.23 g, 33 mmol, 1.5 equiv) and 1-chlorooctane
(3.27 g, 22 mmol, 1 equiv). The reactor was sealed and removed from the glovebox. On the
Schlenk line, against a positive flow of nitrogen, trichlorosilane (100 mL, 1 mol, 45 equiv)
was added to the reactor using a syringe and needle. The reactor was sealed and placed
in an aluminum block and heated to 120 °C for 144 h. After this time, the reactor was
cooled to 23 °C using a water bath. The reactor was vented to an oil bubbler, then volatile
material was removed under reduced pressure and collected in a liquid nitrogen-cooled
trap. The material inside the reactor was heated at 60 °C for 6 h under dynamic vacuum
to remove any unreacted 1-chlorooctane. A Schlenk flask (1000 mL) that contained basic
alumina (100 g), both of which had been stored in an oven overnight, were cooled to 23 °C
on the Schlenk line under dynamic vacuum. Once cool, the flask was carefully cycled
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between nitrogen and dynamic vacuum, taking care not to pull the fine alumina into the
vacuum manifold. The material in the reactor was transferred to the Schlenk flask that
contained the alumina using DCM (3 x 100 mL). Caution: evolution of PH3! The gases
that formed were exhausted to the back of a well-ventilated fume hood using an exit needle
in the septum of the Schlenk flask followed by an oil-bubbler. The resulting slurry was
stirred vigorously overnight. A Schlenk frit (1000 mL) that contained diatomaceous earth
(2 cm bed) was dried in the oven overnight prior to use. It was allowed to cool under
dynamic vacuum on the Schlenk line, then carefully cycled between nitrogen and dynamic
vacuum three times, taking care not to pull diatomaceous earth into the vacuum manifold.
The DCM/alumina slurry was transferred to the Schlenk frit, then filtered into a receiving
Schlenk flask (1000 mL). The solid material that collected on the frit was washed with
further DCM (3 x 100 mL). Volatile material was removed from the combined filtrate at
0 °C to give a sticky white residue. The residue was slurried in pentane (100 mL). Deionized
water (20 mL) was sparged with nitrogen for an hour to deoxygenate it. Water (0.4 mL)
deoxygenated by this method was added to the pentane slurry, and the resulting mixture
was stirred vigorously for an hour to give a fine white precipitate. A Schlenk frit (300 mL)
containing basic alumina (3 cm bed) was dried in the oven overnight prior to use. It was
allowed to cool to 23 °C under dynamic vacuum on the Schlenk line before being cycled
between nitrogen and dynamic vacuum three times, taking care not to pull alumina into the
vacuum manifold. The pentane was transferred by cannula to the Schlenk frit, and filtered
into a receiving Schlenk flask (500 mL). The alumina was rinsed with further pentane (2
x 100 mL). Volatile material was removed from the combined pentane filtrate at —40 °C
to give a colorless oil (ca. 10 mL). The oil was brought into the glovebox and transferred
to an H-cell apparatus for carrying out vacuum-transfer operations. The Schlenk flask
was rinsed with additional pentane (3 x 3 mL) and the washings were transferred to the
H-cell. The H-cell was removed from the glovebox, and the excess pentane was removed at
—40 °C. The resulting oil was transferred under static vacuum to the receiving side of the
H-cell; the receiving side was cooled to —78 °C with a dry ice/acetone bath while the crude
material was heated to 50 °C using an oil bath. A heat gun was used to aid the transfer of
any oil that was observed on the sides of the flask. The material obtained was brought into
the glovebox and transferred to a pre-weighed vial to give n-octylphosphine as a colorless
oil (1.32 g, 9.02 mmol, 41%). 'H NMR (500 MHz, CDCl3, §) 2.68 (dt, ' Jp g = 194.9 Hz,
7.2 Hz, 2H), 1.61-1.18 (m, 14H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCls,
) 33.06 (d, J = 2.0 Hz), 32.01, 30.73 (d, J = 5.7 Hz), 29.37, 29.34, 22.82, 14.27, 13.90 (J
= 6.9 Hz). 3'P{'H} NMR (203 MHz, CDCl3, §) —136.50. 3P NMR, (162 MHz, CDCls,
§) —136.50 (t, 1Jp_g = 194.9 Hz). These NMR data are consistent with those reported in
the literature.?> HRMS: [M+H]*; observed(calc.) m/z: 147.128174 (147.130264).
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Figure 3.16 '"H NMR spectrum of n-octylphosphine in CDCl3 at 25 °C, recorded at 500 MHz.
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Figure 3.18 3'P{'H} NMR spectrum and 3P NMR spectrum (inset) of n-octylphosphine in CDCl3 at
25 °C, recorded at 203 MHz.

3.4.7 Preparation of tetrabenzylphosphonium chloride

In the glovebox, [TBAJ1 (1.50 g, 2.77 mmol, 1.0 equiv) was weighed into a Schlenk flask
(100 mL). To the same flask was added benzyl chloride (3.51 g, 27.7 mmol, 10 equiv)
followed by acetonitrile (10 mL). The flask was sealed and the reaction mixture was heated
at 70 °C for 36 h. The reaction mixture was allowed to cool to 23 °C, before being added
dropwise to water (40 mL) in an an Erlenmeyer flask. Acetonitrile (2 x 4 mL) was used
to rinse the reaction flask, and these washings were transferred to the Erlenmeyer flask.
The solution was stirred for 5 minutes, then extracted with DCM (100 mL, then 4 X
50 mL). To the combined organic filtrate, which was slightly cloudy, was added a scoop
of anhydrous magnesium sulfate, resulting in a clear colorless solution. The clear solution
was decanted away from the white solids into a round bottom flask (500 mL). The white
solids were washed with DCM (2 x 10 mL), and the washings were transferred to the
round bottom flask. The flask was placed in an oil bath and the DCM distilled off until
the volume of the solution was around 40 mL. Deionized water (200 mL) was added to
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the round bottom flask, and the resulting mixture was boiled at 100 °C for 2 h, resulting
in a clear colorless solution and a small amount of yellow oil depositing on the sides of
the flask. The flask was removed from the oil bath and and allowed to cool to 23 °C
overnight, during which time feathery white needles formed. The needles were collected
on a frit (fine porosity, 30 mL) and washed with water (4 x 20 mL) then diethyl ether
(4 x 20 mL). The solids were collected in a pre-weighed vial and the material brought to
constant mass under vacuum at 60 °C to give tetrabenzylphosphonium chloride as a white
crystalline solid (0.728 g, 1.69 mmol, 61%). 'H NMR, (500 MHz, CDCls, §) 7.34 7.05 (m,
20H), 4.01 (d, J = 14.7 Hz, 8H). 13C NMR (101 MHz, CDCls, 6) 130.72 (d, J = 5.2 Hz),
129.64 (d, J = 2.9 Hz), 128.68 (d, J = 3.5 Hz), 127.83 (d, J = 8.2 Hz), 26.97 (d, J =
42.9 Hz). 3P{'H} NMR (162 MHz, CDCl3, §) 24.49. 3'P NMR (162 MHz, CDCls, 4)
24.49 (m). These NMR data are consistent with those in the literature.4* HRMS: [M]T;
observed(calc.) m/z: 395.192413 (395.192864).
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Figure 3.19 'H NMR spectrum of tetrabenzylphosphonium chloride in CDClz at 25 °C, recorded at
500 MHz.
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3.4.8 Preparation of [TBA]2

In a glovebox, [TBA|[HSO4] (1.0 g, 2.94 mmol) was weighed into a thick-walled 100 mL
Schlenk flask. The material was dissolved in acetonitrile (5 mL). The flask was sealed
and connected to a Schlenk line. Against a positive pressure of nitrogen, trichlorosilane
(6 mL, 59.5 mmol) was added using a syringe. The solution was stirred vigorously at
23 °C for 20 h, at which time volatile material was removed in vacuo for a total of 2 h.
The flask was brought into the glovebox and the material slurried in THF (20 mL) then
stirred for five minutes. The mixture was passed through a frit (15 mL, fine porosity)
containing diatomaceous earth (2 cm bed). The diatomaceous earth was washed with
THF (3 x 7 mL). Volatile material was removed from the filtrate in vacuo to give a
sticky white oil. The oil was triturated with diethyl ether (3 x 7 mL) to give a yellow
solid. The material was dissolved in DCM (3 mL), then passed through a piece of filter
paper in a pipette into a vial (20 mL). The flask was washed with DCM (1 mL) and the
washings passed through the filter paper into the vial. Diethyl ether was added to the
vial to produce a white precipitate and the resulting solution was stored in the freezer
(—35 °C) overnight. The solids were collected on a frit (fine porosity, 15 mL) and washed
with diethyl ether (—35 °C, 3 x 7 mL). The material obtained was dissolved in 10 mL
DCM, and the undissolved material was removed by passing through a piece of filter paper
in a pipette, that contained approximately 1 ¢m of diatomaceous earth. If the filter got
clogged, a new pipette with filter paper and 1 cm of diatomaceous earth was used. The
solution was concentrated to 3 mL and diethyl ether (17 mL) was added to produce a
white precipitate. The mixture was stored in the glovebox freezer overnight. The solids
were collected on a frit (fine porosity, 15 mL) and washed with diethyl ether (—35 °C, 3
x 7 mL) then transferred to a vial and brought to constant mass under vacuum (520 mg,
1.27 mmol, 43% yield). This material was judged to be of sufficient purity for further
reactions described in the following sections. However, this material was recrystallized for
elemental analysis by subjecting it to an additional round of recrystallization as described
above. Elem. Anal. Caled(found) for C16HssCI3N1S1Siy: C 46.99(47.08), H 8.87(9.02), N
3.42(3.44). 'H NMR (500 MHz, CDCl3, §) 3.27-3.11 (m, 8H), 1.64 (p, J = 7.9 Hz, 8H),
1.44 (h, J = 7.3 Hz, 8H), 1.02 (t, J = 7.3 Hz, 12H). 13C NMR (126 MHz, CDCls, §) 59.57,
24.52, 20.25, 13.94. 2Si NMR (99 MHz, CDCls, §) —21.50.

118



o~ HOODOLTMHOOMNOMNO
M N1 O0OVOVYLITLILLITOCO k4.0
n D o o o
| e e e
k35
d 3.0
d b + I
\/\/NBU3 25
c a
k2.0
® CD,Cl,
15
¢ kLo
a
U
b
|
Fos
°
i L.
A F0.0
T T ;1"‘
) om o
< 29 «
0 o —
T T T T T T T T T T T T T T T T T T : : T T T
05 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
f1 (ppm)

Figure 3.22 'H NMR spectrum of [TBA][SSiCl3] in CD2Cl,

+
d\/b\/NBua
C a

* CD,C,

at 25 °C, recorded at 500 MHz.

r0.13

—13.94

—59.57
—54.00
~24.52
~20.25

0.12

{0.11

0.10

r0.09

r0.08

0.07

{-0.06

r0.05

r0.04

0.03

{-0.02

{-0.01

0.00

r-0.01

T T T T
100 9% & 70
f1 (ppm)

Figure 3.23 13C NMR spectrum of [TBA][SSiCl3] in CD2Cls,

T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110

119

60 50 40 30

at 25 °C, recorded at 126 MHz.



0.017

0.016

—-21.50

(-0.015
-0.014
(-0.013
-0.012
(-0.011
(-0.010
o [CI;Si—S]~ o0
(-0.008
{0.007
(-0.006
-0.005
[-0.004
(-0.003
0.002

(-0.001
O AN O NP ik Ny mmmmmmmw H0.000

~-0.001

(-0.002

-0.003

(-0.004

T T T T T T T T T T
250 200 150 100 50 0 -50 -100 -150 -200 -250
f1 (ppm)

Figure 3.24 2°Si NMR spectrum of [TBA][SSiCl3] in CD5Cly at 25 °C, recorded at 99 MHz.
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shows there is no remaining bisulfate in [TBA]2 as prepared in section 3.4.8. The spectra of [TBA][CI]
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Figure 3.27 Overlay of the Raman spectra of [TBA]2, [TBA][HSO4], and [TBA][H2POy4]. The spectra
of [TBA][HSO4] and [TBA][H2PO,] were collected in order to assign the peaks arising from the tetra-
butylammonium cation. The numbers provided in nanometers (top right) correspond to the excitation
wavelength used to record the spectrum. The numbers in parentheses are of the previously reported
values. %3 w=weak, m=medium, st= strong, vst = very strong.
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3.4.9 Preparation of benzyl mercaptan

In the glovebox, [TBA]2 (658 mg, 1.61 mmol) was weighed into a 25 mL Schlenk flask.
Benzyl bromide (180 mg, 1.05 mmol) was weighed into a vial (20 mL) and transferred to
the Schlenk flask using DCM (3 mL, then 2 x 1 mL). The flask was sealed and heated
to 40 °C for 18 h. After this time, deionized water (150 pL, deoxygenated by sparging
with Ng for 20 minutes) was added to the reaction mixture which was then stirred for 20
minutes. The resulting mixture was passed through a silica plug in a frit (fine porosity,
15 mL, % full of silica) in the fume hood. DCM (100 mL) was used to wash the plug into an
Erlenmeyer flask. The filtrate was concentrated to ca. 5 mL and transferred to an H-cell.
The Erlenmeyer flask was rinsed with additional DCM (2 x 3 mL), which was transferred
to the H-cell. DCM was removed from the solution and the resulting oil was purified by
trap-to-trap distillation. The side of the cell containing the crude oil was heated to 70 °C
in an oil bath while the collection side was cooled with a liquid Ny bath. The cell walls
were heated with a heat gun for approximately 20 minutes once transfer was observed to
be complete. The cell was allowed to come to ambient temperature, then the distillate was
washed out into a pre-weighed vial using DCM (5 x 3 mL). The material was brought to
constant mass under vacuum, giving benzyl mercaptan as a yellow oil (72 mg, 0.58 mmol,
55% yield). 'H NMR (500 MHz, CDCls, ) 7.37-7.28 (m, 5H), 3.75 (d, J = 7.6 Hz, 2H),
1.76 (t, J = 7.5 Hz, 1H). 13C NMR (126 MHz, CDClj3, §) 141.28, 128.82, 128.15, 127.18,
29.13. These NMR data are consistent with those in the literature.”® HRMS: [M—H];
observed(calc.) m/z: 123.02246 (123.026847).

3.4.9.1 In situ characterization of benzyl trichlorosilylsulfide

In the glovebox, [TBA][2] (40 mg, 0.097 mmol, 1.1 equiv) was weighed directly into an
NMR tube equipped with a J. Young valve. CDyCly (0.5 mL) was added to produce a
clear colorless homogeneous solution. Benzyl bromide (10.6 pL, 0.089 mmol, 1 equiv) was
added using a micro syringe (50 uL). The NMR tube was sealed and monitored by '"H NMR
spectroscopy at three time points; 20 minutes, 1 hour, and two hours (Fig. 3.28). After 18
hours, 'H-13C HSQC (Fig. 3.29) and 'H-2?Si HMBC (Fig. 3.30) spectra were collected to
aid characterization of the observed intermediates. One major new signal was assigned as
benzyl trichlorosilylsulfide based on its NMR data. An additional minor species that also
displayed a cross-peak in the 'H-??Si HMBC was assigned as an unknown intermediate or
side-product. Benzyl trichlorosilylsulfide (PhCH2SSiCl3): 'H NMR (500 MHz, CDyCls, 6)
4.10 (PhCH,SSiCl). 3C NMR (126 MHz, CDyCly, §) 33.52 (PhCH,SSiCls). 29Si{'H}
NMR (99 MHz, CDyCly, §) —1.67.
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Figure 3.28 'H NMR spectra of the reaction of benzyl bromide with [TBA][2] at three time points in
CD3Cl; at 25 °C, recorded at 300 MHz.
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Figure 3.29 'H-13C HSQC spectrum of the reaction of benzyl bromide with [TBA][2] after 18 h in
CD5Cly at 25 °C, recorded on a 500 MHz instrument.
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Figure 3.30 'H-29Si HMBC spectrum of the reaction of benzyl bromide with [TBA][2] after 18 h in
CD5,Cly at 25 °C, recorded on a 500 MHz instrument.

3.4.10 Preparation of thiobenzophenone

In a glovebox, benzophenone (61 mg, 0.335 mmol, 1 equiv) was weighed directly into a
Schlenk flask (20 mL) equipped with a J. Young valve. [TBAJ]2 (700 mg, 1.711 mmol,
5.1 equiv) was weighed directly into the Schlenk flask. Chloroform (5 mL) was added to
the flask, giving a clear colorless solution. The flask was sealed and removed from the
glovebox, then heated to 80 °C for 96 h, to give a deep blue solution. The flask was
brought into the glovebox and the solution was transferred to a vial (20 mL); DCM (2 x
2 mL) was used to rinse the flask and the resulting washings were transferred to the vial.
Volatile material was removed in vacuo to give a sticky blue oil. The oil was triturated
with pentane (3 x 6 mL). The resulting oil was extracted with pentane and broken up
using a spatula until the blue color did not persist, and the solids in the vial became a fine
white powder (4 x 8 mL). The resulting blue solution was filtered through a piece of filter
paper in a Pasteur pipette into a fresh vial and the solution evaporated to constant mass
to give thiobenzophenone as a crystalline blue solid (41 mg, 0.207 mmol, 62% yield). 'H
NMR (500 MHz, CDCls, ) 7.72 (d, J=7.5 Hz, 2H), 7.57 (d, J = 7.5 Hz, 1H), 7.39 (t, J =
7.7 Hz, 2H). 13C NMR (126 MHz, CDCls, §) 238.69, 147.47, 132.17, 129.79, 128.13. These
NMR data are consistent with those in the literature. ' HRMS: [M+H]*; observed(calc.)
m/z: 199.057857/(199.058147).
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3.4.11 Identification of hydrogen gas formed in the synthesis of [TBA]2
3.4.11.1 Hydrogenation of (—)-terpinen-4-ol

Note: The hydrogenation of (—)terpinen-4-ol was carried out using a tank of commercial
hydrogen gas and Crabtree’s catalyst in order to obtain full 'H NMR characterization of
the hydrogenated cyclohexane product. A modified literature procedure was followed.? In
the glovebox, (—)-terpinen-4-ol and [Ir(PCys)(py)(COD)][PFg] were weighed into separate
vials. DCM (2.0 g) was weighed into a third vial. Approximately 75% of the DCM was used
to transfer the catalyst to a a Schlenk flask (50 mL) equipped with a 14/20 ground glass
joint. The cyclohexene substrate was added to the same Schlenk flask, then the remaining
25% of the DCM was used to rinse the two vials and the washings transferred to to the
Schlenk flask. The flask was sealed with a glass stopper, removed from the glovebox, and
connected to the Schlenk line. The flask was chilled to 0 °C using an ice bath, and allowed
to equilibrate temperature for 5 minutes. Against a positive flow of nitrogen, the glass
stopper was switched for a rubber septum, which was secured using copper wire. The flask
was purged with dihydrogen, using a balloon of volume ca. 500 mL. The balloon was then
refilled with dihydrogen and left open to the Schlenk flask. The solution was stirred for 90
minutes at 0 °C, then passed through a silica plug (2 ¢cm) in a glass pipette. The plug was
washed with additional DCM (6 mL), and volatile material was removed in vacuo to give
a white powder. 'H NMR (500 MHz, CDCl3, 6) 1.88 (sept., J=6.9 Hz, 1H), 1.83 (m, 2H),
1.66 (m, 2H), 1.55 (m, 1H), 1.30 (m, 2H), 1.16 (s, 1H), 1.13-1.04 (m, 2H), 0.90 (d, J =
6.7 Hz, 3H), 0.89 (d, J = 6.9 Hz, 6H).

3.4.11.2 Hydrogenation of (—)-terpinen-4-ol with hydrogen produced from the
preparation of [TBA]2

In the glovebox, [TBA]J[HSO4] (200 mg, 0.589 mmol, 1 equiv) was weighed into a vial.
Acetonitrile (1.0 g) was weighed into a separate vial and used to transfer the [TBA][HSO4]
to a Schlenk flask (20 mL) in three washes. The flask was sealed, removed from the
glovebox, and connected to a Schlenk line in the fume hood. The solution was frozen in
a dry ice/acetone bath at —78 °C, and trichlorosilane (1.8 mL, 17.8 mmol, 30 equiv) was
added to the flask against a positive flow of nitrogen. The flask was quickly sealed, and
allowed to stir at 23 °C for 24 h.

In the glovebox, Crabtree’s catalyst (82 mg, 0.101 mmol, 0.171 equiv) and (—)-terpinen-
4-0l (681 mg, 4.41 mmol, 7.58 equiv) were weighed into separate vials. Crabtree’s catalyst
was dissolved in DCM (2 mL) and transferred to a Schlenk flask (100 mL). The vial was
washed with additional DCM (2 x 2 mL) which was transferred to the Schlenk flask. (—)-
Terpinen-4-ol was transferred to the Schlenk flask, and the vial that had contained it was
washed with DCM (2 x 2 mL) which was transferred to the Schlenk flasks. The total
volume of DCM was 10 mL. The flask was removed from the glovebox and connected to
the Schlenk line (Fig. 3.31). Both the flask containing the hydrogenation reaction mixture
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and flask used to prepare [TBA]2 were frozen in liquid nitrogen for ten minutes. The two
flasks were connected using rubber hosing via a two-way glass valve. One of the two-way
outlets was connected directly to the vacuum manifold of the Schlenk line. The other
was connected to the gas manifold of the Schlenk line via an oil bubbler. The tap to
the hydrogenation flask was opened, and the system evacuated for five minutes. The two
way glass valve was closed, and the tap to the Schlenk containing [TBA]2 was opened,
connecting the head space between the two Schlenk flasks. The tap to the flask containing
[TBA]2 reaction was closed, and the system equilibrated with nitrogen delivered via the
oil bubbler. The hydrogenation flask was placed in an ice bath. The flask containing the
[TBA]2 was removed from the liquid nitrogen and allowed to thaw, releasing dissolved gases
into the partial vacuum above. The solution was refrozen in liquid nitrogen and the tap
opened to connect the head space of the two Schlenk flasks. This procedure was repeated
twice more. The hydrogenation reaction mixture was then allowed to stir for 90 minutes.
Volatile material was removed in vacuo, and a small portion of the residue analyzed in
chloroform-d. The 'H NMR spectrum was collected using a d1 of 90 s to ensure accurate
integrations. Integration of the starting material relative to product gave an NMR yield
of 0.735 mmol of hydrogenated product. This corresponds to 0.735 mmol of Hy being
consumed. The theoretical maximum of Hy evolved by the preparation of [TBA]2 is 2.95
mmol, based on 5 equivalents per added [TBA|[HSOy4]. This gives a yield of Hy based on
the following idealized balanced equation of 25%.

[TBA][HSO,] + 9 HSiCls — [TBA][2] + 4 O(SiCl,), + 5 H,

T 1
140
i~ b

Lo

Figure 3.31 Photo of the experimental setup used to hydrogenate (—)-terpinen-4-ol with the hydrogen
generated from the preparation of [TBA]2.
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Figure 3.32 Quantitative 'H NMR spectrum of the crude material obtained after hydrogenation in
CDCl3 at 25 °C, recorded at 500 MHz.

3.4.11.3 Hydrogenation of (—)-terpinen-4-ol with substoichiometric hydrogen
to determine the efficiency of the reaction

Note: This experiment was carried out to determine whether this method was suitable to
quantify the amount of Ha from the reduction of phosphate or sulfate by trichlorosilane. In
the glovebox, DCM (4.46 g), (-)-terpinen-4-ol (223 mg, 1.44 mmol, 1 equiv) and Crabtree’s
catalyst (26 mg, 0.032 mmol, 0.022 equiv) were weighed into three separate vials. The
DCM was used to transfer the two reagents to a 50 mL Schlenk flask equipped with a stir
bar, using multiple washes. The flask was sealed, removed from the glovebox and placed
in an ice bath at 0 °C. The flask was attached to the setup described in section 3.4.11.2
(Fig. 3.31). A Schlenk flask with a total volume of 16.6 mL (measured by filling the flask
with water and pouring the contents into a measuring cylinder) was filled with hydrogen.
The pressure of the flask was measured to be 118 kPa using a pressure transducer. The
hydrogen was allowed to mix with the reaction vessel by opening the two taps, and a
backing pressure of N9 was provided through the oil bubbler. The reaction mixture was
stirred at 0 °C for 10 hours (the ice bath was periodically replenished with ice) and then
for 18 h at 23 °C as the ice bath warmed overnight. An aliquot of the resulting solution
(0.3 mL) was transferred to a vial and volatile material was removed in vacuo. The resulting
oil was dissolved in chloroform-d and the sample analyzed by 'H NMR spectroscopy (400
MHz, 8 scans, d1= 90 s). The molar ratio of hydrogenated product to starting material
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was 30%. The theoretical maximum would have been 55%, based on the amount of Hs
introduced to the system (0.790 mmol). The yield of Hs incorporated into the product
based on the added volume was calculated to be 54%. In view of this result, this method
was not deemed suitable for quantifying the Hs that had formed in the experiments where
sulfate or phosphate were reduced by trichlorosilane.
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Figure 3.33 Quantitative 'H NMR spectrum of the crude material obtained after hydrogenation in
CDCl3 at 25 °C, recorded at 400 MHz.

3.4.12 Volumetric quantification of H, formed in the synthesis of [TBA|1
3.4.12.1 From H3P04

Salt [TBA]1 was prepared in situ as according to Section 3.4.3.2. At the end of the reaction
time of 72 h, the Parr reactor was allowed to cool to 23 °C over the course of 2 h. The
reactor was placed in a dry ice/acetone slush bath (—78 °C) for 1.5 h to condense volatile
silicon-containing species. Separately, a 4 L plastic solvent bottle was filled with water,
and sealed with a rubber septum. The actual volume of the 4 L solvent flask was measured
by filling it with water, then pouring the water into a measuring cylinder. The rubber
septum was pierced with two holes, through which 10 mm tubing was threaded. One of
these tubes was connected to the Parr reactor. The solvent bottle was inverted and placed
in a trough of water. The valve to the Parr reactor was slowly opened, and the gas allowed
to collect in the inverted solvent bottle. Once the gas had finished collecting in the solvent
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bottle, it was sealed while still under water. The water remaining in the solvent bottle was
measured using a measuring cylinder (1000 mL) to determine the amount of gas that had
been collected (3.70 L, 0.165 mol, 71%). The idealized balanced equation used to calculate
the theoretical maximum yield of Hs is given in Eqn. 3.5.

TBACI + H3PO, + 11 HSiClz — [TBA][1] + 4 O(SiCl,), + 7Hy + SiCl,  (3.5)

3.4.12.2 From [TBA]g[P309]2H20

[TBA][1] was prepared as described in section 3.4.3.4. At the end of the reaction time of
72 h, the volume of gas that had been produced was determined as according to the exper-
imental procedure described above in section 3.4.12.1 (2.83 L, 0.126 mol, 74%). The bal-
anced equation used to calculate the theoretical maximum yield of Hs is given in Eqn. 3.6.

[TBAJ4[P409].2H,0 + 28 HSiClz — 3 [TBA][1] + 11 O(SiCly), + 16Hy  (3.6)

3.4.13 Volumetric quantification of H, formed in the synthesis of [TBA]2

The volume of a Schlenk flask was measured by filling it with water, then decanting the
water into a measuring cylinder. The volume of the Schlenk flask used for these experiments
was found to be 16.6 mL. In the glovebox, [TBA][HSO4] (200 mg, 0.589 mmol) was weighed
into a scintillation vial (20 mL). Acetonitrile (1.00 g) was weighed into a separate vial.
Approximately half of the acetonitrile was used to dissolve the [TBA]J[HSOy], and the
resulting solution was transferred to the Schlenk flask. The remainder of the acetonitrile
was used to rinse the vial that had contained the solution of [TBA]|[HSOy4], and the washings
added to the Schlenk flask. The Schlenk flask was removed from the glovebox and connected
to the Schlenk line. The solution was frozen in a dry ice/acetone cold bath at —78 °C.
This was done to prevent any reaction with trichlorosilane before the flask could be sealed.
Against a positive flow of nitrogen, trichlorosilane (1.2 mL, 11.87 mmol) was added to
the flask. The cap was replaced, but the flask not fully sealed. The nitrogen manifold
was allowed to equilibrate with the flask for a minute, then the pressure of the manifold
measured with a pressure transducer (pn,, Table 3.2). The flask was then sealed and
allowed to warm to 23 °C. Stirring was maintained for 18 hours behind a blast shield.

The side-arm of the flask was connected to 3 mm Teflon tubing, that led to an inverted
measuring cylinder (100 mL) that had been filled with water and had been placed in a water
bath (Fig. 3.34A). The Teflon tube had been secured to the inverted measuring cylinder
using a pierced 24/40 septum, which had been perforated in two additional locations to
allow the passage of water between the inverted cylinder and water bath (Fig. 3.34C).
These perforations were kept open by using 4 mm diameter pieces of plastic tubing.

The reaction mixture was cooled to —45 °C to condense non-hydrogen and non-nitrogen
gases. The cap was slowly opened, and the gases displaced the water from the inverted
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Figure 3.34 A: Photo of the experimental setup before venting the gases. B: Photo of the experimental
setup after cooling the solution and venting the gases. C: Photo of the perforated septum used to cap
the measuring cylinder.

Run W, 11, PNo/kPa Viy(cale) /ML Vi (cate)/mL  Yield of Hy/%

1 83 123 19 64 89

2 81 138 21 60 83

3 88 136 21 67 93
Av. 64(4) 85(5)

Table 3.2 Volume of gases collected

measuring cylinder (Fig. 3.34B). The volume of gas was recorded (Vx, + m,), and the results
tabulated in Table 3.2.

The volume of nitrogen gas at atmospheric pressure was calculated using the ideal gas
law, pV = nRT. In the equation, pressure was recorded as the pressure of the nitrogen
manifold of the Schlenk line (pn,). The volume of nitrogen (Vi,(calc.)) was calculated by
subtracting the volume of trichlorosilane and acetonitrile from the volume of the Schlenk
flask. Vn,(cale.) Was subtracted from Vx, 4+ m, to give the volume of hydrogen gas collected
(Vi (cale.)). The average yield of Hy over three runs was calculated to be 64(4) mL, 2.6
mmol, 88%. The idealized balanced equation used to calculate the theoretical yield of Hs
is given below:

[TBAJ[HSO,] + 9 HSiCls — [TBAJ[2] 4+ 4 O(SiCl,), + 5 H,
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3.4.14 X-ray crystallographic studies
3.4.14.1 General methods

Single crystals were selected under a microscope and mounted in hydrocarbon oil on a
nylon loop. Low-temperature (100 K) data were collected on a Bruker-AXS X8 Kappa
Duo diffractometer coupled to a Smart Apex2 CCD detector with Mo Ka radiation (A
= 0.71073 A) with ¢- and w-scans. A semi-empirical absorption correction was applied
to the diffraction data using SADABS. 01102 The structure was solved by direct methods
using SHELXT103:104 and refined against F2 on all data by full-matrix least squares with
ShelXle. % All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were
included in the model at geometrically calculated positions and refined using a riding model.
The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the
Ueq value of the atoms they are linked to (1.5 times for methyl groups).

3.4.14.2 [TBA]2

Diffraction-quality, colorless crystals were grown by dissolving [TBA]2 (100 mg, 0.24 mmol)
in DCM (7 mL), followed by careful layering of diethyl ether (7 mL) to produce a clear
solution. The mixture was stored in the freezer at —35 °C for 168 h, producing no crystals.
Pentane (3 mL) was layered carefully on top of the solution while it was still cold to
produce a white precipitate. The vial was taped with electrical tape and placed back in
the freezer. Overnight, large colorless blocks grew on the bottom of the vial. These blocks
were transferred to hydrocarbon oil on a microscope slide inside the glovebox.

[TBA]2 crystallizes with two anions and two cations in the asymmetric unit. One of
the tetrabutylammonium cations was entirely disordered; the disorder was treated with a
simple model to restrain chemically equivalent methylene and methyl groups to be the same
(SAME command). The other tetrabutylammonium cation showed some disorder in the
penultimate methylene and methyl group of two of the n-butyl groups; these were modeled
as minor components and restrained to be the same as other n-butyl chains in the other
TBA cations (SAME command). One of the trichlorosilylsulfide anions was disordered by
a simple rotation along the Si—S axis; this disorder was modeled as a major and minor
component. The other trichlorosilylsulfide anion showed some spurious electron density
around the sulfur and chlorine atoms, but a suitable model to describe the presumed
disorder could not be found. It was left as a single anion because the nearby electron
density was still low (<1.03 e-A3). Similar-ADP and rigid bond restraints (SIMU and
RIGU commands, respectively) were applied to the entire structure.
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CSD identification code 1841573

Reciprocal net code X8.18045
Empirical formula C16H34CI3NSiS
Formula weight 408.96 g/mol
Color / morphology colorless / plate
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2i/c
a = 17.253(12) A a = 90°
Unit cell dimensions b =15.242(11) A g = 103.363(12)°
c = 18.394(13) A v = 90°
Volume 4706(6) A3
Z 8
Density (calculated) 1.154 g/cm?
Absorption coefficient 0.527 mm~!
F(000) 1760
Crystal size 0.428 x 0.344 x 0.156 mm?3
Theta ranges for data collection 1.755 to 27.877°
Index ranges —22<=h<=22, —20<=k<=20, —24<=1<=24
Reflections collected 134795
Independent reflections 11224 [Riny = 0.0705]
Completeness to § = 25.242° 100.0%
Absorption correction Semi-empirical from equivalents
Refinement method Full-matrix least-squares on F'2
Data \restraints \parameters 11224 \1420 \622
Goodness-of-fit on F? 1.032
Final R indices [I>20 (1)] R = 0.0582, wRy = 0.1436
R indices (all data) Ry = 0.0778, wRy = 0.1580
Extinction coefficient n/a
Largest diff. peak and hole 1.025 and —0.754 e-A~3

Table 3.3 X-ray crystallographic information for [TBA]2

During the initial phase of the refinement, all of the atoms bonded to silicon were refined
as chlorine atoms. Once the tetrabutylammonium cation disorder and rotation disorder
in one of the anions was suitably modeled, the atom with the closest contact to silicon
and the least electron density was refined to be the sulfur atom. To further support the
assignment of the chlorine and sulfur atoms in the two anions, the model was sequentially
modified to switch a sulfur and chlorine atom in the same anion. The weighting scheme
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Figure 3.35 Molecular structure of the two anions in the asymmetric unit of [TBA]2. The thermal
ellipsoids are shown at the 50% probability level.

Atoms interchanged Ry wRo

None 0.0582 0.1580
S1+—Cl1 0.0605 0.1720
S1+Cl2 0.0606 0.1700
S1+—Cl13 0.0603 0.1683
S52+Cl4 0.0597 0.1670
52+=+Cl5 0.0593 0.1655
52+Cl6 0.0595 0.1643

Table 3.4 Values of Ry and wR; for various refinement models of [TBA]2.

was adjusted to convergence, and the Ry and wRy values were tabulated (Table 3.4). The
original refinement gave the best fit with experiment.

The thermal ellipsoid plot shown in Fig. 3.35 was generated from the molecule that
showed the smallest amounts of disorder. This comprised Sil, S1, Cl1, CI2 and Cl13. The
error for the average of the bond metrics was calculated by taking the square root of the
sum of the squares of the individual errors.!%6

3.4.14.3 [TBAJ]5[Si(P30)s]

Diffraction quality crystals were grown from a DCM/diethylether solution at —35 °C in-
side the glovebox freezer. The model was refined isotropically, then anisotropically. The
positions of the hydrogen atoms were calculated using HFIX commands. The weighting
scheme was adjusted and the model considered complete.
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Figure 3.36 Molecular structure of [TBA]2[Si(P30g)2]with the thermal ellipsoids are shown at the 50%
probability level and hydrogen atoms omitted for clarity.
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CSD identification code
Reciprocal net code
Empirical formula
Formula weight
Color / morphology
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta ranges for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Absorption correction
Refinement method
Data \restraints \parameters
Goodness-of-fit on F?
Final R indices [I>20(1)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

1888218
X8.17115
C16H36NOgP3Sig 5
493.41 g/mol
colorless / block
100(2) K
0.71073 A
Orthorhombic
Pcen
a = 13.1805(17) A a = 90°
b =18.929(2) A g = 90°
19.042(2) A v = 90°

4751.1(10) A3
8
1.380 g/cm?
0.321 mm~!
2104
0.152 x 0.081 x 0.059 mm3
1.883 to 30.018°

—18<=h<=18, —25<=k<=25, —26<=1<=26

69898
6953 [Riny = 0.0853]
100.0%
Semi-empirical from equivalents
Full-matrix least-squares on F2
6953 \0 \272
1.021
R; = 0.0430, wRy = 0.0890
R = 0.0801, wRy = 0.1027
n/a
0.380 and —0.395 e-A~3

Table 3.5 X-ray crystallographic information for [TBA]2[Si(P30yg)2]
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3.5 Computational methods

3.5.1 Geometry optimization of anion 2

The geometry of 2 was optimized using ORCA 4.0.11°7 at the wB97X-D3/ma-Def2-QZVPP
level of theory using the following input file. The coordinates obtained from this calculation
are shown in Table 3.6.

! PAL8 RIJCOSX wB97X-D3 ma-Def2-QZVPP Def2/J TightSCF
! Grid6 NoFinalGrid GridX6 NoFinalGridX

! Opt TightOpt NumFreq

* xyzfile -1 1 geom.xyz

Atom X y z
Si —0.00552263 —0.00189007  0.18115999
S 0.00634629  —0.00153759  2.16621009
Cl 1.88125725 0.03441738  —0.76028989
Cl  —0.91919139 —1.65379669 —0.76523322
Cl  —0.96288952  1.62280698  —0.76915698

Table 3.6 Optimized coordinates of [CI3SiS]™.

3.5.2 GYVB calculations on anion 2

Generalized Valance Bond (GVB) calculations were performed using VB2000 integrated
with GAMESS.™ The Si-S bond was treated at the CASVB(6,6)/6-31++G** level of
theory.

3.5.3 Natural Bond Order (NBO) calculations on anion 2

Natural bond order calculations (NBO and NRT) were performed using NBO6,”” imple-
mented within GAMESS. " The wavefunction was calculated at the MP2/aug-cc-pVTZ
level of theory. The results of NRT analysis are shown in Fig. 3.37.

3.5.4 Electron Localization Function (ELF) analysis of anion 2

A .wfn file was generated using ORCA 4.0.1. The .wfn file was used to perform the ELF
analysis using Multiwfn. !°® The images were created using Chimera. %
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Figure 3.37 Primary resonance structures of anion 2 obtained from the NRT analysis.

Figure 3.38 Plot of the 0.83 ELF isosurface of 2. Yellow: sulfur lone pair basins; green: chlorine lone
pair basins; blue: silicon-sulfur bonding basin; magenta: silicon-chlorine bonding basins. B (inset): view
of the ELF isosurface down the C3 axis of 2. showing the shape of the Si-S bonding basin (blue).
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3.5.5 Wavefunction analysis using GAMESS

Electronic structure calculations were carried out using GAMESS?>™ (VERSION = 14
FEB 2018) at the MP2/aug-cc-pVTZ level of theory. Coordinates of the optimized struc-
tures are given in Section 3.5.8. The Mayer bond order provided in the manuscript was
obtained directly from the output file.

3.5.6 Calculation of 'Jp_g; coupling constants

Coupling constants were calculated using Gaussian09. Models were built using Avogadro,
then the geometries were optimized at the B3LYP/6-31G(d,p) level of theory. All species
were subjected to a frequencies calculation, with the result that none possessed imagi-
nary frequencies. Coupling constants were calculated using the PBE functional and the
NMR=(spinspin) keyword. The aug-cc-pVQZ basis set was used on phosphorus and sil-
icon, and the 6-311G(2df,p) basis set was used for all other atoms. An example input
file is shown below. The total nuclear spin-spin coupling J (Hz) was plotted against the
experimental ' Jp g; values and a linear regression analysis performed.

$RunGauss
# NMR=(spinspin) PBEPBE Gen

Comment

01

P 0.0248350000 1.0315500000 0.0000000000
Si 0.0248350000 -0.4368200000 1.7374590000
H -1.3823860000 1.2529750000 0.0000000000
Si 0.0248350000 -0.4368200000 -1.7374590000
H 1.3846360000 -1.0280740000 -1.8289970000
H -0.2598980000 0.3180230000 -2.9847700000
H -0.9674870000 -1.5375850000 -1.6054380000
H -0.2598980000 0.3180230000 2.9847700000
H 1.3846360000 -1.0280740000 1.8289970000
H -0.9674870000 -1.5375850000 1.6054380000
HO

6-311G(2df,p)

koK ok ok

PSio

aug-cc-pVQZ

*okok ok
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Figure 3.39 Plot of the calculated vs. experimental ! Jp g; values.

3.5.7 Determination of the s character in P—Si bond containing species

using NBO analysis.

NBO analysis was carried out using ORCA 4.0.1.'°7 The geometries used for each of
the species were taken from section 3.5.6. The optimized geometries can be found in a
multiple .xyz file (all.xyz). The aug-cc-pVQZ basis sets were used on phosphorus and
silicon, and the 6-311G(2df,2pd) basis set was used for all other atoms. The s character in
the phosphorus-silicon bonds was determined from the natural bond orbital output. The

outputs are summarized in Table 3.7.

Coefficient /% %s hybrid %s character

Species P Si p Si P Si o(P-Si)
MesSiPPhs-BH3 63 37 20 21 13 8 20
F3SiPHy 60 40 10 38 6 15 21
HP(SiH3)s 59 41 14 23 8 9 17
Cl3SiPH, o4 46 11 33 6 15 21
(i-Pr)P(SiCls)2 56 44 12 33 7T 15 21
[P(SiH3)s]~ 54 45 14 31 8 14 22
(i-Pr)P(NPhy)(SiCl;) 51 49 11 36 6 18 23
[P(SiCl3)s]~, 1 52 48 12 41 6 20 26

Table 3.7 Tabulated coefficients, %s hybrid and %s character for the P-Si bonds as determined by

NBO analysis.
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3.5.8 Coordinates of optimized structures

Atom X Y 7
Si —0.0000000000  0.0000000000 0.0303192720
S 0.0000000000 0.0000000000 2.0143027936
Cl —0.9381754075  1.6249674723  —0.9183973552
Cl —0.9381754075 —1.6249674723 —0.9183973552
Cl 1.8763508151 0.0000000000  —0.9183973552

Table 3.8 Optimized coordinates of anion 2 using GAMESS at the MP2/aug-cc-pVTZ level of theory.

Atom X Y 7
P 0.0000000000  —0.0000000000 1.6595755141
Si 1.5865943041 0.0239055617 0.2161811935
Si —1.5865943041 —0.0239055617 0.2161811935
Cl 3.3420605654 0.5919499583 1.1868556679
Cl —3.3420605654 —0.5919499583  1.1868556679
Cl 1.4683894149 1.3026215529  —1.4176884952
Cl —1.4683894149 —1.3026215529 —1.4176884952
Cl 2.1235933066  —1.7857475582 —0.6673761233
Cl —2.1235933066  1.7857475582  —0.6673761233

Table 3.9 Optimized coordinates of anion 1 using GAMESS at the MP2/aug-cc-pVTZ level of theory
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Chapter 4

Photochemical Alkene
Hydrophosphination with
Bis(Trichlorosilyl)Phosphine
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Abstract

Bis(trichlorosilyl)phosphine (HP(SiCls)2, 1) was prepared from [TBA|[P(SiCls)2] ([TBA]2,
TBA = tetra-n-butylammonium) and triflic acid in 36% yield. The phosphine is an efficient
reagent for hydrophosphination of unactivated terminal olefins under UV irradiation (15—
60 min) and gives rise to bis(trichlorosilyl)alkylphosphines (RP(SiCls)2, R = (CH2)5CHs,
88%; (CHQ)QC(CHg)g, 76%; CHQCy, 93%; (CHQ)QCy, 95%; CHQCH(CHg)(CHQ)QCHg, 82%;
(CHQ)gO(CHQ)gCHg, 95%; (CH2)3C1, 83%; (CHQ)QSiMeg, 92%; (CH2)5C(H)CH2, 44%) in
excellent yields. The products require no further purification beyond filtration and re-
moval of volatile material under reduced pressure. The P—Si bonds of prototypical product
H3C(CHz2)5P(SiCls)s are readily functionalized to give further phosphorus-containing prod-
ucts: ch(CHg)g,PClQ (72%); H30(CH2)5PH2 (88%), [HgC(CH2)5P(CH2Ph)3]Br (77%),

147



H3C(CHz2)5P(O)(H)(OH) (93%), and H3C(CHz2)sP(O)(OH)2 (73%). Experimental mech-
anistic investigations, accompanied by quantum chemical calculations, point toward a
radical-chain mechanism. The method is a fast, high-yielding, and atom-efficient way
to prepare compounds that contain phosphorus-carbon bonds.

4.1 Introduction

Hydrophosphination, the addition of a P-H bond to an unsaturated substrate such as an
olefin, is an atom-efficient method for constructing new phosphorus-carbon bonds.! Recent
progress has been achieved using transition-metal catalysis, with breakthroughs allowing
for double hydrophosphination of alkynes to give diphosphine ligands,? enantioselective
hydrophosphination procedures to give chiral phosphine products,? and increasingly selec-
tive reactions when two or more P-H bonds are present in the phosphine.* Another avenue
of research is toward catalyst-free methods, eliminating the requirement for purification of
reaction products from catalysts or initiators. 6

Despite these significant advances, there are three major obstacles facing hydrophos-
phination reactions:” (i) limited scope of the phosphine substrate (PhoPH and PHj are
used almost exclusively;® (ii) limited scope of the olefinic substrate (activated olefins such
as styrene and acrylonitrile are most commonly encountered);? and (iii) low selectivity
for single or multiply hydrophosphinated products where more than one P-H bond is
present in the phosphine (i.e. PH3, RPH,).!? Herein, we address these issues by preparing
bis(trichlorosilyl)phosphine (HP(SiCls)q, 1), and using it to selectively hydrophosphinate
unactivated, terminal olefins. Furthermore, the phosphorus-silicon bonds in the resulting
products (RP(SiCls)z) are readily converted to P-X (X = H, C, Cl, O) bonds to give
a range of desirable phosphorus-containing products such as dichlorophosphines, primary
phosphines, alkyl phosphinic acids, phosphonates, and phosphonium salts.

4.2 Results and Discussion

Our investigations began with treating the phosphide salt [TBA]2 with an acid in order
to prepare the neutral phosphine HP(SiCls)s (1). Our interest in [TBA]2 is motivated by
its ready availability (>10 g, 70%) from phosphate sources and because it can be used to
prepare phosphorus-containing compounds in a manner that bypasses the intermediacy of
white phosphorus, a high energy and toxic intermediate. 116

Treatment of a pentane slurry of [TBA]2 with triflic acid (1 equiv) led to the formation
of HP(SiCl3)2 (1) and TBA triflate (Figure 4.1). After filtration and a simple trap-to-trap
vacuum transfer procedure (40 to —78 °C), 1 was isolated as a colorless liquid in 36% yield
(0.54 g). This low yield is attributed to the formation of HoPSiCls and PHj, the concen-
trations of which increase when acids other than triflic acid, such as trifluoroacetic acid,
are used. The 3'P{'H} NMR spectrum of 1 features a singlet resonance at —171.5 ppm,
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Figure 4.1 Preparation of phosphine 1 and region of the >'P NMR spectrum highlighting the splitting
pattern.

which chemical shift is remarkably similar to that of the anionic phosphide 2 (—172.8 ppm).
However, the value of '.Jp_g; drops markedly from 156.0 to 57.4 Hz upon protonation. In
the 3'P and '"H NMR spectra, the expected doublets are observed with a 'Jp_y value of
207.1 Hz.

Several conditions are known for the initiation of hydrophosphination reactions, falling
under the following broad themes: acid, base, thermal, light, and additives such as azo-
bisisobutyronitrile (AIBN).'7 Of particular relevance to the current study, Norman pio-
neered the use of trimethylsilylphosphine (Me3SiPHg) in hydrophosphination reactions,
using AIBN as a radical initiator with mild heating (ca. 80 °C).'%!? We found hydrophos-
phination of the unactivated olefin 1-hexene (2 equiv) with HP(SiCls)s proceeded rapidly
(<20 min) upon UV irradiation (254 nm) of a hexane solution of both compounds in a pho-
toreactor (Figure 4.2). The product, obtained in 88% yield, was identified as (Cl3Si)2P(n-
hex) (3a), resulting from anti-Markovnikov addition and the formation of new P-C and
C—H bonds as assayed by multinuclear NMR spectroscopy and high resolution mass spec-
trometry (HRMS).

The reaction tolerates a variety of substitution patterns on aliphatic a-olefin substrates,
including gem-disubstitution (3c, 3e). Functional groups compatible with the reaction
conditions include alkyl chlorides (3g), ethers (3f), and silanes (3h). The RP(SiCls)s2
compounds were isolated by filtration (glass microfiber) followed by removal of volatile
material (hexane solvent and excess olefin) to give spectroscopically pure products in the
majority of cases (3a—3h). The selective hydrophosphination of one of the alkene groups in
1,6-heptadiene was achieved using stoichiometry control (5 equiv of diene) to give alkene-
containing phosphine 3i in moderate yield (44%, 3'P NMR). Compounds 3a-3i have not
been described previously, but their NMR data are in line with a handful of other re-
ported bis(trichlorosilyl)alkylphosphines, 2?23 with 3'P NMR chemical shifts in the range
of —102.7 to —120.8 ppm and 'Jp_g; values of 56.5-73.4 Hz.

The use of photochemistry and observed short reaction times is suggestive of a radical
reaction mechanism. Therefore, radical clock substrates were subjected to the reaction
conditions in order to probe this hypothesis. Use of 1,6-heptadiene as the substrate (Fig-
ure 4.3A) did not lead to the formation of the 5-exo-trig ring-closure product, a process
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Figure 4.2 Scope of products available from the hydrophosphination procedure. “isolated yield. byield
determined by *'P{'H} NMR spectroscopy. “0.5 mmol (5 equiv) of substrate used.

that has a first order rate constant of ca. 1.3x10° s~! 24 but instead gave linear 3i as
the product. Next, the radical clock 1,1-difluoro-vinylcyclopropane was tested because of
its rapid ring opening (k. = 6x10'° s71) when a radical forms on the carbon adjacent to
the cyclopropane ring.?® A control reaction confirmed that 1,1-difluoro-vinylcyclopropane
is unchanged by UV irradiation in our photoreactor over the course of 10 min, but in the
presence of 1 leads to the formation of ring-opened product 3j, obtained as a mixture of
the £ and Z isomers (87:13), consistent with the intermediacy of radical species.

Further evidence of radical intermediates was provided by unsuccessful attempts to
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B: Internal olefin isomerization in the presence of HP(SiCls)

X R uv R UV R
RN —— N —
+1 1 (0.1 equiv) 1 hr, C¢Dy,
. 1 hr, C¢Dy, no change
olefin scrambling R=GH,
84:16 (E:Z)
P(SiCls),
A R
P(SiCly), + R/\/ ) = )\[\L R
R N
C: Evidence for P—H bond homolysis IAH(D) ¢ 37 ppb
H o 42.6 Hz
| CDi2 . H, + HD Hy| | HD

P .
C|3Si/ \SiC|3 UV, 1 hr + HSIC|3 . ; ; .
470 460 450 4.40
Figure 4.3 A: Testing radical clock 1,1-difluoro-vinylcyclopropane as a substrate leads to observation of
the product derived from ring opening. B: Irradiation of trans-4-octene in the presence of HP(SiCls)s

leads to internal olefin isomerization; without HP(SiCl3)2 no scrambling is observed. C: Irradiation of
HP(SiCl3)2 in CgD12 leads to the formation of Hy and HD.
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hydrophosphinate the internal olefin ¢rans-4-octene with HP(SiCls)2. A control experiment
confirmed that irradiation of a CgD12 solution of trans-4-octene (borosilicate NMR tube) in
our photoreactor did not lead to cis/trans isomerization after 1 h. However, the addition
of HP(SiCl3)2 (0.1 equiv) to the reaction mixture followed by irradiation (1 h) led to a
mixture of trans- and cis-4-octene in a ratio of ca. 84:16. Thus, the addition of HP(SiCls)s
to the reaction mixture catalyzes the isomerization. We interpret this observation as arising
from addition of -P(SiCls)s to the internal olefin, permitting C—C bond rotation about the
former-alkene group, followed by reformation of the phosphorus radical and the isomerized
internal olefin (Figure 4.3B).2% The absence of hydrophosphination product with trans-4-
octene is in accord with the well-documented sensitivity of radical additions to the olefin
substitution pattern.?”

The unchanged 'H NMR spectrum of trans-4-octene after UV irradiation (Figure 4.3B)
suggests the olefin is not responsible for the generation of any radicals, and instead that
HP(SiClz)2 might be playing the role of initiator. To test this idea, HP(SiCl3)s was irra-
diated with UV light in CgD12 for 1 h and the resulting mixture was analyzed by NMR
spectroscopy. By 'P NMR spectroscopy, the major species was unchanged HP(SiCl3)s.
However, in the 'H NMR spectrum, the most notable products were HSiCl; and HD gas,
which was recognizable by its 1:1:1 triplet resonance with a 'Jy p value of 42.6 Hz and an
isotope shift of 37 ppb relative to Hy (Figure 4.3C).28 The presence of HD points towards
the homolysis of the P-H bond of HP(SiCls)2 as a plausible initiation step, with the gen-
erated hydrogen atom capable of abstracting a deuterium atom from the solvent.?? The
UV-vis spectrum of HP(SiCls)s features an absorbance at 206.0 nm, which according to
DFT calculations (pred. 210 nm) corresponds to a HOMO-LUMO transition. These or-
bitals display phosphorus lone pair and P-H antibonding character, respectively (Fig 4.69).
The use of wavelengths other than 254 nm resulted in lower conversion to product (300 nm)
or no conversion at all (420 nm).

Based on these experimental observations we propose a simple radical-based reac-
tion mechanism (Figure 4.4), which was investigated with quantum chemical calcula-
tions. Geometries and thermochemistry for the relevant species were calculated at the
wB97X-D3/def2-TZVP3? level of theory and SCF single point energies came from accurate
DLPNO-CCSD(T)/cc-pVTZ calculations3! (as implemented in the ORCA3233 software
package) in order to provide a reasonable description of the proposed open-shell species.
The neutral radical -P(SiCl3)z, presumably generated upon photolysis of HP(SiCl3)s,34 can
add in an anti-Markovnikov manner (TS1) to an a-olefin; in the case of our calculations
the substrate was 1-propene to save on computational cost. The resulting carbon-centered
radical in I1 abstracts a hydrogen atom from HP(SiCls)s via T'S2 to give the bis(silyl)-
alkylphosphine product and regenerate another equivalent of -P(SiCls), in a radical-chain
process. The relative energies obtained using this computational procedure for transition
states TS1 and TS2 of +10.7 and +14.8 kcal/mol, respectively, are remarkably similar to
those calculated for the corresponding mechanism for the thiol-ene reaction.?®

Next, we sought to investigate the nature of the P-H bond in HP(SiCls)s and compare
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Figure 4.4 Calculated minimum energy pathway for a model reaction.

it to the corresponding bonds in PH3 and PhoPH which are prototypical phosphines used
in hydrophosphination procedures. Due to a lack of experimental data on the bond dissoci-
ation enthalpies (BDE) of P-H bonds,?% they were calculated using the DLPNO-CCSD(T)
method described above. The BDE,2% ¥ (P-H) of 1 was found to be 82.2 kcal /mol, compa-
rable to that of PHj (caled: 82.1; expt: 82.5 kcal/mol®"). Both of these values are higher
than for the P-H bond in PhyPH (caled: 75.8 kcal/mol) presumably due to resonance
delocalization in the radical derived from the latter. Thus, the trichlorosilyl groups do not
seem to have any large stabilizing effect on the putative radical -P(SiClg)s compared to
the parent phosphine radical -PHs.

Attempts to determine the pK , of HP(SiCls)2 in acetonitrile solution were hampered by
rapid redistribution reactions of hydrogen and trichlorosilyl substituents at phosphorus in
the presence of nitrogen-containing bases. Nonetheless, NMR studies point toward 1 having
a pK, slightly higher than the pyridinium cation (pK,(MeCN) = 12.5). Calculations
predicted the pK, of HP(SiCls)s in acetonitrile to be 13.3, consistent with the NMR
experiments. Applying the same method of calculating pK, to PHs and PhoPH indicates
that 1 is significantly more acidic (ca. 15 pK, units) than either of these two phosphines,
in line with the known stability of the conjugate anion of 1 as its TBA salt.'12 In concert,
these two properties (typical BDE; low pK,) point toward the electrophilicity of radical
intermediate -P(SiClz)2 as a key driver for the efficient hydrophosphination of unactivated
terminal olefins using 1. Indeed, calculations show that the lowest energy unoccupied
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Table 4.1 Selected calculated properties for 1, PH3, and PhyPH.

Species pK,(MeCN)* BDE(p,H)b’d SOMO(.pRQ)C’d

1 13.3 82.2 —0.378
PH; 31.6 82.1 1.198
PhoPH 324 75.8 1.581

¢ Determined by DFT calculation and regression against
experimental pK ,values

¥ Bond dissociation enthalpy (kcal/mol; gas phase, 298 K)

¢ Singly Occupied Molecular Orbital (eV); energy corresponds to
that of the unoccupied (-spin orbital

¢ Determined at the DLPNO-CCSD(T)/cc-pVTZ level of theory

B-spin orbital is significantly lower for -P(SiCls)s than those of -PHg or -PPhy (Table 4.1).

The electrochemistry of [TBA]2 was investigated in order to triangulate the P-H bond
dissociation free energy (BDFE) using a “square scheme” approach and in turn corrob-
orate our in silico thermochemistry data. An acetonitrile (MeCN) solution of [TBA]2
(0.01 M) with [TBA][PFg] as the supporting electrolyte displayed an irreversible oxida-
tion (Epa) at +0.255 V versus the Fc/Fct couple, providing a BDFEpecn??® ¥(P-H)
of 80.1(£33®) keal/mol using theory refined by Mayer.3” This value corresponds®® to a
BDE, % K(P-H) for HP(SiCl3)s of 83.2 kcal/mol, in good agreement with the calculated
value (82.2) presented in Table 4.1.

In contrast to the majority of reported hydrophosphination reactions, the presence of
two P—Si bonds in the reaction products provides a useful synthetic handle for further
functionalization at phosphorus (Scheme 4.1). Treatment of bis(silyl)hexylphosphine 3a
with hexachloroethane led to the formation of hexyldichlorophosphine (4a). Aliphatic
dichlorophosphines such as 4a can be challenging to prepare’ because treatment of PCl3
with common organometallic compounds such as alkyllithium or Grignard reagents leads
to intractable mixtures of products and thus transmetalation (to Cd, Hg, or Zn) has been
necessary to achieve useful yields.*! Alternatively, chlorodiaminophosphines undergo se-
lective alkylation at the P—Cl bond but the amino protecting groups must then be cleaved
with hydrogen chloride.*? Hydrolysis of 3a led to the primary phosphine 4c¢ while alkyla-
tion with benzyl bromide led to formation of the mixed phosphonium salt 4b. Oxidation
to the alkylphosphinic acid (4d) or the phosphonate (4e) was accomplished using aqueous
hydrogen peroxide (30%), with the selectivity for the oxidation product being determined
by the stoichiometry of oxidant (2.2 vs. 5 equiv) and the temperature at which the reaction
was performed at (23 vs. 75 °C), respectively.
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Scheme 4.1 Functionalization of bis(silyl)alkylphosphine 3a. Conditions: (i): C2Cls (4 equiv), MeCN,
60 °C, 1 h; (ii): PhCH3Br, MeCN, 80 °C, 2h; (iii): H2O (32 equiv), CDCl3, 5 min; (iv): H202 (aq)
(2.2 equiv), MeCN, 23 °C, 5 min; (v): H202 (4 (5 equiv), MeCN, 60 °C, 12 h. Yields were determined
spectroscopically (*'P NMR) by integration against an internal standard.

4.3 Conclusions

This work introduces HP(SiCls)2, an efficient hydrophosphination reagent for preparing
a number of bis(trichlorosilyl)alkylphosphines. The two P—-Si bonds provide a platform
for functionalization,*? resulting in a modular synthesis of several classes of phosphorus
compounds. The hydrophosphination reaction is selective for the anti-Markovnikov prod-
uct and overcomes limitations germane to hydrophosphination using PHs by effectively
masking two of the P-H bonds as trichlorosilyl substituents. This reagent and reaction
methodology opens the door to a number of new phosphorus-containing compounds, which
are themselves indispensable in chemical synthesis and catalysis.

4.4 Future work

There are a small number of experiments required in order to publish the work described
in this chapter. The compounds obtained from P—Si bond functionalization require charac-
terization by HRMS and NMR spectroscopy (1H, 3C), which will be aided by developing
purification procedures that provide spectroscopically pure compounds. In the case of
primary phosphine 4c, filtration through an alumina plug is expected to provide mate-
rial of sufficiently purity. Dichlorophosphine 4a is expected to be purified by removing
volatile material, followed by filtration (microfiber filter paper). With sufficient material,
this compound may also be amenable to purification by distillation. Compounds 4d and
4e, obtained from the oxidation of 3a with 2 and 5 equiv of aqueous hydrogen peroxide
(30%), respectively, are expected to be purified by liquid/liquid extraction from ethyl ac-
etate/brine, following a literature procedure for a related alkyl phosphinic acid.!! Finally,
phosphonium salt 4b is expected to be obtained as a pure compound following recrystal-
lization from boiling water, along the lines of the reported purification procedure for the
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related phosphonium salt [P(CHyPh)y|Br. !2

A second aspect that requires further experimentation is the isolation of a bis(silyl)alkyl-
phosphine such as 3a on a larger scale. An appropriate set-up for such an experiment
could include the use of HP(SiClz)2 (150 mg, 0.5 mmol) with 1-hexene (2 equiv) in hexane,
using the same concentrations as reported on a 0.1 mmol scale. The glassware for this
experiment would be a Schlenk flask, equipped with a J. Young valve and with a high
surface to volume ratio, to mimic the properties of an NMR tube. Following photolysis,
the product is expected to be amenable to the same workup as described for the reaction
performed on a scale using 0.1 mmol of HP(SiCls)s.

Other experiments that could form the basis of a future publication can also be envi-
sioned. One compound of potential interest is diphosphine (Cl3Si)2sPP(SiCls)2, which can
be considered a dimer of the neutral bis(trichlorosilyl)phosphinyl radical. The diphosphine
could plausibly be made from the one-electron oxidation of the phosphide anion as its TBA
salt, [TBA][P(SiClz)z]. Initial experiments to optimize such a procedure have so far led
to the formation of a precipitate that has not yet undergone further characterization (Sec-
tion 4.5.20). Initial experiments point to ferrocenium as the [BArFo4]™ salt as a superior
oxidant than the corresponding hexafluorophosphate salt. Additional characterization of
the neutral phosphinyl radical could be achieved by oxidation of the phosphide anion using
ferrocenium, followed by freezing the reaction mixture and analysis by low-temperature
EPR spectroscopy.

Finally, generation of the bis(trichlorosilyl)phosphinyl radical is expected to have other
applications for the formation of phosphorus-carbon bonds. Initial experiments (Sec-
tion 4.5.19) show that irradiation of HP(SiCl3)2 in chlorobenzene (neat) leads to the
formation of PhP(SiCl3)H and PhP(SiCl3)s, identified by 3'P NMR spectroscopy. Fur-
ther experiments are required to improve the selectivity and yields of these two products,
which could include testing other aryl(pseudo)halides as reaction partners (i.e. iodide,
bromide, triflate). The use of the aryl(pseudo)halide in smaller excess than was used for
the preliminary reaction (neat) would also be of interest. It is conceivable that the pres-
ence of aryl groups in the product could endow decreased photostability compared to the
bis(silyl)alkylphosphines described in this chapter. Therefore, it would be beneficial to
explore other initiation procedures for generating the bis(trichlorosilyl)phosphinyl radical,
such as using thermal initiators such as AIBN or using photoinitiators that work with
longer wave UV irradiation, such as BAPO. Such initiation procedures would also be of
interest for the hydrophosphination of other substrates, for example styrenes, which were
not found to react under the conditions reported in this chapter. Also of interest to the
generation of the bis(trichlorosilyl)phosphinyl radical would be the determination of the
quantum yield with which it forms from HP(SiCls)2 under UV irradiation (254 nm), which
could be determined by chemical actinometry.
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4.5 Experimental methods

4.5.1 General methods

All manipulations were performed in a Vacuum Atmospheres model MO-40M glovebox
under an inert atmosphere of purified No or using standard Schlenk techniques. When
reagents were removed from a stock bottle containing a Sure/Seal, the equivalent volume
of dry nitrogen was injected into the bottle prior to removing the desired volume of solution
with a syringe. All solvents were obtained anhydrous and oxygen-free by bubble degassing
(argon) and purification by passing through columns of alumina and Q5.%* Once collected,
solvents were stored over activated 4 A molecular sieves (20 wt%) inside the glovebox.?
All glassware was oven-dried for at least 6 h prior to use, at temperatures greater than
150 °C.

Triflic acid (Strem) was used as received. Substrates 1,1-difluoro-2-vinylcyclopropane,
vinylcyclohexane (Millipore-Sigma), 1-hexene, 3,3-dimethyl-1-butene, 2-methyl-1-pentene,
methylenecyclohexane, cis-1,4-hex-diene, vinyltrimethylsilane, vinylcyclohexane, 1-hexyne,
1,6-heptadiene, trans-4-octene (all Sigma-Millipore) were degassed three times via the
freeze-pump-thaw method then stored over activated 4A molecular sieves in the glovebox
for 24 h prior to use.

[TBA]1 was prepared according to published methods. 12

Deuterated solvents were purchased from Cambridge Isotope Labs and were degassed
three times by the freeze-pump-thaw method and stored over activated 4 A molecular
sieves for 48 h in the glovebox prior to use. Diatomaceous earth (Celite 435, EM Science),
4 A molecular sieves (Millipore-Sigma) and basic alumina (Millipore-Sigma) were dried by
heating to 200 °C under dynamic vacuum for at least 48 h prior to use. The temperature
of the aluminum shot used to heat reagents or reaction mixtures was measured using a
Hanna Instruments K-type Thermocouple Thermometer (model HI935005).

NMR spectra were obtained on Varian Inova 300 and 500 instruments equipped with
Oxford Instruments superconducting magnets, on a Jeol ECZ-500 instrument equipped
with an Oxford Instruments superconducting magnet, or on a Bruker Avance 400 instru-
ment equipped with a Magnex Scientific or with a SpectroSpin superconducting magnet.
'H and '*C NMR spectra were referenced to residual CD2Cly (*H = 5.32 ppm, 3C =
54.0 ppm), CgDg (*H = 7.16 ppm, 13C = 128.06 ppm), CD3CN (*H = 1.94 ppm, 3C
= 118.26 ppm) or CDCl3 ("H = 7.26 ppm, *C = 77.16 ppm). 3'P NMR spectra were
referenced externally to 85% H3PO4 (0 ppm).

Infrared spectra were collected using a Bruker ATR-IR Tensor 37. Samples were re-
moved from the glovebox in sealed vials and briefly handled in air prior to data collection.

High resolution mass spectral (HRMS) data were collected using a Jeol AccuTOF
4G LC-Plus mass spectrometer equipped with an Ion-Sense DART source. Data were
calibrated to a sample of PEG-600 and were collected in positive-ion mode. Samples were
prepared in DCM (10 M concentration) and were briefly exposed to air (<5 s) before
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being placed in front of the DART source.

Electrospray ionization mass spectrometry (ESI-MS) was performed using a Micromass
Q-TOF ESI spectrometer.

Photochemistry was performed using a setup described previously.*® Briefly, the appa-
ratus comprises a Rayonet photochemical reactor (RPR200, Southern New England Ultra
Violet Company) loaded with 16 RPR2537A lamps, each emitting ca. 35 W at 253.7 nm.

Electrochemistry was performed using a BioLogic Science Instruments SP-150 poten-
tiostat using EC Lab V 10.44 software. Full details can be found in Section 4.5.7.

UV-—vis spectroscopy was performed using an Agilent Technologies Cary 60 UV—vis
spectrometer. Data was processed using the Cary WinUV software. Further details are
provided in Section 4.5.6.

4.5.2 Preparation of HP(SiCl;), (1)

In the glovebox, [TBAJ1 (2.710 g, 5 mmol, 1 equiv) was weighed into a Schlenk flask
(150 mL) containing a magnetic stir bar (2 cm), then slurried in pentane (100 mL). The
resulting mixture was stirred vigorously for one hour resulting in a fine white powder. The
reaction mixture was cooled in the glovebox coldwell until the solution began to freeze.
Triflic acid (750 mg, 5.0 mmol, 1 equiv) was then added with rapid stirring. The slurry
was stirred for 30 minutes then solids were allowed to settle over the course of five minutes.
The solution was filtered through a frit (fine porosity, 15 mL). The solids were washed
with pentane (2 x 10 mL) and the washings filtered through the same frit. The resulting
solution was concentrated to ca. 30 mL and transferred to a H-cell used for trap-to-trap
distillations. On the Schlenk line, pentane was removed under reduced pressure and the
resulting oil was distilled (40 °C) and collected at —78 °C using a dry ice/acetone cooling
bath. The distillate was transferred to a pre-weighed vial to give HP(SiCl3)2 as a clear
colorless oil (550 mg, 1.87 mmol, 36%). 'H NMR (500 MHz, CgDg, 6) 2.21 (d, Jp.g =
207 Hz, Jsi g = 9 Hz). 3'P NMR (162 MHz, C¢D12, 6) —171.5 (d, Jp.ug = 207.1 Hz, Jp s;
= 57.4 Hz).
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Figure 4.5 'H NMR spectra of HP(SiCl3), in CgDg at 25 °C, recorded at 500 MHz.
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4.5.3 Preparation of bis(trichlorosilyl)alkylphosphines
4.5.3.1 General procedure

H SiCly
254
||D + /\R —nm> I!’
asi” sicl hexane s’ NN
(2 equiv)

Scheme 4.2 General method for preparing bis(trichlorosilyl)alkylphosphines.

In the glovebox, HP(SiCl3)2 (30 mg, 0.1 mmol, 1 equiv) was weighed into a borosilicate
NMR tube equipped with a J. Young valve. The phosphine was diluted in hexane (0.5 mL)
then the substrate (0.2 mmol, 2 equiv) was added using a microsyringe (50 uL). An NMR
spectrum of the material was acquired, then the reaction mixture was irradiated (254 nm)
and progress was monitored by 3P NMR spectroscopy. After all of the HP(SiCl3)s had
been consumed (times provided in the main text), the reaction mixture was filtered through
glass microfiber in a pipette into a pre-weighed vial. The NMR tube was washed with
hexane (3 x 1 mL) and the washings were filtered into the vial. Volatile material was
removed under reduced pressure to give the corresponding bis(trichlorosilyl)alkylphosphine
as a colorless oil.

In two cases (3i and 3k) the obtained oils were judged to be of insufficient purity to
record an isolated yield. In these cases, a yield was obtained spectroscopically. A capillary
containing PPhs as an external standard (prepared as described in Section 4.5.4) was
inserted into the NMR tube and a quantitative *' P{'H} spectrum was recorded before and
after irradiation. The products were isolated as described above to obtain characterization
data.

All products were characterized in CDCl3 on a 500 MHz instrument at 25 °C. 'H, 3!P,
31p{1H}, and BC{'H} were collected for all products. HRMS was recorded according to
the General Methods section 4.5.1.
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4.5.3.2 From 1l-hexene to give 3a

'H NMR (500 MHz, CDCl3, ) 2.17-2.07 (m, 2H), 1.70 (ddt, J = 15.6, 11.5, 7.7 Hz, 2H),
1.46 (p, J = 7.2 Hz, 2H), 1.32 (dq, J = 7.5, 3.4 Hz, 4H), 0.96-0.84 (m, 3H). 13C NMR
(126 MHz, CDCls, §) 31.06, 30.28 (d, J = 13.5 Hz), 29.05 (d, J = 15.1 Hz), 22.42, 18.04
(d, J = 16.3 Hz), 13.97. 3'P{*H} NMR (203 MHz, CDCls, §) —111.09 (Jp_s; = 68.2 Hz).
31p NMR (203 MHz, CDCls, §) —111.09 (t, Jp_g = = 11.3 Hz Jp_g; =68.2 Hz). 29Si{ H}
(99 MHz, CDCl3, §) HRMS (m/2, (%relative intensity)): [M + H + 2(H<+SiCl3)]" caled
for CgH16P1, 119.098964; found, 119.097130 (100%).
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Figure 4.7 'H NMR spectra of 3a in CDCl3 at 25 °C, recorded at 500 MHz.
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Figure 4.9 3'P{'H} and 3'P (inset) NMR spectra of 3a in CDCl; at 25 °C, recorded at 203 MHz.
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4.5.3.3 From 3,3-dimethyl-1-butene to give 3b

'H NMR (500 MHz, CDCl3, §) 2.10-2.04 (m, 2H), 1.62-1.55 (m, 2H), 0.94 (s, 9H). 13C
NMR (126 MHz, CDCls, §) 43.54 (d, J = 15.1 Hz), 31.89 (d, J = 14.0 Hz), 28.90, 13.73 (d,
J = 15.7 Hz). 3'P{'H} NMR (203 MHz, CDCls, §) —108.36 (Jp_g; = 68.1 Hz). 3'P NMR
(203 MHz, CDClg, 6) —108.36 (t, J = 7.8 Hz, Jp_gi = 68.1 Hz). HRMS (m/z, (%relative
intensity)): [M + H + 2(H+SiCl3)|" caled for CgHygP1, 119.098964; found, 119.09172
(66.8%).
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Figure 4.10 '"H NMR spectra of 3b in CDCl; at 25 °C, recorded at 500 MHz.
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4.5.3.4 From methylenecyclohexane to give 3c

'"H NMR (500 MHz, CDCl3, §) 2.04 (dd, J = 7.2, 2.3 Hz, 2H), 1.97-1.89 (m, 2H), 1.76 (dt,
J =12.7, 3.5 Hz, 2H), 1.68 (dddd, J = 12.2, 5.1, 3.2, 1.5 Hz, 1H), 1.55 (ddtt, J = 13.0,
10.9, 7.4, 3.7 Hz, 1H), 1.29 (dt, J = 12.4, 3.5 Hz, 1H), 1.26-1.12 (m, 2H), 1.00 (qd, J =
12.4, 3.5 Hz, 2H). 13C NMR (126 MHz, CDCl3, §) 37.48 (d, J = 14.1 Hz), 34.00 (d, J =
10.2 Hz), 26.01 (d, J = 1.1 Hz), 25.99 (d, J = 0.9 Hz), 25.52 (d, J = 16.2 Hz). 3'P{'H}
NMR (203 MHz, CDCls, §) —117.04 (Jp_s; = 67.2 Hz). 3P NMR (203 MHz, CDCls, §)
—117.04 (d, J = 8.5 Hz, Jp_gi = 67.2 Hz). HRMS (m/z, (%relative intensity)): [M + H
+ 2(H<»SiCl3)] " caled for C7Hj 6P, 131.098964; found, 131.09917 (100%).
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Figure 4.13 'H NMR spectra of 3c in CDCl3 at 25 °C, recorded at 500 MHz.
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4.5.3.5 From vinylcyclohexane to give 3d

'H NMR (500 MHz, CDCls, §) 2.19-2.08 (m, 2H), 1.80-1.69 (m, 4H), 1.66 (dddt, J = 12.1,
5.2, 3.6, 1.8 Hz, 1H), 1.59 (tdd, J = 10.9, 8.3, 6.4 Hz, 2H), 1.38 (ddddd, J = 14.7, 8.0,
6.6, 4.7, 2.4 Hz, 1H), 1.31-1.10 (m, 3H), 0.93 (qd, J = 14.1, 13.0, 4.2 Hz, 2H). 3C NMR
(126 MHz, CDCls, §) 38.48 (d, J = 13.3 Hz), 36.47 (d, J = 14.7 Hz), 32.64, 26.39, 26.06,
15.64 (d, J = 16.1 Hz). 3'P{'H} NMR (203 MHz, CDCls, 6) —110.52 (Jp_g; = 69.1 Hz).
3P NMR (203 MHz, CDCl3, §) —110.52 (d, J = 10.6 Hz, Jp g; = 69.1 Hz). HRMS (m/z,
(%relative intensity)): [M + H + 2(H<»SiCl3)]* caled for CgHygPy, 145.114614; found,
145.11421 (100%).
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Figure 4.16 'H NMR spectra of 3d in CDCl3 at 25 °C, recorded at 500 MHz.
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4.5.3.6 From 2-methyl-1-pentene to give 3e

'H NMR (500 MHz, CDCls, 4) 2.20 (ddd, J = 13.9, 5.9, 3.7 Hz, 1H), 1.92 (ddd, J =
13.9, 8.2, 1.0 Hz, 1H), 1.83-1.71 (m, 1H), 1.51-1.22 (m, 4H), 1.07 (d, J = 6.6 Hz, 3H),
0.92 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCls, §) 39.75 (d, J = 9.7 Hz), 32.79
(d, J = 14.3 Hz), 25.62 (d, J = 15.7 Hz), 20.41 (d, J = 10.0 Hz), 19.94, 14.05. 3'P{'H}
NMR (203 MHz, CDCls, §) —116.16 (Jp_s; = 66.3 Hz). 3P NMR (203 MHz, CDCl3, 4)
—116.16 (d, J = 10.2 Hz, Jp_g = 66.3 Hz). HRMS (m/z, (%relative intensity)): [M + H

+ 2(H<SiCl3)]* caled for CgH16P1, 119.098964; found, 119.09773 (100%).
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Figure 4.19 '"H NMR spectra of 3e in CDCl3 at 25 °C, recorded at 500 MHz.
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Figure 4.21 3P{'H} and 3P (inset) NMR spectra of 3e in CDCl; at 25 °C, recorded at 203 MHz.

170



4.5.3.7 From n-butyl allyl ether to give 3f

'H NMR (500 MHz, CDCls, §) 3.52 (t, J = 5.9 Hz, 2H), 3.42 (t, J = 6.6 Hz, 2H), 2.23
(ddd, J = 9.4, 5.9, 1.3 Hz, 2H), 1.96 (dddd, J = 15.7, 12.0, 7.8, 5.9 Hz, 2H), 1.61-1.51 (m,
2H), 1.43-1.33 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCls, §) 70.76,
69.54 (d, J = 14.0 Hz), 31.71, 28.94 (d, J = 15.7 Hz), 19.32, 14.74 (d, J = 15.8 Hz), 13.88.
3Ip{1H} NMR (203 MHz, CDCls, §) —112.72 (Jp_gi = 66.7 Hz). 3'P NMR (203 MHz,
CDCls, §) —112.72 (d, J = 12.0 Hz, Jp s = 66.7 Hz). HRMS (m/z2, (%relative intensity)):
M + H + 2(H«SiCl3)] T caled for C7H1301Py, 149.109529; found, 149.10042 (100%).
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Figure 4.22 '"H NMR spectra of 3f in CDCl; at 25 °C, recorded at 500 MHz.
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Figure 4.24 3'P{'H} and 3'P (inset) NMR spectra of 3f in CDCl3 at 25 °C, recorded at 203 MHz.
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4.5.3.8 From allylchloride to give 3g

'H NMR (500 MHz, CDCls, §) 3.66 (t, J = 6.1 Hz, 2H), 2.33-2.27 (m, 2H), 2.21-2.12
(m, 2H). ¥C NMR (126 MHz, CDCl3, ) 44.21 (d, J = 16.0 Hz), 31.45 (d, J = 17.9 Hz),
15.22 (d, J = 16.1 Hz). 3'P{'H} NMR (203 MHz, CDCls, §) —112.68 (Jp_g; = 63.2 Hz).
31p NMR (203 MHz, CDCls, §) —112.68 (d, J = 1.3 Hz, Jp g = 63.2 Hz). HRMS (m/z,
(%relative intensity)): [M 4+ H + 2(H«SiCl3)]*t caled for C3HgCli Py, 111.013041; found,
111.0081 (48%).
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Figure 4.25 'H NMR spectra of 3g in CDCl3 at 25 °C, recorded at 500 MHz.
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Figure 4.27 3'P{'H} and 3'P (inset) NMR spectra of 3g in CDCl3 at 25 °C, recorded at 203 MHz.
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4.5.3.9 From vinyltrimethylsilane to give 3h

'H NMR (500 MHz, CDCl3, §) 2.19-2.09 (m, 2H), 0.99-0.91 (m, 2H), 0.07 (s, 9H). 13C
NMR (126 MHz, CDCl3, §) 17.08 (d, J = 8.6 Hz), 13.43 (d, J = 20.7 Hz), —2.15. 3'P{'H}
NMR (203 MHz, CDCl3, §) —102.65 (Jp_g; = 73.4 Hz). 3P NMR (203 MHz, CDCl3, )
—102.65 (d, J = 11.2 Hz, Jp.g = 73.4 Hz). HRMS (m/z, (%relative intensity)): [M + H
+ 2(H+»SiCl3)]* caled for C5Hy6P1Si1, 135.075891; found, 135.07529 (100%).
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Figure 4.28 'H NMR spectra of 3h in CDCl3 at 25 °C, recorded at 500 MHz.
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Figure 4.29 13C (DEPT) NMR spectrum of 3h in CDCl3 at 25 °C, recorded at 126 MHz.
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Figure 4.30 3'P{'H} and 3'P (inset) NMR spectra of 3h in CDCl3 at 25 °C, recorded at 203 MHz.

176



4.5.3.10 From 1,6-heptadiene to give 3i

Note: 0.5 mmol, 5 equiv, of substrate was used in this reaction instead of 0.2 mmol as
described in the general procedure. 'H NMR (500 MHz, CDCls, §) 5.82 (ddt, J = 17.0,
10.2, 6.7 Hz, 1H), 5.08-4.93 (m, 2H), 2.15 (dd, J = 9.6, 6.4 Hz, 2H), 2.09 (q, J = 7.0 Hz,
2H), 1.78-1.69 (m, 2H), 1.54-1.37 (m, 4H). 1*C NMR (126 MHz, CDCl3, §) 138.45, 114.75,
33.45, 30.03 (d, J = 13.6 Hz), 28.95 (d, J = 15.3 Hz), 28.13, 17.99 (d, J = 16.3 Hz).
3Ip{IH} NMR (203 MHz, CDCl3, §) —111.13 (Jp_gi = 66.5 Hz). 3'P NMR (203 MHz,
CDCl3, §) —111.13 (d, J = 22.8 Hz, Jp_gi = 66.5 Hz). HRMS (m/z, (%relative intensity)):
M + H + 2(H«SiCl3)]* caled for C7H;6P;, 131.098964; found, 131.08459 (100%).
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Figure 4.31 'H NMR spectra of 3i in CDCl3 at 25 °C, recorded at 500 MHz.
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Figure 4.32 13C (DEPT) NMR spectrum of 3i in CDCl3 at 25 °C, recorded at 126 MHz.
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Figure 4.34 Comparison of 3'P{'H} NMR spectra before and after irradiation to obtain a spectroscopic
yield for 3i. Spectra recorded in hexane at 25 °C, 203 MHz.

4.5.3.11 From 1-hexyne to give 3k

'H NMR (500 MHz, CDCl3, §) 6.77 (ddt, J = 28.8, 10.6, 7.4 Hz, 1H), 5.89 (ddt, J =
10.6, 3.0, 1.3 Hz, 1H), 2.43 (qdd, J = 7.4, 3.0, 1.4 Hz, 2H), 1.59-1.28 (m, 4H), 0.93 (t, J
= 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3, 6) 156.66 (d, J = 24.6 Hz), 108.04 (d, J =
11.3 Hz), 31.40 (d, J = 20.6 Hz), 30.77, 22.21, 13.85. 3'P{'H} NMR (203 MHz, CDCls,
§) —120.82 (Jp i = 56.5 Hz). 3P NMR (203 MHz, CDCls, 6) —120.82 (d, J = 28.8 Hz,
Jp_si = 56.5 Hz). HRMS (m/2, (%relative intensity)): [M + H + 2(H«»SiCl3)|" caled for
CgH14P1, 117.083314; found, 117.08448 (29%).
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Figure 4.35 'H NMR spectra of 3k in CDCl3 at 25 °C, recorded at 500 MHz.
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180



TR © 5500000
AN g oo
tTo®wonNWm
MO0~~~
<~/ NV Y S 15000000
NN O T cl 4500000
o~ o ‘
gg8x (2500000 c—si—al
T " 4000000
N e Cl
2000000 H3C\/\/\/ P/
Si 3500000
/ ~
Cl
1500000 . Cl
3000000
1000000
2500000
[ 500000 2000000
ro 1500000
T T T T T
21200 <1205 <1210 -1215  -1220 L 1000000
f1 (ppm)
500000
|
|
|
i | Lo
—N e~
oot QT
g YOon g
SN R [-500000
T T T T T T T T T T T T T T T T T T T
450 400 350 300 250 200 150 100 50 0 50 4100 -150 200 250 -300  -350 400  -450
f1 (ppm)

Figure 4.37 3'P{'H} and 3'P (inset) NMR spectra of 3k in CDCl3 at 25 °C, recorded at 203 MHz.

© HP(SICL),
PPh; (capillary) ®
8 5
- - before irradiation
50 400 350 300 250 200 150 100 50 0 -50 4100 150 200 250  -300 350  -400  -45
f1 (ppm)
.
PPh, (capillary) o
cl
\ _c
Si o "
o™ NN HP(SICls),
je ¢
C\—S‘i—c\

cl
g 2 |3
- | J Py P after irradiation

4
450 400 350 300 250 200 150 100 50 0 -50 4100 150 200 250 -300 350  -400  -45(
f1 (ppm)

Figure 4.38 Comparison of 'P{'H} NMR spectra before and after irradiation to obtain a spectroscopic
yield for 3k. Spectra recorded in hexane at 25 °C, 203 MHz.

181



4.5.4 Functionalization reactions of bis(trichlorosilyl)hexylphosphine
4.5.4.1 General information

Compound 3a was prepared according to Section 4.5.3. Capillaries for quantitative 3'P
NMR spectroscopy were prepared by dissolving chromium(I1I) acetylacetonate (10.0 mg,
0.03 mmol) and triphenylphosphine (270 mg, 1.03 mmol) in C¢Dg (2.0 mL). The purpose of
the chromium(III) acetylacetonate was to act as a paramagnetic relaxation agent.*” This
stock solution (70 pL) was transferred to a capillary which was then flame sealed.

4.5.4.2 With CyCls (4 equiv) to give n-hex-PCl, (4a)

In the glovebox, a solution of 3a (10 mg, 0.0260, 1 equiv) was prepared in acetonitrile
(0.5 mL) in an NMR tube equipped with a J. Young valve and containing a capillary
(prepared as described in 4.5.1). A quantitative 3'P{'H} NMR spectrum was collected.
The tube was brought back into the glovebox and hexachloroethane (24 mg, 0.102 mmol,
4 equiv) was added. The reaction mixture was heated to 60 °C for 1 hr then analyzed by
quantitative 3'P{*H} spectroscopy. Yield (spectroscopic): 72%. 3'P{'H} NMR (203 MHz,
MeCN, 6) 200.2 (s). The above NMR data were consistent with previous reports of the
compound. ¥
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Figure 4.39 3'P{'H} NMR spectra of 3a before and after treatment with C5Clg in acetonitrile at 25 °C,
recorded at 162 MHz.
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4.5.4.3 With PhCH,Br (5 equiv) to give [n-hex-P(CH3Ph)s][Br] (4b)

In the glovebox, a solution of 3a (10 mg, 0.0260, 1 equiv) was prepared in acetonitrile
(0.5 mL) in an NMR tube equipped with a J. Young valve and containing a capillary (pre-
pared as described in 4.5.1). A quantitative 3'P{'H} NMR spectrum was collected. The
tube was brought back into the glovebox and benzyl bromide (22 mg, 0.129 mmol, 5 equiv)
was added. The reaction mixture was heated to 75 °C for 18 hr then analyzed by quantita-
tive 3LP{'H} spectroscopy. Yield (spectroscopic): 77%. 3'P{'H} NMR (203 MHz, MeCN,
§) 28.06 (s). The NMR data are consistent with the phosphonium salt [P(CH3Ph)4][Cl].48
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Figure 4.40 3'P{'H} NMR spectra of 3a before and after treatment with PhCH,Br in acetonitrile at
25 °C, recorded at 162 MHz.
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4.5.4.4 With HyO (32 equiv) to give n-hex-PH; (4c)

In the glovebox, a solution of 3a (10 mg, 0.0260, 1 equiv) was prepared in CDCls (0.5 mL)
in an NMR tube equipped with a J. Young valve and containing a capillary (prepared as
described in 4.5.1). A quantitative 3'P{*H} NMR spectrum was collected. Against a flow
of No, water (15 uL, 0.83 mmol, 32 equiv; degassed, 20 min Ny sparge) was added to the
NMR tube. The tube was sealed and a quantitative 3'P{'H} NMR spectrum was collected.
Spectroscopic yield: 88%. 3'P{'H} NMR (162 MHz, CDCl3, 6) —137.4 (s). The above
NMR data were consistent with previous reports of the compound. '
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Figure 4.41 3'P{'H} NMR spectra of 3a before and after treatment with H2O in acetonitrile at 25 °C,
recorded at 162 MHz.
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4.5.4.5 With Hy02 (2.2 equiv) to give n-hex-P(O)(OH)H (4d)

In the glovebox, a solution of 3a (10 mg, 0.060 mmol, 1 equiv) was prepared in acetonitrile
(0.5 mL) in an NMR tube equipped with a J. Young valve and containing a capillary
(Section 4.5.3). An initial quantitative 3!'P{'H} NMR spectrum was acquired. Against
a flow of nitrogen, aqueous HoO2 (27% w/w; 7 pL, 0.0571 mmol, 2.2 equiv) was added
using a microsyringe (10 pL). The NMR tube was sealed and analyzed immediately by
quantitative 3'P{*H} spectroscopy. Yield (spectroscopic): 93%. 3'P{'H} NMR (203 MHz,
MeCN, §) 42.9 (s). 3'P{*H} NMR (203 MHz, MeCN, §) 42.9 (dp, Jp.yg = 566.3, 14.5 Hz).
The above NMR data were consistent with previous reports of the compound.
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Figure 4.42 3'P{'H} and 3'P{!H} (inset) NMR spectra of 3a before and after treatment with aqueous
H2045 (2.2 equiv) in acetonitrile at 25 °C, recorded at 162 MHz.
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4.5.4.6 With Hy0: (5 equiv) to give n-hex-P(O)(OH), (4e)

In the glovebox, a solution of 3a (10 mg, 0.060 mmol, 1 equiv) was prepared in acetonitrile
(0.5 mL) in an NMR tube equipped with a J. Young valve and containing a capillary
(Section 4.5.3). An initial quantitative 3'P{'H} NMR spectrum was acquired. Against a
flow of nitrogen, aqueous HoOg (27% w/w; 18 ul, 0.143 mmol, 5 equiv) was added using
a microsyringe (50 pL). The NMR tube was heated to 60 °C for 12 h then analyzed by
quantitative 3'P{*H} spectroscopy. Yield (spectroscopic): 73%. 3'P{'H} NMR (203 MHz,
MeCN, 4) 33.3 (s). 3'P NMR (203 MHz, MeCN, §) 33.3 (m). The above NMR, data were
consistent with previous reports of the compound.®°
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Figure 4.43 3'P{'H} NMR spectra of 3a before and after treatment with aqueous H2O2 (5 equiv) in
acetonitrile at 25 °C, recorded at 162 MHz.
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4.5.5 Bracketing of the pK, of HP(SiCl;), (1)

Based on a calculated pK, value of 13.3 in MeCN (Section 4.5.15), various nitrogen-
containing bases with pK, values (of their conjugate acids) in a similar range were exposed
to acetonitrile solutions of HP(SiCls)e. The solutions were generally unstable; in some
cases formation of HoP(SiCls) and an insoluble yellow precipitate was observed within 5
minutes (Table 4.2). When large amounts of HoPSiCl3 were formed, the base was not
assumed to be capable of deprotonation of HP(SiCls), due to alternate possible pathways
for decomposition to the observed species. Nevertheless, the qualitative results are shown
in Table 4.2. In CDCl3, only small amounts of HoPSiCls formed with 1 equiv of pyridine,
and the acidic proton appeared to be in equilibrium between the phosphine and pyridine,
indicating similar pK, values in this solvent (Fig. 4.44).

Table 4.2 Qualitative description of the reaction between HP(SiCls)2 and various nitrogen-
containing bases.

Base pKa (MeCN) Deprotonates HP(SiCls)2?  Decomp?
Pyridine 12.53 Yes some HyPSiCls
Pyridine® - Yes minimal HoPSiCls
2,6-di(¢-Bu)pyridine 11.4 Yes mostly HoPSiCls
Diphenylamine 5.98 Yes mostly HoPSiClg
Triphenylamine 1.28 No No

%in CDCl3
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Figure 4.44 'H NMR spectra of HP(SiCl3), after dosing with 0, 1, and 2 equiv of pyridine. Spectrum
recorded at 25 °C, 400 MHz.
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Figure 4.45 3'P{'H} NMR spectra of HP(SiCl3), after dosing with 0, 1, and 2 equiv of pyridine.
Spectrum recorded at 25 °C, 162 MHz.
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4.5.6 UV-—vis spectrum of HP(SiCl;), (1)

A “blank” spectrum was first recorded. In the glovebox, hexane (4 mL) was added to
a gas-tight UV—vis cuvette that was then sealed with Teflon tape. A UV-vis spectrum
was recorded from 600-190 nm. The cuvette was brought into the glovebox. A solution of
HP(SiCl3)2 (1.5 mg, 0.005 mmol) in hexane (10.00 g, 15.27 mL, 3.27 mM) was prepared and
added to the cuvette, which was sealed in the same way and a UV—vis spectrum recorded.
Note: the small absorbance at ca. 252 nm was present in the hexane blank and despite
multiple attempts could not be removed by background subtraction.

206.0 nm
1.4 - /

190 240 290 340 390 440 490 540 590
Wavelength (nm)

Figure 4.46 UV-Vis spectrum of HP(SiCl3)2 (3.27 mM in hexane).

4.5.7 Electrochemistry of [TBA]1 (5)

In the glovebox, a cyclic voltammogram was recorded by preparing a solution of [TBA|1
(22 mg, 0.04 mmol, 0.01 M) and [TBA][PFg] (155 mg, 0.4 mmol, 0.1 M) in MeCN (4 mL).
After a background CV was recorded (supporting electrolyte only) a CV was recorded at
400 mV /s, using a glassy carbon working electrode, a platinum counter electrode, and
a silver reference electrode. The CV was referenced to the ferrocene/ferrocenium redox
couple.
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Figure 4.47 Cyclic voltammogram of [TBAJ1.

4.5.8 Determination of BDFEy.cn2? ¥ using a square scheme

PK, _
HP(SiCL), —> [P(SiCl),]

l BDFE l E..

[HP(SICL)) " —————  .P(SiCly),

Figure 4.48 Square scheme used for calculation of the BDFEyeon(P-H) in HP(SiCls3)s.
The BDFEyocn??® ¥ of the P-H bond in HP(SiClz)s was determined using Eq 4.1.37

BDFEMQCN(P*H) =137 x pK,+ 23.06 X Egx + CG7MeCN (41)

where pK, was taken to be the calculated value of 14.1 and Cg mecn = 54.9. The value for
Eox was substituted for Ep, = 0.255 due to the irreversible nature of the oxidation. Thus,
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the obtained value of BDFEpecn(P—H) = 80.1. Sources of error include the calculation
of pK, (Section 4.5.15), substitution of Eoy for Ep,, and in the measurement of Cg mecN-
Errors have been reported to be on the order of +3 kcal/mol by Bordwell®® for irreversible
oxidations such as those displayed by [TBA]2, and is the value used in the manuscript.

This value was converted to a gas-phase bond dissociation energy (BDEg298 K) using
equations 10 and 11 in the review by Mayer,3? reproduced here as Eqs 4.2 and 4.3, respec-
tively.

BDFE,(XH) = BDE(XH) — TS® (H-) — T{S® (X-) — S*(XH)} (4.2)

BDFEpecn (XH) = BDFEg(XH) 4+ AGsoly © (H+) + AGgory & (X+) — AGgory & (XH) (4.3)

The assumptions®® (i) S (X-) = S (XH) and (ii) AGgly & (X+) = AGgo, & (XH), used
with values for S (H-) and AGg, < (H-) of 27.42 cal K~! mol~! and 5.12 kcal mol~!,
respectively, lead to a value for BDE4?% ¥(P-H) of 83.2 kcal/mol.

4.5.9 Experiments related to mechanism

4.5.9.1 Analysis of compound 3i to determine whether products arising from
cyclization form

Compound 3i was prepared according to Section 4.5.3.10. The crude product was dissolved
in CgDg (0.5 mL) and stirred with basic alumina (500 mg) for twenty minutes in order
to form a primary phosphine. The mixture was filtered through microfibre filter paper in
a pipette and analyzed by NMR spectroscopy. The reaction mixture was also analyzed
by GCMS (Figure 4.52). No evidence for a primary phosphine other than hept-6-en-1-
ylphosphine was observed. 5.75 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.08 4.94 (m, 2H), 2.91
2.80 (m, 1H), 2.43 2.33 (m, 1H), 1.98 1.85 (m, 3H), 1.41 1.07 (m, 13H).

'H NMR (400 MHz, CgDg, §) 5.75 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.08-4.94 (m,
2H), 2.91-2.80 (m, 1H), 2.43-2.33 (m, 1H), 1.98-1.85 (m, 3H), 1.41-1.07 (m, 13H). 3 P{'H}
NMR (162 MHz, CDCls, §) —138.4. 3P NMR (162 MHz, CDCls, 6) —138.4 (tm, Jp g =
190.1 Hz). GCMS (EI): retention time = 4.31 min; [M]* calcd for CgHy6P1, 130.09; found,
130 (100%).
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Figure 4.49 'H NMR spectrum of hept-6-en-1-ylphosphine in CgDg at 25 °C, recorded at 400 MHz.
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Figure 4.50 3'P{'H} NMR spectrum (inset: 31P) of hept-6-en-1-ylphosphine in CsDg at 25 °C, recorded
at 162 MHz.
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Figure 4.52 GCMS trace of product obtained in Section 4.5.9.1, corresponding to hept-6-en-1-
ylphosphine.
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4.5.9.2 Reaction of HP(SiCl3), (1) with 1,1-difluoro-2-vinylcyclopropane

A control reaction was performed in order to test the stability of 1,1-difluoro-2-vinylcyclo-
propane to UV light. In the glovebox, 1,1-difluoro-2-vinylcyclopropane (17 mg, 0.163 mmol)
was weighed into an NMR tube and diluted with hexane (0.5 mL). An initial YF{'H}
NMR spectrum was recorded. The solution was irradiated with UV light for ten minutes
then analyzed by 'F{!H}. No change was observed between the spectra before and after
irradiation.

In the glovebox, HP(SiCl3)s (10 mg, 0.033 mmol, 1 equiv) was weighed out in the
end of a pipette. 1,1-difluoro-2-vinylcyclopropane (10 mg, 10 pL, 0.1 mmol, 3 equiv) was
measured out using a microsyringe (10 pL) and dispensed into an NMR, tube equipped
with a J. Young valve. The phosphine was washed into the NMR tube from the end of the
pipette using CgD12 (0.5 mL). The NMR tube was irradiated for five minutes then analyzed
by NMR spectroscopy. The major product corresponded to that of the E-isomer of the
ring opened product. A minor amount of a species tentatively assigned as the Z-isomer was
also detected by NMR spectroscopy. E-3j: 'H NMR, (500 MHz, C¢D12, §) 6.15-6.03 (m,
1H), 5.86-5.73 (m, 1H), 2.94-2.85 (m, 2H), 1.58 (t, J = 17.5 Hz, 3H). 3'P NMR, (203 MHz,
C¢D12, §) —110.38 (p, Jp-g = 5 Hz, Jp_ g = 5 Hz). F NMR (471 MHz, CgD12, 6) —90.52
(m).
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Figure 4.53 'H NMR spectra of E-3j (blue) and 1,1-difluoro-2-vinylcyclopropane (red) in CgD;> at
25 °C, recorded at 500 MHz.
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Figure 4.56 3'P-'H-HMBC spectrum of E-3j in CgD14 at 25 °C, recorded at 500 MHz.
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4.5.9.3 Reaction of HP(SiCl3), (1) with trans-4-octene

In the glovebox, trans-4-octene (22 mg, 0.2 mmol, 1 equiv) was weighed from a vial into
an NMR tube equipped with a J. Young valve using a pipette. The material was diluted
in C¢Di2. A '"H NMR spectrum was recorded. The reaction mixture was irradiated with
UV light for 1 h, then analyzed by 'H NMR spectroscopy. No change to the spectrum
was observed. HP(SiCl3)2 (6 mg, 0.02 mmol, 0.1 equiv) was weighed into the end of a
pipette and added to the reaction mixture which was then irradiated with UV light for
1 hr. Analysis by 'H NMR, spectroscopy (Figure 4.58) showed the formation of cis-4-
octene, with the ratio of trans- to cis-4-octene being ca. 84:16 (16% isomerization). The
ratio was estimated by integration of the vinyl resonances. Analysis by 3'P{'H} NMR
spectroscopy (Figure 4.59) showed almost exclusively HP(SiCls)2 and some HoPSiCls.
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Figure 4.58 'H NMR spectra of: top: trans-4-octene in; middle: after UV irradiation for 1 hr; bottom:
after irradiation with HP(SiCl3)s for 1 hr in C4D12 at 25 °C, recorded at 400 MHz.

199



o HP(SICI )

e H,PSiCl;

T T T T T T T T T T T T T T T T T T T
450 400 350 300 250 200 150 100 50 0 -50 -100 -150 -200 -250 -300 -350 -400 -450
f1 (ppm)

Figure 4.59 3'P{'H} NMR spectra of trans-4-octene after irradiation with HP(SiCl3)z for 1 hrin CgD12
at 25 °C, recorded at 162 MHz. Besides HP(SiCl3)2 and HyPSiCls, no other species were assigned.

4.5.9.4 UV Irradiation of HP(SiCl3)s in CsD2

In the glovebox, HP(SiCl3)2 (10 mg, 0.033 mmol) was weighed into the end of a pipette.
The material was washed into an NMR tube equipped with a J. Young valve using CgD1s.
An initial "H NMR spectrum was recorded to identify any impurities that were present at
baseline concentrations. The sample was irradiated with UV light and analyzed by NMR
spectroscopy after 1, 2 , and 15 h. The formation of Hy, HD,?® and HSiCl3°! were observed
at the 1 hr time point. After 15 h, starting material was still present. The spectrum shown
in the manuscript was collected at the 15 h time point (64 scans). Figures 4.60 and 4.61
show the full spectra at the 0, 1, and 15 h time points.
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Figure 4.60 'H NMR spectra ofHP(SiCl3), after UV (0 h, 1 h, 15 h) in CgD12 at 25 °C, recorded at
400 MHz.
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Figure 4.61 >'P{'H} NMR spectra of HP(SiCl3)y after UV irradiation (0 h, 1 h, 15 h) in CgD;2 at
25 °C, recorded at 162 MHz.
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4.5.10 Wavelength dependence of hydrophosphination

A Rayonet Photoreactor (RPR) was equipped with 8 bulbs of varying wavelengths; 254 nm,
300 nm, and 420 nm. In the glovebox, three samples were prepared containing HP(SiCl3)s
(10 mg, 0.033 mmol, 1 equiv) and 1-hexene (6 mg, 0.066 mmol, 2 equiv) in hexane (0.5 mL).
FEach of these samples was irradiated for 15 min at one of the wavelengths listed above.
Each was analyzed by 3'P{'H} NMR spectroscopy to determine approximate ratios of
starting material to product. The ratios (HP(SiClz)2/3a) were found to be 52:48, 73:27,
and 98:2 at 254, 300, and 420 nm, respectively.
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Figure 4.62 3'P{'H} NMR spectra of a hexane solution of HP(SiCl3)2 and 1-hexene after irradiation
with varying wavelengths of light in a RPR, recorded at 25 °C, 162 MHz.
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4.5.10.1 Attempt at hydrophosphination using either blue or ambient light as
the method of photoactivation

In the glovebox, a hexane solution (0.5 mL) of HP(SiCls)2 (10 mg, 0.033 mmol, 1 equiv) and
1-hexene (6 mg, 0.066 mmol, 2 equiv) was prepared in an NMR tube. The tube was sealed
with electrical tape and a 3'P{'H} NMR spectrum was recorded, showing formation of ca.
3% (Cl3Si)2P(n-hex) (3a). The tube was placed in front of a blue Kessil lamp (5 cm, 32 W)
for 15 minutes then reanalyzed by 3'P{'H}, with no discernible change to the spectrum
observed. The NMR tube was brought into the glovebox and the solution was split equally
between two NMR tubes. One tube was taped to the window for three hours (11-2 PM)
and the other was wrapped in aluminum foil to exclude ambient light. The samples were
analyzed in succession after 3 h by 3'P{'H} spectroscopy. The tube that had been exposed
to ambient light showed formation of 3a in ca. 17% yield, while the tube kept protected
from the light remained at 3%.
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Figure 4.63 3'P{'H} NMR spectra of a hexane solution of HP(SiCl3)2 and 1-hexene after irradiation
with a blue light source, recorded at 25 °C, 162 MHz.
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Figure 4.64 Comparison of the 3'P{’H} NMR spectra of hexane solutions of HP(SiCl3)2 and 1-hexene
after exposure to ambient light and being kept in the dark (3 h), recorded at 25 °C, 162 MHz.

4.5.11 Comparing HP(SiCls); and Phy,PH for the hydrophosphination of
1-hexene

In the glovebox, two samples were prepared containing either HP(SiCls)2 (10 mg, 0.033
mmol, 1 equiv) or PhoPH (6 mg, 0.033 mmol, 1 equiv) and 1-hexene (6 mg, 0.066 mmol,
2 equiv) in hexane (0.5 mL). Each of these samples was irradiated for 15 min. Each
was analyzed by 3'P{'H} NMR spectroscopy to determine approximate ratios of starting
material to product. The ratios (starting material:product) were found to be 50:50 and
99:1 for HP(SiCl3)2 and PhoPH, respectively.

4.5.12 General computational methods

Calculations were performed using ORCA 4.1.0 and 4.2.0.33 Geometries were optimized
at the specified level of theory and a frequencies calculation was performed, showing zero
imaginary frequencies for intermediates and one imaginary frequency for transition states.
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Figure 4.65 3'P{'H} NMR spectra of two reaction mixtures, prepared as described in section 4.5.11,
recorded at 25 °C, 162 MHz.

Calculations were performed using the Massachusetts Green High-Performance Computing
Center. Results were visualized using Avogadro.®?

4.5.13 Minimum energy pathway calculations

Calculations were performed at the wB97X-D3/def2-TZVP/CPCM(hexane) (Method A)
level of theory. An example input is provided below:

%pal nprocs 16 end
% MaxCore 8000

! wB97X-D3 RIJCOSX def2-TZVP def2/J TightSCF Grid4 GridX4 FinalGridb
Opt NumFreq CPCM(hexane)

* xyzfile 0 1 filename.xyz
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Single point calculations were performed on the geometries obtained by Method A at
the DLPNO-CCSD(T)/cc-pTVZ/CPCM (hexane) (Method B) level of theory. The RIJK
approximation was used, in conjunction with the appropriate coulomb and exchange fitting
basis sets. The Tight PNO keyword was used. An example input is shown below:

%pal nprocs 16 end
% MaxCore 2000

! UHF DLPNO-CCSD(T) cc—pVTZ CC-pVTZ/C CC—pVTZ/JK TIGHTSCF RIJK TightPNO
Grid4 GridX4 FinalGrid5 CPCM(hexane)

* xyzfile O 1 filename.xyz
Single point SCF energies obtained from Method B were combined with thermochemical
quantities obtained from Method A (Tables 4.3 and 4.4). Free energies were corrected from

gas phase to their standard state by —1.89 kcal/mol.?® The values obtained were used to
calculate relative energy differences (Table 4.5).
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Table 4.3 Calculated energies (Method A) for species relevant to minimum energy pathway calculations

w-B97X-D3/def2-TZVP /CPCM (hexane)

Compound ImF /cm ™! Ey, prr? Hgo1, pFT Gsol, DFT Gsol, DFT < °
HP(SiCl3)2 none —3682.59329 —3682.55627 —3682.61219 —3682.60917
1-propene none —117.91562 —117.83065 —117.860 62 —117.85761
-P(SiCl3)2 none —3681.95505 —3681.92703 —3681.98305 —3681.98004
TS1 —288.2 —3799.87368 —3799.76010 —3799.82573 —3799.82272
I none —3799.88782 —3799.77372 —3799.83963 —3799.836 62
(n-Pr)P(SiCl3), none —3800.55290 —3800.42439 —3800.48955 —3800.486 54
TS2 —909.6 —7482.48699 —7482.33637 —7482.43283 —T482.42981
2-butene none —157.23745 —157.12270 —157.156 51 —157.153 50
I1-2-butene none —3839.20353 —3839.05984 —3839.12876 —3839.12575
@ All energies are in Hartrees

b Corrected for the standard state by —1.89 kcal/mol; 1 hartree = 627.509 kcal /mol

Table 4.4 Calculated energies (Method B) for species relevant to minimum energy pathway

calculations
DLPNO-CCSD(T)/cc-pVTZ/CPCM(hexane)
Compound En preno®  Hsol, pLpno®  Gsol, DLPNO?  Gsol, DLPNO ¢
HP(SiClg)Q —3678.36761 —3678.33060 —3678.38652 —3678.383 50
1-propene —117.68240 —117.59742 —117.627 39 —117.624 38
-P(SiCl;3)2 =3677.73277 —3677.70475 —3677.76077 —3677.757 76
TS1 —3795.41604 —3795.30246 —3795.368 09 —3795.365 08
I1 —3795.42682 —3795.31273 —3795.378 64 —3795.37563
(n-Pr)P(SiClg,)Q —3796.09259 —3795.96408 —3796.029 24 —3796.026 23
TS2 —7473.79933 —7473.64871 —7473.74517 —7473.742 16
2-butene —156.92509 —156.810 34 —156.844 15 —156.841 14
I1-2-butene —3834.66492 —3834.52122 —3834.59015 —3834.587 14

@ All energies are in Hartrees

¥ Corrected for the standard state by —1.89 kcal/mol; 1 hartree = 627.509 kcal /mol
¢ (Hsol, prr) — (En, prr) + (En, DLPNO)

% (Gsol, pFT) — (En, pFT) + (En, DLPNO)

¢ (Gsol, pFT ) — (En, prT) + (En, DLPNO)
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4.5.14 Analysis of charge and spin densities for TS1

A relaxed surface scan was performed, stepping the P—C bond closer between -P(SiCls)s
and 1-propene, using the following input:

%pal nprocs 16 end
% MaxCore 8000

! wB97X-D3 RIJCOSX def2-TZVP def2/J Grid4 GridX4 FinalGridb Opt
CPCM (hexane)

%geom scan
BO9=23.614, 1.8, 30
end

end

* xyzfile 0 2 filename.xyz

At each step of the calculation, ORCA prints the Mulliken population analysis. The
partial charges were summed over -P(SiCls), and 1-propene and tabulated using Excel.
These results were used to generate the figure in the manuscript. NBO®* and QTAIM %
electron and spin densities were generated at selected points in the relaxed surface scan
using the NBO keyword in ORCA or the multiWFN package, % respectively. The results
of all three methods are shown in Fig. 4.66.
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Figure 4.66 Comparison of the charge and spin on the [P(SiCl3)2] and [C3Hg] fragements as assayed
by Mulliken population, QTAIM density, and NBO density.
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4.5.15 Calculation of pK, values in acetonitrile

Thermochemistry for 11 known acids®” were calculated at the wB97X-D3/def2-TZVP /-
CPCM acetonitrile) level of theory. An example input is shown below:

%pal nprocs 16 end
% MaxCore 8000

! wB97X-D3 RIJCOSX def2-TZVPP def2/J TightSCF Grid4 GridX4 FinalGridb
Opt NumFreq CPCM(acetonitrile)

* xyzfile 0 1 filename.xyz
The enthalpies of the acid and conjugate base are tabulated in Table 4.6. The difference

in these two values was plotted against the experimental pK, to give a line of best fit
(Figure 4.67).

211



®yd orepy — ®yd -dxy,

18'L71—|(_X—XH)""H|x70'L9¢
= vyd 'paid 4y 1seq jo ourl e jsureSe |(_X—XH)°*H| jo uorenyess £q pourmioep ©3yd pejorpoid ,

S99I}Ie}] SoISIoUS [[V ,

6T UOTJRIAOD pIepuelg
9'1¢ 69 8870 TTGE9THE—  168T1°EVE— Hd

eer G8 8ET0 9L021°289¢— 19 6GS TR9E— 2(e1D18)dH

v'ze 86 0670 9£ 965 V08—  FEL80°G08— HdUd

971 Te 697 9T TTV 0 GG960°0¢F—  TLL09°0¢F—  (HO)(ND)D=DZND)
61— 8L 86°G 90 7Z¥'0 TSTI6'STCG—  LLSST'SIC— +CHNUJ
€0— 60T 2901 erTEr 0 G8LV6L8C— TP SIS L8T— +HNUd
€g— 8T ec'gl 9T EF0 60GG9'SFC— €6 11’ 8VT— umuipadd
97— 6'¢ 8T'1 9z £TV°0 VLVLS 6VL— SV 19 6VL— +HNCUd
0¢ G'0g 16°€T T98GH°0 810T9'8TC—  8.890°62C— proOR O1)90Y
9¢ 80— e8'T €6 0070 VIEPOT9L—  L9EF T19L— YOIDH
70 T'G GG 1L9T9°0 TES6ETLGT—  €0GISTLGT— IgH
T'T z'6 €01 79 LTV°0 T698€°09F—  9GET8 097 — DH
01— 0°CT 01T TV GET 0 60 T7G026— TS 9L6°026— pIo® OLL ]
90— Ve 8T 902TV'0 LSTG6L6C—  £9€9€'86T— H
olotryy  gUyd parg  Uyd dxg  [(LX—XH)'H|  (-X)'"H »(XH)'*H PRV

‘spioe 1T Jo s,®yd ay3 03 paiejas siolpweded |ejuswiiadxs pue paje|ndjed) 9y djqel

212



25.00

X

Z 20.00 - .

1

\E/ .......

w14 e

; 5 X

£ 10.00 - XX

£

g | X

£ 5.00 >§< y = 367.04x - 147.81
X 4 R2 = 0.9108

0.00 =

0.39000 0.40000 0.41000 0.42000 0.43000 0.44000 0.45000 0.46000 0.47000
|Hso|(HX_X-)‘

Figure 4.67 Regression of experimental pK, against |Hs,(HX—X7)| to generate a line of best fit.
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4.5.16 Calculated UV—vis spectrum of HP(SiCl3),

The UV-vis spectrum of HP(SiClz)2 was calculated using the TDDFT functionality within
ORCA. The input is provided below:

! wB97X-D3 RIJCOSX def2-TZVP def2/J TightSCF Grid4 GridX4 FinalGridb
#moinp "old.gbw"

%tddft

maxdim 5

nroots 50

end

* xyzfile 0 1 filename.xyz

The spectrum was plotted in Excel and is shown in Fig. 4.68.
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Figure 4.68 Calculated UV-vis spectrum of HP(SiCls)s.
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The Kohn—Sham orbitals corresponding to the HOMO, LUMO, and LUMO+1 are dis-
played in Figure 4.69.

HOMO LUMO+1

Figure 4.69 Kohn—Sham molecular orbitals for HP(SiCl3)2; HOMO (left), LUMO (middle), LUMO+1
(right).
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4.5.17 Calculation of bond dissociation enthalpy (BDE)

Bond dissociation energies were calculated at the same level of theory as described in
Section 4.5.13. The electronic energy of the hydrogen atom was taken as the exact value,
—0.5 Ey. A summary of the energies are provided in Tables 4.7 and 4.8. The use of a
solvation model (CPCM(hexane)) was found to have a negligible effect on the value of
the BDE for HP(SiCls)2, thus solvation was included for the other species to facilitate
comparison of energies obtained from these calculations with those in Section 4.5.13. The
BDEg298 K(PfH) values were calculated using the column titled “Hgo, prpnvo” and found
to be 82.2, 75.8, and 82.1 kcal/mol, for HP(SiCls)2, PhoPH, and PHj, respectively. The
values of the unoccupied S-spin orbitals provided in the manuscript for the radical species
below come from Method B (DLPNO-CCSD(T)/cc-pVTZ) described in Section 4.5.13.
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Table 4.7 Calculated energies (Method A) for species relevant to minimum energy pathway

calculations
w-B97X-D3/def2-TZVP /CPCM (hexane)
Compound  ImF/cm™?! En prr® Hgol, DFT Gsol, DFT Gsol, prT =0
H- none —0.50219 —0.496 99 —0.51001 —0.507 00
HP(SiCl?,)Q none —3682.59329 —3682.55627 —3682.61219 —3682.60917
'P(SiCl?,)Q none —3681.95505 —3681.92703 —3681.98305 —3681.98004
PhyPH none —805.282 85 —805.07792 —805.126 08 —805.12307
-PPh, none —804.654 01 —804.458 92 —804.507 43 —804.504 42
PH; none —343.15007 —343.12193 —343.146 81 —343.143 80
-PH, none —342.509 14 —342.491 68 —342.516 45 —342.51344

@ All energies are in Hartrees
® Corrected for the standard state by —1.89 kcal/mol; 1 hartree = 627.509 kcal /mol

Table 4.8 Calculated energies (Method B) for species relevant to minimum energy
pathway calculations

DLPNO-CCSD(T)/cc-pVTZ/CPCM(hexane)

Compound  Ep preno?®  Hsol, pLpN0®  Gsol, DLPNO?  Gisol, DLPNO ¢
H. —0.50000 —0.494 81 —0.507 82 —0.504 81
HP(SiCls)s —3678.36761 —3678.33060 —3678.386 52 —3678.383 50
-P(SiCl;3)2 =3677.73277 —3677.70475 —3677.76077 —3677.75776
PhoPH —803.920 26 —803.715 33 —803.763 49 —803.760 48
-PPh, —803.294 78 —803.099 69 —803.148 20 —803.14519
PH; —342.693 12 —342.664 99 —342.689 87 —342.686 86
-PH, —342.056 83 —342.039 37 —342.064 15 —342.06113

¢ All energies are in Hartrees

b Corrected for the standard state by —1.89 kcal/mol; 1 hartree = 627.509 kcal/mol
¢ (Hsol, pFT) — (En, DFT) + (En, DLPNO)

¢ (Gsol, pFT) — (En, pFT) 4+ (En, DLPNO)

¢ (Gsol, pFT ) — (En, prT) + (En, DLPNO)
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4.5.18 Spin density plots for -P(SiCl;),, -PH,, and -PPh,

The structures and wave-functions of -P(SiCls)s, -PHa, and -PPhy were obtained from the
DFT procedure outlined in Section 4.5.17. The spin densities were plotted (Figure 4.70)
using MultiWFN.?® The isosurfaces at the 0.01 level show that only -PPhy has any appre-
ciable spin density not located on the P atom.

Figure 4.70 Plots of the spin density (0.01 isosurface) for -PPhs (top), -P(SiCl3)2 (middle), and -PH4
(bottom).
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4.5.19 UV Irradiation of HP(SiCls), in chlorobenzene

In the glovebox, HP(SiClz)2 (10 mg, 0.033 mmol, 1 equiv) was weighed into the end of a
pipette and washed into an NMR tube equipped with a J. Young valve using chlorobenzene
(0.6 mL). The resulting solution was irradiated (254 nm) for 20 minutes in the RPR then
analyzed by 3'P NMR spectroscopy. Irradiation for 1.5 hours led to full consumption of
starting material. In addition to HoPSiCls, signals were assigned to PhPHy, PhP(SiCl3)H,
and PhP(SiCl3). PhP(SiCl3)e: 3'P{'H} NMR (162 MHz, chlorobenzene, §) —112.2 (s,
Jpsi = 80.0 Hz). 3'P NMR (162 MHz, chlorobenzene, §) —112.2 (t, Jp.g = 10.0 Hz).
PhP(SiCl3)H: 3'P{'H} NMR (162 MHz, chlorobenzene, §) —103.8 (s). 3'P NMR (162 MHz,
chlorobenzene, 6) —103.8 (dm, Jp_g = 204 Hz).

3JP—H =10 Hz §g§. 8 §
1JP_Si=8O HZ \as | |
[ ]
IJP—H — 204 Hz [ ] [ J PhP(S|C|3)2
p o PhP(SiCly)H
e PhPH,
[ J HP(SICI3)2

I PR o H,PSiCl,

e

T T T T T T T T T T T T T T T T T T T
450 400 350 300 250 200 150 100 50 0 50 -100 -150 -200 -250 -300 -350 -400 -450
f1 (ppm)

Figure 4.71 3'P{'H} NMR spectrum (inset: zoom of region of interest, top: 3!P{'H}; bottom: 3!P)

of the reaction mixture prepared as described in Section 4.5.19 after UV irradiation (20 min), recorded
at 162 MHz and 25 °C.

219



4.5.20 Oxidation of [TBA]1 with ferrocenium salts
In the glovebox, [TBA]1 (10 mg, 0.0185 mmol, 1 equiv) and [Fc][BArFa4] (19 mg, 0.0185

mmol, 1 equiv) were weighed into separate vials and dissolved in 1,2-difluorobenzene
(0.3 mL each). The solutions were frozen in the glovebox coldwell until frozen. Upon
thawing, the solutions were combined. The deep blue color of the ferrocenium salt imme-
diately faded to give a pale orange solution. After approximately three minutes, yellow
material began to precipitate from the reaction mixture. Analysis by NMR spectroscopy
showed the presence of [TBA|[BArFy,] and ferrocene in solution. No signal was observed
by 3'P NMR spectroscopy. The yellow precipitate was not subject to further investigations.
In future work, the initially generated solution (prior to precipitation) should be analyzed
by low-temperature EPR spectroscopy.

The hexafluorophosphate salt of ferrocenium was also investigated as the oxidant. The
procedure above was performed using [TBA]1 (20 mg, 0.0369 mmol, 1 equiv) and [Fc|[PFg]
(12 mg, 0.0369 mmol, 1 equiv) in DCM (0.6 mL total). Upon mixing of the two solutions,
the immediate formation of a brown precipitate was observed. No species were observed by
3P NMR spectroscopy, indicating the possible decomposition of the hexafluorophosphate
anion.
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Chapter 5

Organoiron- and Fluoride-
Catalyzed Phosphinidene Transfer
to Styrenic Olefins in a
Stereoselective Synthesis of
Unprotected Phosphiranes
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Abstract

Catalytic phosphiranation has been achieved, allowing preparation of trans-1-R-2-phen-
ylphosphiranes (R = ¢-Bu: 1-¢-Bu, i-Pr: 1-i-Pr) from the corresponding dibenzo-7-(R)-
7-phospha-norbornadiene (RPA, A = Cy4H;, anthracene) and styrene in 73% and 57%

Reproduced in part with permission from: Geeson, M. B.; Transue, W. J.; Cummins, C. C. J. Am.
Chem. Soc. 2019, 141, 13336-13340 (doi 10.1021/jacs.9b07069). Copyright (©) 2018 American Chemical

Society.
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isolated yields, respectively. The co-catalyst system requires tetramethylammonium flu-
oride (TMAF) and [Fp(THF)][BF4] (Fp = Fe(n°-C5Hs5)(CO)3). In the case of the ¢-Bu
derivative, the reaction mechanism was probed using stoichiometric reaction studies, a
Hammett analysis, and a deuterium labeling experiment. Together, these suggest the inter-
mediacy of iron-phosphido FpP(F)(¢-Bu), generated independently from the stoichiometric
reaction of [Fp(t-BuPA)|[BF4] with TMAF. Two other plausible reaction intermediates,
[Fp(¢t-BuPA)|[BFy4] and [Fp(1-t-Bu)|[BF4], were prepared independently and structurally
characterized.

5.1 Introduction

Cyclopropanation, aziridination, and epoxidation reactions are widely used to construct
strained three-membered rings desirable for further synthetic elaboration.! Transition-
metal catalysts have been widely used to facilitate these transformations under mild re-
action conditions with good stereoselective and enantioselective control.! In contrast, the
phosphorus analog (“phosphiranation”) remains in its infancy — this despite the docu-
mented utility of phosphiranes as catalyst ligands,? polymer precursors,® and synthetic
intermediates.* Only a handful of transition metal-promoted phosphirane syntheses have
been reported,®® and catalytic phosphiranation to give unprotected A3-phosphiranes re-
mains unknown despite decades of interest. %7911
Perhaps one reason for the underdevelopment of catalytic phosphinidene transfer re-
actions stems from the lack of availability of appropriate precursors, a limitation recently
articulated by de Bruin and Schneider.!'? Hallmarks of good substrates for group-transfer
chemistry feature stable, neutral leaving groups, such as Ny or iodobenzene.! In the case
of phosphorus, only a limited number of catalytic group transfer reactions are known, gen-
erally involving activation of P-H bonds of primary phosphines in reactions disclosed by
the groups of Waterman'® and Layfield. 14
R\ 10 styrene R
0.15 [Me,N]F ‘
0.1 [Fp(THF)][BF4]\ A

[4
\ THF, 85 °§, 6-12 h SR
RPA B 1-t-Bu (73%, >99:1 dr, 0.53 g)

R = t-Bu, -Pr 1-i-Pr, (57%, 92:8 dr, 0.40 g)

Scheme 5.1 Preparation of phosphiranes 1-t-Bu and 1-i-Pr from the corresponding RPA compounds.
We have developed dibenzo-7-phosphanorbornadiene compounds (RPA, A = anthra-

cene, Ci4Hig, Scheme 5.1), readily available from RPCly and MgA-3THF,® as useful
synthetic equivalents for phosphinidenes. %1 When R is a 7-donating substituent, such as
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Table 5.1 Control experiments.

Deviation from standard conditions®  Yield (%)®

None 90

No [Fp(THF)][BF4] 5

No TMAF 5

No [Fp(THF)|[BF4] or TMAF 0
t-BuPHs instead of ¢t-BuPA 0

(t-BuP)3 instead of --BuPA 0

%0.06 M t-BuPA in THF with reagent ratios shown in
Scheme 5.1, 85 °C, 24 h

b Yield of 1-t-Bu determined by integration of the product
relative to a standard by 3'P{'H} NMR spectroscopy

a dimethylamino group, the MeoNP A species can undergo a thermal unimolecular fragmen-
tation to give anthracene and a free singlet (amino)phosphinidene (MeaNP) that can add to
unsaturated substrates such as 1,3-cyclohexadiene to give a 7-phosphanorbornene. 7 In
contrast, when R is an alkyl substituent (for example, -BuPA), the corresponding triplet
phosphinidene is not transferred to unsaturated substrates, instead leading to recovery of
starting material and formation of some (¢-BuP)s3.%17 Therefore, we sought to develop a
process in which t-BuP A could be used as a reagent for catalytic tert-butyl phosphinidene
transfer to alkenes, producing phosphirane products.

5.2 Results and Discussion

Following unproductive screening of a variety of catalysts (5.5.2) selected for their ability to
effect cyclopropanation or aziridination, we scored a hit by using sources of the Fp™ cation
in conjunction with fluoride. In analogy to known reactivity of [Fp(alkene)][BF4] com-
pounds with phosphines,?°2? we sought to promote P-C bond formation by treatment
with ¢t-BuPA. Treatment of a slurry of [Fp(styrene)][BF4]?? in dichloromethane with a
stoichiometric amount of -BuPA led to the rapid dissolution of all material. Analysis of
this reaction mixture by electrospray ionization mass spectrometry (ESI-MS) and NMR
spectroscopy (3'P NMR: +141.8 ppm) was consistent with the addition of t-BuPA to the
iron-coordinated styrene complex to produce an addition product (2) containing a phospho-
nium and iron-alkyl functionality within the same molecule (Scheme 5.2). Unfortunately,
2 could not be isolated in pure form. This was in part attributed to its relatively short
lifetime in solution; after 24 h at 23 °C it had undergone complete conversion to [Fp(¢-Bu-
PA)|[BF4] and free styrene, suggesting that the formation of 2 is reversible (5.5.8).
Having observed C-P bond-formation, [Fp(styrene)][BF4] and other sources of Fp*
were screened as catalysts for the phosphiranation reaction, leading to observation of the
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[BF,]- Ph Fp
t-BuPA + DCM H
_
[Fp(styrene)][BF,] 23°C. <5 min +Bu H
\
H
DCM

[Fp(tBuPA)BF]  ¢—— NN

+ styrene 23°C, 18 h ’

3

Scheme 5.2 Reaction of t-BuPA with [Fp(styrene)][BF4].

desired product by 3'P NMR spectroscopy (—165.0 ppm). A complication was soon encoun-
tered as different sources of Fp™ gave wide ranges of yield. The best performing reactions
employed [BF4]~ as the counter anion, which was frequently observed to decompose at the
reaction temperature (85 °C) as assayed by F NMR spectroscopy. This prompted an
investigation of the possible catalytic role of fluoride, generated upon [BF4]~ decomposi-
tion. Addition of the fluoride source tetramethylammonium fluoride (TMAF) in catalytic
quantities (10 mol%) led to clean and reproducible formation of the desired phosphirane.
The optimized reaction conditions comprise heating t-BuPA and styrene (10 equiv) with
[Fp(THF)][BF4] (10 mol%) and TMAF (15 mol%) in THF at 85 °C for 12 h (Scheme 5.1).
Control experiments confirm the requirement of both catalysts for the formation of 1-¢-Bu
(Table 5.1). Using other potential sources of tert-butyl phosphinidene in place of ¢t-BuPA,
t-BuPHj and (¢-BuP)s, did not lead to the formation of 1-¢-Bu.

The product was assigned exclusively as trans-1-t-Bu-2-phenylphosphirane (1-¢-Bu)
by comparison with previous literature reports242® as well as characterization by mult-
inuclear NMR spectroscopy, high-resolution mass spectrometry (HRMS) and elemental
analysis. Evidence for the relative stereochemistry of the t-Bu and phenyl substituents on
the phosphirane ring is provided by "H NMR spectroscopy: the proton occupying the same
face of the ring as the phosphorus lone pair is associated with a much larger 2.Jp_j coupling
constant (18.8 Hz) than are the two on the opposing face (2.6 and 2.2 Hz, respectively).2¢
No evidence for the cis isomer was observed by NMR spectroscopy. Use of i-PrPA in place
of t-BuPA led to the new compound 1-i-Pr with only a small drop in diastereomeric ratio
(Scheme 5.1).

Though previously observed by 3'P NMR spectroscopy as one component of a mixture
of several phosphorus-containing species, phosphirane 1-¢-Bu evidently has not previously
been isolated as a pure substance.?*2% We found that 1-t-Bu could be purified by simple
distillation at reduced pressure as a colorless liquid (73%, 0.53 g) that froze at —35 °C,
and could be stored for months at this temperature with no signs of decomposition. These
observations are consistent with the properties reported for related phosphiranes.?”28

The Fp*-coordinated phosphirane complex [Fp(1-¢t-Bu)][BF,] was prepared by inde-
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[Fp(1-t-Bu)]* [Fp(t-BuPA)]*

Figure 5.1 Molecular structures of [Fp(1-t-Bu)][BF4] and [Fp(t-BuPA)][BF4] with thermal ellipsoids
set at the 50% probability level. Selected hydrogen atoms and the tetrafluoroborate anions have been
omitted for clarity. Selected bond distances and angles (A, °) [Fp(1-t-Bu)][BF,]: P1-Fel: 2.2283(6);
P1-C2: 1.811(2); P1-C3: 1.846(2); C2-C3: 1.524(3). [Fp(t-BuPA)][BF,]: Fel-P1: 2.258(2).

pendent synthesis in order to determine its spectroscopic properties and possible role as an
observable reaction intermediate. Treatment of [Fp(THF)][BF4] with 1.1 equivalents of 1-¢-
Bu in dichloromethane gave rise to [Fp(1-¢-Bu)|[BFy], isolated in 84% yield after precipita-
tion by addition of pentane. Using the same synthetic procedure, [Fp(¢t-BuPA)|[BF4] could
be prepared from [Fp(THF)|[BF4] and ¢-BuPA in 98% yield. Both [Fp(1-¢-Bu)][BF4] and
[Fp(t-BuPA)][BF4] were characterized by their 3'P NMR shifts (+220.7 and —76.2 ppm,
respectively), in addition to structural characterization by X-ray crystallography (Fig. 5.1).
The crystallographic study of [Fp(1-t-Bu)|[BF4] confirms the spectroscopically assigned
trans arrangement of the phenyl and tert-butyl substituents of the phosphirane ring of 1-
t-Bu. The bond angles comprising this ring were found to be 49.26(9), 64.2(1) and 66.6(1)
at P1, C3, and C2, respectively. With both Fp'-coordinated phosphines characterized,
the reaction was monitored at 85 °C by 3'P NMR spectroscopy, confirming the presence of
[Fp(¢t-BuPA)|[BFy] in the reaction mixture under conditions relevant to catalysis. [Fp(1-
t-Bu)][BF4] was not observed under the same conditions, suggesting it either does not form
or that 1-¢-Bu is rapidly displaced by a different ligand.

In order to shed light on a plausible mechanism by which phosphirane 1-¢t-Bu forms un-
der the reaction conditions the stoichiometric reaction of [Fp(¢-BuPA)|[BF4] with TMAF
was studied. Treatment of [Fp(¢-BuPA)|[BF4] with equimolar TMAF (CH3Cly, 23 °C) re-
sulted in a rapid color change from bright yellow to bright orange. Analysis by NMR spec-
troscopy ('H, 3!'P, and '°F) indicates formation of iron-phosphido FpP(F)(¢-Bu) (3) and
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Figure 5.2 Hammett plot determined by competition experiments with p-substituted styrenes. Error
bars correspond to the 95% confidence intervals.

anthracene, resulting from attack of fluoride at the phosphonium-like phosphorus center. !”
Iron-phosphido 3 was characterized by the chemical shift of the 3'P and '°F nuclei, found
at +370.2 ppm (DFT calc. = +391.2 ppm) and —202.6 ppm (DFT calc. = —226.0 ppm),
respectively, along with a !Jp g value of 823.3 Hz. 'H NMR data and HRMS were also
consistent with the formulation of 3. In terms of its relevance to catalysis, iron-phosphido
3, which may be regarded as a phosphinidenoid,?’ was observed by NMR spectroscopy un-
der the standard reaction conditions at 85 °C in THF-dg, along with [Fp(¢-BuPA)|[BF4],
t-BuPA, and 1-t-Bu. So far, attempts to isolate 3 have been unsuccessful, in part due to
its high solubility in organic solvents. Interestingly, a closely related literature compound
(Fp*P(Cl)(¢t-Bu), Fp* = Fe(n°-C5Mes)(CO)3) is reported as being nucleophilic at phos-
phorus, reacting with the strong alkylating agent methyl iodide to give the phosphonium
iodide [Fp*P(Cl)(¢t-Bu)(Me)][1].3°

A Hammett study was carried out to illuminate the nature of the rate determining
step (RDS). Competition experiments were performed under the standard reaction condi-
tions, using 5 equiv each of styrene and a para-substituted styrene as the substrates.?! The
analysis showed that electron-poor styrenes react more rapidly than electron-rich styrenes,
resulting in a Hammett parameter (p) of +0.59 (Fig. 5.2). This small positive value indi-
cates build-up of negative charge in the RDS, consistent with attack of 3 toward styrene
as the corresponding elementary step. A previous Hammett analysis of the addition of
para-substituted styrenes to transient (CO);W-coordinated phosphinidenes gave a negative
value for p of —0.60,3? highlighting the difference in mechanism between known reactions of
electrophilic phosphinidene complexes with olefins versus our proposed pathway involving
a nucleophilic iron-phosphido species.

Finally, cis-p-deuterostyrene was tested as a substrate under the standard reaction
conditions, in order to differentiate between stepwise and concerted reaction mechanisms.
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Figure 5.3 A: Stoichiometric reaction of [Fp(t-BuPA)][BF4] with TMAF. B: Deuterium labeling study.
C: Proposed catalytic cycle leading to the formation of 1-t-Bu.
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2H NMR spectra confirmed the formation of two isomers of deuterated phosphirane prod-
uct, in which the deuterium and phenyl substituents occupy cis and trans positions on the
phosphirane ring, respectively (Fig. 5.3B). This observation indicates a stepwise pathway
(ionic or radical) in which a reaction intermediate has a sufficient lifetime for C-C bond
rotation to occur. Nucleophilic attack on styrene by phosphido 3 to give intermediate [4]
(Fig. 5.3C), containing a C—C single bond, would fulfill this requirement. Under the reac-
tion conditions, the bulk cis-B-deuterostyrene in solution was found to undergo scrambling
to give a mixture of cis- and trans-f-deuterostyrene (3:1 ratio). However, this ratio is sig-
nificantly less than that observed for the cis- and trans isomers (with respect to the Ph and
D substituents) of the product phosphiranes (1:1.5 ratio), suggesting that the observation
of both the cis and trans isomers (with respect to Ph and D) in the product phosphiranes
is not an artifact of bulk styrene isomerization (5.5.13). Additionally, isomerization of the
bulk styrene did not occur in a control experiment (standard conditions without ¢-BuPA),
and is thus tentatively accounted for by reversible addition of iron-phosphido 3 to styrene.
In this context, it is noteworthy that the related Fp-phosphido species Fp—P(Ph), catalyzes
the isomerization of excess dimethyl maleate to dimethyl fumarate.?3

In light of the forgoing mechanistic experiments, we put forward the working hypothesis
shown in Fig. 5.3C. Initial ligand substitution of {-BuPA with [Fp(THF)|" results in [Fp(t-
BuPA)|*. The addition of a fluoride anion to [Fp(t-BuPA)|[BF4], resulting in compound
3, is conceptually related to the ability of chloride to promote anthracene loss from a
phosphonium derived from an RPA compound that we reported recently!'® and was the
subject of a more detailed computational study by Grimme and coworkers. 34 Next, addition
of styrene to 3 furnishes intermediate [4] capable of rotation about the newly-formed C-C
single bond, and which could plausibly go on to form [Fp(1-t-Bu)]™ with the ejection of
fluoride. Closure of the phosphirane ring in this sequence presumably dictates the trans
stereochemistry found in the product.

5.3 Conclusions

This work introduces a novel catalytic styrene phosphiranation reaction. Phosphiranes are
excellent target molecules for transition-metal catalyzed syntheses that do not suffer from
product inhibition, as the phosphirane three-membered ring confers high s character on
the included phosphorus lone pair with consequent diminished ligating ability and ease of
dissociation relative to typical tertiary phosphines.® Importantly, the reaction allows for
facile preparation of two phosphiranes in good yield, enabling their development as a ligands
for transition metals and as potential phosphorus-containing polymer precursors. 23637 The
phosphiranes products are chiral and the potential future use of a chiral catalyst raises
the possibility of preparing P-chiral phosphiranes from RPA compounds using readily
accessible organoiron and fluoride catalysts.
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5.4 Future Work

5.4.1 Experiments related to mechanism

A number number of questions remain open on the topic of mechanism for this new phosphi-
ranation procedure. Answering these questions is expected to lead to lead to an improved
method for the synthesis of phosphiranes, including increased substrate scope, lower cata-
lyst loadings, milder reaction conditions, and an enantioselective procedure that could lead
to chiral phosphirane products.

The kinetics of the reaction mechanism could be studied by NMR spectroscopy, in order
to determine the order of the reaction with respect to the reagents and catalysts. Eyring
analysis could provide reaction barriers, which can be compared to values determined by
DFT calculations. By quantifying the rates of styrene scrambling versus scrambling of
the deuterium label on the product phosphirane when cis-Gdeuterostyrene is used as the
substrate, the proposed reversibility of styrene addition to the iron phosphido intermediate
FpP(F)(¢t-Bu) can be verified or alternative explanations provided.

Iron phosphido species 3 should be independently prepared and characterized. Initial
efforts toward this goal, starting from readily available K[Fp] and ¢-Bu-PCly, are described
in Section A.4.12. With 3 in hand, it could be tested as a catalyst precursor that can
reenter the catalytic cycle we proposed in our initial report. It could also be tested as a
stoichiometric reagent for preparing 1-t-Bu by heating with styrene. Necessary for this
stoichiometric reaction to occur could be the inclusion of [TBA][BF4], which would accu-
rately represent the exact components of the reaction mixture generated in the catalytic
procedure. An interesting experiment in this regard would be to use 3 (possibly in con-
junction with [TMA][BFy]) as the added catalyst for the synthesis of 1-i-Pr from i-PrPA
and styrene; if the presence of 1-t-Bu is detected, it will provide evidence for the transfer
of a phosphinidene unit from 3 to styrene and support the proposed catalytic cycle.

Anions besides fluoride could be screened as co-catalysts for the reaction. Although
fluoride was demonstrated to be necessary in the work described in this chapter, it could be
that a species such as chloride, acetate, or benzoate might be superior as the co-catalyst.
This might be anticipated on the basis of the strong P-F bond, which could be limiting the
observed rate of catalysis. TMAF is also largely insoluble under the reaction conditions,
and so THF-soluble fluoride source tris(dimethylamino)sulfonium difluorotrimethylsilicate
(TASF) has shown initial promise as a competent co-catalyst (Section 5.5.15). Further
work is required to compare the performance of fluoride sources.

5.4.2 Experiments related to developing an enantioselective procedure

Two routes can be envisioned for developing enantioselective variations on this phosphira-
nation procedure: (i) use of a chiral Cp derivative or (ii) use of a chiral diphosphine ligand
in place of the two CO ligands. The simplest class of catalyst that could be screened have
the general formula [(drpn)(Cp)Fe(L)][X] (drpn = di-R-phosphino-n-ane, e.g. dppe, dcpe,

233



dppp etc.; L = L-type ligand e.g. CO, THF, MeCN ¢-BuPA; X = anion e.g. [BF4]7,
[BPhy]™, [OTf]™) of which there number of known species in the literature. If these com-
pounds are found to be successful, the chelating diphosphine ligand can be replaced with a
chiral analog, such as BINAP. Another organoiron complex that is of interest as a potential
catalyst is (dppp)(Cp*)(CO)sFeF,3® which could act as both the source of iron and fluo-
ride that is required for reaction to turnover. Furthermore, this known complex features a
chelating phosphine ligand which could in principal be substituted for a chiral analog.

Another possible way to impart chirality to the simple Fp-cation catalyst would be to
use a chiral Cp ligand. In recent years, Cramer has developed a set of chiral Cp ligands
that have been applied in asymmetric catalysis.?**! By incorporating one of these chiral
Cp ligands into the simple Fp-cation, the enrichment of one enantiomer of the phosphirane
products might be expected.

5.4.3 Phosphiranes as ligands

Chiral phosphiranes could themselves be used as ligands. Relevant to this topic is the
preparation of (dba)Pd(1-¢-Bu)y (dba = dibenzylideneacetone), which was prepared by
treatment of Pd(dba)y with 2.5 eqiv of 1-¢-Bu (Section A.4.11). In analogy to the classic
homoleptic complexes of metals such as palladium and nickel with triphenylphosphine,4?
the preparation of Pd(1-R)4 (R = ¢-Bu, i-Pr) could be targeted.

Phosphiranes such as 1-t-Bu could be benchmarked as ligands for reactions such as the
Stille coupling. Ligands that are weak o-donors (such as tri-2-furylphosphine or tripheny-
larsine) are often considered “privileged” in their ability to effect these reactions, and are
superior because the rate determining step involves dissociation of a phosphine ligand from
a palladium-derived oxidative addition complex.*3 Phosphiranes, already known as weak
o-donors by virtue of the small angles at phosphorus,® might therefore be expected to be
good ligands for transition-metal-catalyzed reactions such as the Stille coupling.

5.4.4 Incorporation of phosphiranes into polymer materials

Polymers incorporating that incorporate lone-pair-containing phosphorus atoms are novel
materials with several potential applications.?63744 With two new phosphiranes in hand,
enabled by the methods described in this chapter, their polymerization could be explored
to provide polyphosphiranes. Phosphirane polymerization has been explored, but has not
been well-studied in more recent years.® Conditions for polymerization reactions to be
tested include thermal or microwave heating of neat material, or by using radical, anionic,
or cationic initiators in solution.>
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5.5 Experimental methods

5.5.1 General methods

All manipulations were performed in a Vacuum Atmospheres model MO-40M glovebox
under an inert atmosphere of purified No or using standard Schlenk techniques. When
reagents were removed from a stock bottle containing a Sure/Seal, the equivalent volume
of dry nitrogen was injected into the bottle prior to removing the desired volume of solution
with a syringe. All solvents were obtained anhydrous and oxygen-free by bubble degassing
(argon) and purification by passing through columns of alumina and Q5.%6 Once collected,
solvents were stored over activated 4 A molecular sieves (20 wt%) inside the glovebox.*
All glassware was oven-dried for at least 6 h prior to use, at temperatures greater than
150 °C.

MgA-THF3 (A = Cy4Hjp, anthracene),'®!” t-BuPA, 617 FpK*® (Fp = (°-C5Hj)-
(CO)aFe), FpL,* and [Fp(THF)][BF4]?° (crystallized according to Section 5.5.3) were
prepared according to literature methods. Phenylacetylene (Alfa), 2.6 M n-butyllithium
in hexane (MilliporeSigma), zirconocene chloride hydride (Strem) were used as received.
Substituted styrene derivatives (Oakwood) were purified as described in Section 5.5.12.
Tetramethylammonium fluoride (TMAF) (MilliporeSigma) was dried at 23 °C in vacuo for
12 hours prior to use. Dichloromethane-ds, benzene-dg, tetrahydrofuran-dg, acetonitrile-
d3 and chloroform-d were purchased from Cambridge Isotope Labs and were degassed three
times by the freeze-pump-thaw method and stored over activated 4 A molecular sieves for
48 h in the glovebox prior to use. Diatomaceous earth (Celite 435, EM Science), 4 A molec-
ular sieves (Millipore-Sigma) and basic alumina (Millipore-Sigma) were dried by heating
to 200 °C under dynamic vacuum for at least 48 h prior to use. The temperature of the
aluminum shot used to heat reagents or reaction mixtures was measured using a Hanna
Instruments K-type Thermocouple Thermometer (model HI935005).

NMR spectra were obtained on Varian Inova 300 and 500 instruments equipped with
Oxford Instruments superconducting magnets, on a Jeol ECZ-500 instrument equipped
with an Oxford Instruments superconducting magnet, or on a Bruker Avance 400 instru-
ment equipped with a Magnex Scientific or with a SpectroSpin superconducting magnet.
'H and '3C NMR spectra were referenced to residual CD2Cly(*H = 5.32 ppm, 3C = 54.0
ppm), CgDg (*H = 7.16 ppm, 13C = 128.06 ppm), CD3CN (*H = 1.94 ppm, 3C = 118.26
ppm) or CDCl3 (*H = 7.26 ppm, 3C = 77.16 ppm). 3'P NMR spectra were referenced
externally to 85% H3zPO,4 (0 ppm).

Infrared spectra were collected using a Bruker ATR-IR Tensor 37. Samples were re-
moved from the glovebox in sealed vials and briefly handled in air prior to data collection.

High resolution mass spectral (HRMS) data were collected using a Jeol AccuTOF
4G LC-Plus mass spectrometer equipped with an Ion-Sense DART source. Data were
calibrated to a sample of PEG-600 and were collected in positive-ion mode. Samples were
prepared in DCM (10 uM concentration) and were briefly exposed to air (<5 s) before
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being placed in front of the DART source.

Electrospray ionization mass spectrometry (ESI-MS) was performed using a Micromass
Q-TOF ESI spectrometer.

Elemental combustion analyses were performed by Midwest Micro Laboratories (Indi-
anapolis, IN, USA).

5.5.2 Catalyst screening

A list of the species tested as catalysts for the preparation of 1-t-Bu from t-BuPA and
styrene is given in Table 5.2. A typical setup involved the addition of ¢-BuPA (10 mg,
0.0376 mmol, 1 equiv), styrene (39 mg, 0.376 mmol, 10 equiv), and the appropriate catalyst
(0.00376 mmol, 0.1 equiv) together in THF in an NMR tube equipped with a J. Young valve.
The reaction mixture was heated between 60-85 °C and analyzed by 3!P NMR spectroscopy
after 1824 h for any formation of 1-t-Bu. Fluoride FpF was considered as a possible
replacement for the co-catalyst system, but despite the appearance of this compound in a
handful of reports we were unable to uncover a detailed preparative procedure. 8!

Table 5.2 Catalysts screened for catalytic phosphiranation ability

Compound [RoC] Transfer? [RN] Transfer? [RP]* Transfer?
Rhy(OAc)y yes5? yes?3 no
Cu(OTY) yes4 yesd no
Co(TPP)? yes 50 yes®7 no
Fe(TPP)? yes® (Felll)59 no
Ru(CO)(TMP)? yes %0 yes 6! no
Ru(CO)(TPFPP)? yes %2 yes 6! no
RUCIQ(PPhg)g yes 63 no
OsCly(PPhs)s yes%4 no
B (C6F5 ) 3 no

“No transfer under the conditions 0.1:1:10 catalyst—t-BuP A—styrene, 60-85 °C,
18-24 h, THF or benzene

¥ Porphyrin abbreviations: ‘TPP’ tetraphenylporphyrin, ‘TMP’
tetramesitylporphyrin, ‘TPFPP’ tetrakis(perfluorophenyl)porphyrin.

5.5.3 Crystallization of [Fp(THF)]|[BF,]

In the glovebox, [Fp(THF)][BF4]®° was crystallized by dissolving crude material (ca. 250
mg) in DCM (6 mL) to produce a dark red solution. The solution was filtered through
microfiber filter paper in a Pasteur pipette. THF (14 mL) was carefully layered on top of
the DCM solution and the resulting two-layer mixture placed in the glovebox freezer at
—35 °C overnight, producing dark red needles. The crystals were collected on a frit (fine
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porosity, 15 mL) then washed with THF (2 x 5 mL). The material was transferred to a
vial and brought to constant mass under reduced pressure. The material was used without
further characterization.

5.5.4 Preparation of [Fp(styrene)|[BF,]
5.5.4.1 From styrene oxide

[Fp(styrene)][BF4] was prepared from styrene oxide along the lines of a literature proce-
dure.?3 In the glovebox, FpK*® (3.30 g, 15.27 mmol, 1 equiv) was added to a Schlenk flask
(120 mL) equipped with a 24/40 opening and a stir bar. THF (20 mL) was added to the
flask to give a slurry. Separately, a Schlenk flask (50 mL) containing THF (20 mL) was
prepared. Both flasks were sealed and removed from the glovebox and connected to the
Schlenk line in a fume hood. Styrene oxide (from the stock bottle) was weighed into a vial
in the fume hood under an atmosphere of air, then added to the Schlenk flask containing
THF against a counter flow of No. The Schlenk flask containing the slurry of FpK in THF
was cooled to 0 °C using an ice bath and the Schlenk cap switched for a septum. The
solution of styrene oxide in THF was added dropwise by cannula transfer to the vigorously
stirring slurry of FpK over the course of five minutes. The flask was removed from the
ice bath and stirred at 23 °C for 30 minutes. The flask was cooled to 0 °C and aqueous
HBF4 (50 % w:w, 7.44 g, 42.8 mmol, 2.8 equiv) was added from a syringe over the course
of five minutes. The resulting mixture was stirred at 0 °C for 15 minutes, then diethyl
ether (60 mL) was added by cannula transfer to give a yellow precipitate. The precipitate
was allowed to settle then the supernatant decanted into a waste bottle in the fume hood
by cannula transfer. The solids were washed with additional diethyl ether (4 x 35 mL).
This was performed by transferring diethyl ether to the flask by cannula transfer, vigorous
stirring of the slurry for 2 minutes, then removing the liquid by cannula filter. The cannula
filter was prepared by securing a piece of filter paper around the end of a steel cannula
using Teflon tape. The solid material was dried under a flow of nitrogen for one hour to
give a yellow solid. The flask was sealed under Ny and brought into the glovebox to give
[Fp(styrene)|[BF4] as a yellow powder (1.88 g, 5.12 mmol, 33%).

5.5.4.2 From styrene

[Fp(styrene)|[BF4] was prepared from styrene and [Fp(THF)|[BF4] along the lines of a re-
lated literature procedure.” In the glovebox, crude [Fp(THF)][BF4]" (200 mg, 0.59 mmol,
1 equiv) and styrene (309 mg, 2.97 mmol, 5 equiv) were weighed into a vial equipped with
a stir bar (1 cm) and dissolved in DCM (5 mL). The resulting solution was stirred for
3 h, producing a yellow precipitate. The precipitate was collected on a frit (fine porosity,
15 mL) then washed with DCM (3 x 4 mL) then diethyl ether (4 x 4 mL). The solids were
transferred to a pre-weighed vial and brought to constant mass under reduced pressure to
give [Fp(styrene)|[BFy] as a yellow powder (140 mg, 0.381 mmol, 65%).
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5.5.4.3 Crystallization procedure

Small quantities of recrystallized [Fp(styrene)|][BFy4] from either of the preparative proce-
dures above could be obtained by the following procedure. [Fp(styrene)][BF4] (50 mg)
was dissolved in DCM (15 mL). The resulting solution was filtered through microfiber fil-
ter paper in a Pasteur pipette into a fresh vial. The solution was placed in the glovebox
freezer at —35 °C overnight to give small orange crystals of [Fp(styrene)][BF4]. These were
collected on a piece of filter paper in a Pasteur pipette, washed with DCM (3 x 2 mL) then
transferred to a pre-weighed vial and brought to constant mass under reduced pressure.

5.5.5 Preparation of trans-1-t-Bu-2-phenylphosphirane (1-¢t-Bu)

In the glovebox, t-BuPA (1000 mg, 3.76 mmol, 1 equiv), styrene (3910 mg, 37.6 mmol,
10 equiv) and THF (21.0 g, 23.6 mL) were weighed into separate vials. [Fp(THF)|[BF4]
(126 mg, 0.376 mmol, 0.1 equiv) and TMAF (52 mg, 0.564 mmol, 0.15 equiv) were weighed
directly into a Schlenk flask (100 mL) equipped with a Teflon screw cap and a stir bar
(2 cm). THF (ca. 10 mL) was used to dissolved ¢-BuPA and styrene and the resulting
mixture was transferred to the Schlenk flask. The remaining THF was used to rinse the two
vials and the resulting washings transferred to the Schlenk flask. The slurry was stirred at
23 °C for 30 min before being removed from the glovebox and placed in an oil bath that
had been preheated to 85(£5) °C. The reaction mixture was heated with stirring for 12
hours then removed from the oil bath and allowed to cool to room temperature. The flask
was brought into the glovebox and the solution concentrated to ca. 10 mL, resulting in
the formation of a precipitate. The slurry was diluted with pentane (20 mL) then stirred
for ten minutes. The reaction mixture was passed through a frit (30 mL, fine porosity)
containing diatomaceous earth (% full). The flask and diatomaceous earth were rinsed with
pentane (3 x 5 mL). Volatile material was removed from the filtrate under reduced pressure
to give a brown paste which was dried for an additional hour. The paste was dissolved
in diethyl ether (100 mL) and the solution was filtered through a frit (30 mL, medium
porosity) containing activated charcoal (% full). Before passing the diethyl ether solution
through the charcoal, fresh diethyl ether (10 mL) was passed through the charcoal in order
to form a firmly packed bed. After filtering the reaction mixture, additional diethyl ether
(100 mL) was passed over the charcoal to give a yellow filtrate. The combined filtrates were
concentrated to ca. 6 mL then transferred to an H-cell apparatus for performing vacuum-
transfer operations. The flask used to collect the filtrate was washed with additional
diethyl ether (3 x 3 mL) and the washings transferred to the H-cell. The cell was removed
from the glovebox and connected to a Schlenk line. Volatile material was removed under
dynamic vacuum at 23 °C then the remaining material was distilled under static vacuum
at 70 °C, using a cooling bath on the receiving side (=78 °C). The cell was brought into
the glovebox and the distillate transferred to a pre-weighed vial using a pipette to give the
desired product as a colorless oil (530 mg, 2.76 mmol, 73%). Anal. Calcd for C19H17P;:
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C, 74.97; H, 8.91; N, 0.00. Found: C, 74.63; H, 8.93; N, <0.02. 'H NMR (500 MHz,
CDCls, 6) 7.22 (t, J = 7.6 Hz, 2H), 7.11 (t, J = 7.3 Hz, 1H), 7.04 (d, J = 7.6 Hz, 2H),
2.45 (ddd, J = 10.4, 7.7, 2.6 Hz, 1H), 1.55 (ddd, J = 10.3, 8.0, 2.2 Hz, 1H), 1.25 (dt, J
= 18.8, 7.8 Hz, 1H), 1.02 (d, J = 12.2 Hz, 9H). 13C NMR (126 MHz, CDCl3, ) 143.29
(d, J = 8.4 z), 128.44, 126.43 (d, J = 5.4 Hz), 125.45, 28.89 (d, J = 15.5 Hz), 26.43 (d,
J = 33.4 Hz), 22.93 (d, J = 41.0 Hz), 13.56 (d, J = 45.6 Hz). 3'P{'H} NMR (203 MHz,
CDCl3, 6) —165.0 (s). 3'P NMR (203 MHz, CDCl3, §) —165.0 (m). HRMS (m/z): [M +
H]+ caled for 012H18P1, 193114614, found, 193.1135 (100%)
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Figure 5.4 'H NMR spectrum of 1-t-Bu in CDClz at 25 °C, recorded at 500 MHz.
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Figure 5.6 3'P{'H} NMR spectrum (inset: 3'P) of 1-t-Bu in CDCl3 at 25 °C, recorded at 203 MHz.
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5.5.6 Preparation of trans-1-i-Pr-2-phenylphosphirane (1-i-Pr)

In the glovebox, i-PrPA (1000 mg, 3.96 mmol, 1 equiv), styrene (4118 mg, 39.6 mmol,
10 equiv) and THF (22.1 g, 24.8 mL) were weighed into separate vials. [Fp(THF)|[BF,]
(133 mg, 0.396 mmol, 0.1 equiv) and TMAF (55 mg, 0.594 mmol, 0.15 equiv) were weighed
directly into a Schlenk flask (100 mL) equipped with a Teflon screw cap and a stir bar
(2 cm). THF (ca. 10 mL) was used to dissolved i-PrPA and styrene and the resulting
mixture was transferred to the Schlenk flask. The remaining THF was used to rinse the
two vials and the resulting washings transferred to the Schlenk flask. The slurry was stirred
at 23 °C for 30 min before being removed from the glovebox and placed in an oil bath that
had been preheated to 85(+5) °C. The reaction mixture was heated with stirring for 6
hours then removed from the oil bath and allowed to cool to room temperature. The flask
was brought into the glovebox and the solution concentrated to ca. 10 mlL, resulting in
the formation of a precipitate. The slurry was diluted with pentane (20 mL) then stirred
for ten minutes. The reaction mixture was passed through a frit (30 mL, fine porosity)
containing diatomaceous earth (% full). The flask and diatomaceous earth were rinsed with
pentane (3 x 5 mL). Volatile material was removed from the filtrate under reduced pressure
to give a brown paste which was dried for an additional hour. The paste was dissolved
in diethyl ether (100 mL) and the solution was filtered through a frit (30 mL, medium
porosity) containing activated charcoal (% full). Before passing the diethyl ether solution
through the charcoal, fresh diethyl ether (10 mL) was passed through the charcoal in order
to form a firmly packed bed. After filtering the reaction mixture, additional diethyl ether
(100 mL) was passed over the charcoal to give a yellow filtrate. The combined filtrates were
concentrated to ca. 6 mL then transferred to an H-cell apparatus for performing vacuum-
transfer operations. The flask used to collect the filtrate was washed with additional
diethyl ether (3 x 3 mL) and the washings transferred to the H-cell. The cell was removed
from the glovebox and connected to a Schlenk line. Volatile material was removed under
dynamic vacuum at 23 °C then the remaining material was distilled under static vacuum
at 70 °C, using a cooling bath on the receiving side (=78 °C). The cell was brought into
the glovebox and the distillate transferred to a pre-weighed vial using a pipette to give the
desired product as a colorless oil (401 mg, 2.24 mmol, 57%). 1-i-Pr-trans (major isomer):
'H NMR (500 MHz, CDCl3, 6) 7.23 (t, J = 7.6 Hz, 2H), 7.12 (t, J = 7.3 Hz, 1H), 7.04 (d, J
= 7.6 Hz, 2H), 2.43 (ddd, J = 10.1, 7.6, 2.6 Hz, 1H), 1.48 (ddd, J = 10.1, 7.6, 2.5 Hz, 1H),
1.32 (dt, J = 17.4, 7.5 Hz, 1H), 1.14 (dd, J = 14.8, 7.1 Hz, 3H), 1.09 (dd, J = 14.3, 7.1 Hz,
3H), 0.89 (ddq, J = 11.0, 7.0, 3.9, 3.5 Hz, 1H). 3C NMR (126 MHz, CDCl3, §) 143.17 (d, J
= 8.0 Hz), 126.36 (d, J = 5.3 Hz), 30.51 (d, J = 28.2 Hz), 25.99 (d, J = 37.9 Hz), 21.53 (d,
J = 17.9 Hz), 20.96 (d, J = 16.4 Hz), 16.19 (d, J = 42.5 Hz). 3'P{'H} NMR (203 MHz,
CDCl3, 6) —177.1 (s). 3P NMR (203 MHz, CDCls, §) —177.1 (m). 1-i-Pr-cis (minor
isomer): 'H NMR (500 MHz, CDCl3, §) 2.76 (dt, J = 13.6, 9.1 Hz, 1H). 3'P{'H} NMR
(203 MHz, CDCl3, §) —181.0 (s). 3P NMR (203 MHz, CDCls, §) —181.0 (m). Note: the
two isomers were assigned on the basis of their 2Jp_y coupling constants for the benzylic
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protons. The value of this constant was 2.6 Hz for the trans isomer and 13.6 Hz for the
cis isomer. The coupling constants were determined by comparison of 'H and 'H{*'P}
NMR spectra (Fig. 5.8). The diastereomeric ratio was determined from integration of the
resonances corresponding to the benzylic protons (Fig. 5.8). HRMS (m/z): [M + H]* calcd
for C11Hy6P1, 179.098964; found, 179.098938 (79%).
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Figure 5.7 'H NMR spectrum of 1-i-Pr in CDCl3 at 25 °C, recorded at 500 MHz.
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Figure 5.10 3'P{'H} NMR spectrum (inset: *'P NMR spectrum) of 1-i-Pr in CDCl3 at 25 °C, recorded
at 203 MHz.

5.5.7 Generation and in situ characterization of FpP(F)(¢t-Bu) (3

In the glovebox, [Fp(t-BuPA)][BF4] (11 mg, 0.021 mmol, 1 equiv) and TMAF (2 mg,
0.021 mg, 1 equiv) were weighed into the same vial and dissolved in CD2Cly (0.6 mL).
While a solution of [Fp(¢t-BuPA)|[BF4] in DCM is bright yellow, this reaction mixture
was bright orange. The solution was analyzed by 'H, 3'P and F NMR spectroscopy
and HRMS. 'H NMR (500 MHz, CDyCly, §) 4.97 (d, J = 2.2 Hz, 3H), 1.23 (dd, J
= 11.4, 1.6 Hz, 9H). 3'P{'H} NMR (203 MHz, CDyCly, §) +370.2 (d, J = 823.3 Hz).
YF{'H} NMR (471 MHz, CDyCly, §) —202.6 (d, J = 823.3 Hz). HRMS (m/z): [M + H|*
caled for CHH15OQF€1F1P1, 285.014313; found, 285.014404 (29.7%); [M (F<—>OH) + H]Jr
caled for C11H603Fe; Py, 283.018650; found, 283.018921 (100%); [M + O + H]* caled for
C11H1502Fe; F1 P, 301.009228; found, 301.009430 (17.3%). Another species displaying a
L Jp_r coupling was also present in solution, although the identity of this species cannot be
assigned at the present time. The NMR data for this unknown species are: 3'P{'H} NMR
(203 MHz, CD5Cly, §) +378.8 (d, J = 845.9 Hz). ¥F{!H} NMR (471 MHz, CD2Cly, 4)
—131.6 (d, J = 845.9 Hz).
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Figure 5.13 '"H NMR spectrum of 3 in CD,Cl, at 25 °C, recorded at 500 MHz.

5.5.8 Generation and in situ characterization of [Fp—CH(Ph)-CH,—P(t-
Bu)AJ[BF,] (2)

In the glovebox, t-BuPA (10 mg, 0.0375 mmol, 1 equiv) and [Fp(styrene)|[BF4] (14 mg,
0.0375 mmol, 1 equiv) were weighed into a scintillation vial and dissolved in CD3Cls
(0.7 mL). The resulting solution was filtered through microfiber filter paper in a Pasteur
pipette into an NMR tube. The sample was analyzed by a series of NMR experiments in
order to determine the regioisomer of the product that formed. Most useful were the 'H—
13C HMBC (Fig. 5.18) and '"H-'H NOE spectra (Fig. 5.17), which were used to correlate
the protons a, b, and ¢ (Scheme 5.3) on the former styrene molecule to the phenyl group
and the anthracene framework. The reaction mixture was allowed to stand at 23 °C for
18 h then it was analyzed by NMR spectroscopy showing the formation of [Fp(¢{-BuPA)]-
[BF,4] and styrene. 'H NMR (400 MHz, CD5Cly, §) 7.71-7.58 (m, 2H), 7.46-7.35 (m, 4H),
7.31 (t, J = 7.6 Hz, 2H), 7.18 (dd, J = 5.5, 3.1 Hz, 2H), 7.14 (t, J = 7.4 Hz, 1H), 7.08 (d,
J = 7.2 Hz, 2H), 4.91 (s, 1H), 4.76 (s, 1H), 4.57 (s, 5H), 3.20 (ddd, J = 13.1, 6.8, 3.3 Hz,
1H), 3.07 (ddd, J = 15.6, 13.3, 4.3 Hz, 1H), 2.94 (ddd, J = 15.6, 9.7, 3.3 Hz, 1H), 0.93 (d,
J = 15.5 Hz, 9H). 3C NMR. (101 MHz, CD2Cly, §) 217.38, 215.36 (d, J = 1.9 Hz), 153.00
(d, J = 3.3 Hz), 142.29 (d, J = 6.4 Hz), 141.90 (d, J = 5.9 Hz), 141.34 (d, J = 7.0 Hz),
140.57 (d, J = 7.1 Hz), 129.45, 129.05 (d, J = 3.2 Hz), 128.81 (d, J = 6.8 Hz), 128.01
(d, J = 5.2 Hz), 126.64 (d, J = 6.9 Hz), 126.20, 126.03-125.87 (m), 125.67, 125.39 (d, J
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= 6.6 Hz), 125.11-124.84 (m), 124.66 (d, J = 4.9 Hz), 122.89 (d, J = 11.5 Hz), 86.87,
50.28 (d, J = 37.3 Hz), 49.18 (d, J = 39.1 Hz), 36.41 (d, J = 12.0 Hz), 33.90-33.31 (m),
28.04, 17.74 (d, J = 19.0 Hz). 3'P{*H} NMR (203 MHz, CD2Cly, §) +141.8 (s). 3P NMR

(203 MHz, CD5Cly, §) +141.8 (m). ESI-MS(+): Fig 5.22.
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Figure 5.14 'H NMR spectrum of 2 in CD,Cl, at 25 °C, recorded at 400 MHz.
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spectrum. Bottom: NMR spectrum after standing at 23 °C for 24 h.
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5.5.9 Preparation of [Fp(t-BuPA)|[BF,]

In the glovebox, [Fp(THF)|[BF4] (108 mg, 0.321 mmol, 1 equiv) and ¢-BuPA (86 mg,
0.323 mmol, 1 equiv) were weighed into the same scintillation vial (20 mL) and dissolved
in DCM (4 mL). The reaction mixture was stirred for 30 minutes then hexanes (10 mL) were
added leading to the formation of a tan precipitate. The slurry was stirred vigorously for
30 minutes, then the solids were collected on a frit (fine porosity, 30 mL) and washed with
hexanes (2 x 5 mL). The solid material was transferred to a vial and brought to constant
mass in vacuo to give [Fp(¢-BuPA)|[BF4] as a tan solid (166 mg, 0.313 mmol, 98%). Anal.
Calcd for CosHosBF4FeOoP: C, 56.65; H, 4.56; N, 0.00. Found: C, 56.82; H, 4.73; N, <0.02.
'H NMR (500 MHz, CD2Cly, §) 7.58-7.52 (m, 2H), 7.44 (dd, J = 5.4, 3.2 Hz, 2H), 7.21
(dd, J = 5.5, 3.2 Hz, 2H), 7.12 (dd, J = 5.5, 3.2 Hz, 2H), 5.15 (5H), 4.98 (d, J = 3.2 Hz,
2H), 0.97 (d, J = 15.1 Hz, 9H). 13C NMR. (126 MHz, CD2Cly, §) 209.97 (d, J = 17.1 Hz),
145.47 (d, J = 12.0 Hz), 145.16 (d, J = 3.6 Hz), 128.05, 128.00, 125.95 (d, J = 6.3 Hz),
124.66 (d, J = 5.2 Hz), 55.97 (d, J = 21.1 Hz), 41.59, 29.86 (d, J = 3.7 Hz). YF{'H} NMR
(471 MHz, CD2Cly, §) —150.85, —150.91. 3'P{*H} NMR, (203 MHz, CD2Cly, §) 220.69 (s).
3P NMR (203 MHz, CDyCly, §) 220.69 (dec., J = 14.8 Hz). !B NMR (161 MHz, CDyCly,
§) —0.87 (s). ESI-MS(+): Fig 5.28. IR (ecm™1!): 2008, 2036, 2053. Note: Three bands in
the carbonyl region were observed instead of the anticipated two. The bands at 2053 and
2008 cm ™! are tentatively assigned as the symmetric and assymetric CO stretching modes,
respectively, based on comparison to other species of the type [Fp(PR3)][BF4].%
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5.5.10 Preparation of [Fp(1-t-Bu)|[BF,]

In the glovebox, 1-tert-butyl-2-phenylphosphirane (1-¢-Bu, 106 mg, 0.55 mmol, 1.1 equiv)
and [Fp(THF)][BF4] (168 mg, 0.50 mmol, 1 equiv) were weighed into separate vials.
[Fp(THF)|[BF4] was dissolved in DCM (2 mL) and 1-¢-Bu was dissolved in DCM (1 mL).
The solution of phosphirane was added to the solution of [Fp(THF)|[BF,] with stirring.
The vial used to weigh out 1-¢-Bu was rinsed with DCM (1 mL) and the washings were
transferred to the reaction mixture. The solution was allowed to stir for 2 hours, then
pentane (10 mL) was added resulting in the formation of an orange oil. Volatile material
was removed under reduced pressure and the resulting oil was triturated with additional
pentane (15 mL), each round using a spatula to break up any solids; this process resulted in
formation of a yellow powder. A slurry of this yellow solid in pentane (15 mL) was stirred
vigorously for 30 minutes, then the solids were collected on a frit (15 mL, fine porosity) and
washed with additional pentane (3 x 4 mL). The material was transferred to a pre-weighed
vial and brought to constant mass to give [Fp(1-t-Bu)|[BF4] as a yellow powder (197 mg,
0.42 mmol, 84% based on Fe). Anal. Caled for Ci9H22BF4FeOoP: C, 50.05; H, 4.86; N,
0.00. Found: C, 50.69; H, 5.25; N, <0.02. 'H NMR (500 MHz, CD5Cly, §) 7.50-7.25 (m,
5H), 4.95 (s, 5H), 3.54 (q, J = 8.9, 8.0 Hz, 1H), 2.11 (d, J = 10.5 Hz, 1H), 1.84 (t, J =
9.0 Hz, 1H), 1.28 (d, J = 19.1 Hz, 9H). 3C NMR (126 MHz, CD2Cly, ) 209.13 (d, J =
22.5 Hz), 208.82 (d, J = 22.8 Hz), 135.07 (d, J = 4.1 Hz), 129.90 (d, J = 2.1 Hz), 129.23
(d, J =4.5Hz), 128.76 (d, J = 2.7 Hz), 87.08, 36.55 (d, J = 9.6 Hz), 28.67 (d, J = 4.5 Hz),
26.66 (d, J = 18.5 Hz), 10.81 (d, J = 12.9 Hz). YF{!H} NMR (471 MHz, CD2Cly, §)
—151.99. 3'P{'H} NMR (203 MHz, CD2Cly, §) —76.23 (s). 3'P NMR. (203 MHz, CD2Cls,
§) —76.23 (m). "B NMR (161 MHz, CD2Cly, §) —1.11 (s). ESI-MS(+): Fig 5.35. IR
(Cm_l): 2006 (VCO(assym))a 2047 (VCO(sym))'
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Figure 5.30 'H NMR spectrum of [Fp(1-t-Bu)][BF4] in CD5Cly at 25 °C, recorded at 500 MHz.
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Figure 5.31 13C{'H} NMR spectrum of [Fp(1-t-Bu)][BF4] in CD2Cly at 25 °C, recorded at 126 MHz.
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Figure 5.32 19F{1H} NMR spectrum of [Fp(1-t-Bu)][BF4] in CD2Cly at 25 °C, recorded at 471 MHz.
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Figure 5.34 1B NMR spectrum of [Fp(1-t-Bu)][BF4] in CD2Cls at 25 °C, recorded at 161 MHz.
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Figure 5.35 ESI mass spectrum (positive mode) of a DCM solution of [Fp(1-t-Bu)][BF,].
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5.5.11 Synthesis of :-PrPA

A colorless and homogeneous solution of i-PrPCly (1.0 g, 6.9 mmol, 1.00 equiv) in THF
(75 mL) was prepared within a 200 mL round bottom flask equipped with a magnetic stir
bar, and this was frozen in the glovebox cold well (liquid N3). In two portions, orange solid
MgA-3THF (2.9 g, 6.9 mmol, 1.00 equiv) was added to the thawing and rapidly stirring
THF solution. After the first portion, the reaction mixture was allowed to stir until the
orange color faded, and then it was frozen again. After the second portion, the mixture was
stirred for 30 min as it warmed under foil to exclude light. The THF solvent was removed
from the pale green and cloudy mixture under reduced pressure to give a pale yellow solid
residue. Product was extracted from this residue using diethyl ether (3 x 20 mL), passing
each extract through a 1”7 1:2 Celite/charcoal plug (1.5” diameter). Volatile material was
removed from the combined extracts under reduced pressure to give 0.86 g crude product
as an off-white solid. The crude product was dissolved in minimal diethyl ether (ca. 12 mL)
and stored at —35 °C overnight. Clear and colorless block-shaped crystals were collected
on a frit (0.43 g, 1.7 mmol, 25%).

Anal. Calcd for Ci7H7P: C, 80.93; H, 6.79; N, 0.00. Found: C, 81.17; H, 6.79; N,
<0.02. 'H NMR (500 MHz, C¢Dsg, 6) 7.21 (m, 2H), 7.01 (m, 2H), 6.95 (m, 2H), 6.77 (m,
2H), 3.80 (d, 2Jp_yg = 14.1 Hz, 2H), 1.15 (hept, 3Jy_yg = 7.1 Hz, 1H, i-Pr methine), 0.84
(dd, 3Jp_y = 14.2 Hz, 3Jguy = 7.1 Hz, 6H, i-Pr methyls). 13C NMR (126 MHz, CgDg, &)
148.9, 146.5 (d, 2Jp_c = 16.9 Hz), 126.2, 124.8, 123.2 (d, 3Jpc = 3.1 Hz), 122.9, 52.3 (d,
1 Jpc = 15.7 Hz), 26.8 (d, 'Jpc = 28.7 Hz, i-Pr methine), 18.4 (d, 2Jpc = 20.2 Hz, i-Pr
methyls). 3'P{'H} NMR (203 MHz, C¢Dg, 6) 199 ppm.
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Figure 5.37 'H NMR spectrum of i-PrPA in CgDg at 20 °C, recorded at 500 MHz.
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Figure 5.39 3'P{'H} NMR spectrum of i-PrPA in C4Dg at 20 °C, recorded at 203 MHz.

5.5.12 Hammett analysis using substituted styrenes

Preparation of styrene derivatives: In the fume hood, a styrene (ca. 1 mL) was
passed through a plug of basic alumina (1.5 cm) in a Pasteur pipette containing microfiber
filter paper, into an NMR tube equipped with a J. Young valve. The styrene was then
degassed three times via the freeze-pump-thaw method. The NMR tube was back-filled
with nitrogen and the sample brought into the glovebox. The styrene was passed through
a second plug of activated basic alumina (1 ¢cm) in a Pasteur pipette containing microfiber
filter paper into a 2 dram vial. The styrene was used immediately to prepare the following
stock solutions.

Preparation of styrene stock solutions: In the glovebox, the following stock solutions
were prepared. These were stored in the glovebox freezer (—35 °C) in between sample
preparations. All experiments were performed within 36 h of preparing the stock solutions.
Solution A: p-trifluoromethyl styrene (272 mg, 1.58 mmol, 1 equiv), styrene (164 mg,
1.58 mmol, 1 equiv) and THF (1000 mg).

Solution B: p-chlorostyrene (218 mg, 1.58 mmol, 1 equiv), styrene (164 mg, 1.58 mmol,
1 equiv) and THF (1000 mg).

Solution C': p-methylstyrene (186 mg, 1.58 mmol, 1 equiv), styrene (164 mg, 1.58 mmol,
1 equiv) and THF (1000 mg).

Solution D: p-methoxystyrene (212 mg, 1.58 mmol, 1 equiv), styrene (164 mg, 1.58 mmol,
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1 equiv) and THF (1000 mg).

Sample preparation: The following procedure was performed in triplicate. In the glove-
box, four scintillation vials (2 dram) were each charged with TMAF (1.5 mg, 0.0157 mmol,
0.2 equiv), [Fp(THF)|[BF4] (2.7 mg, 0.00789 mmol, 0.1 equiv) and ¢-BuPA (21 mg,
0.0789 mmol, 1 equiv). To one of these vials was added either solution A (359 mg, contain-
ing p-(trifluoromethyl)styrene (68 mg, 0.395 mmol, 5 equiv), styrene (41 mg, 0.0395 mmol,
5 equiv) and THF (250 mg, 0.283 mL), solution B (347 mg, containing p-chlorostyrene
(56 mg, 0.395 mmol, 5 equiv), styrene (41 mg, 0.0395 mmol, 5 equiv) and THF (250 mg,
0.283 mL), solution C (338 mg, containing p-methylstyrene (47 mg, 0.395 mmol, 5 equiv),
styrene (41 mg, 0.0395 mmol, 5 equiv) and THF (250 mg, 0.283 mL) or solution D (344 mg,
containing p-methoxystyrene (56 mg, 0.395 mmol, 5 equiv), styrene (41 mg, 0.0395 mmol,
5 equiv) and THF (250 mg, 0.283 mL). The four slurries were allowed to sit for 30 minutes,
after which time most of the ¢-BuP A had dissolved. The four individual reaction mixtures
were transferred to four individual NMR tubes equipped with J. Young valves, taking care
to transfer any insoluble material. Each vial was washed with THF (280 mg, 0.317 mL)
and the resulting solution was transferred to the appropriate NMR tube. The tube was
then sealed and placed in the same preheated oil bath at 85(£5) °C for 17 h.

Sample analysis: The samples were analyzed by 3'P{'H} NMR spectroscopy (d; = 60 s,
8 transients, sweep width = 900 ppm, center frequency = 100 ppm). For the first set run
in triplicate, a capillary containing PPhs in benzene-dg was included in the NMR tube as
an external 3'P NMR standard.

Data analysis: Spectra were opened in MestreNova and referenced to the triphenylphos-
phine external standard. Spectra were phased, the baselines were corrected, and the the
phosphirane signals were integrated. The integral of the parent phosphirane was defined
as 1, and the ratio of the two styrene products was tabulated (Table 5.3).
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Table 5.3 Experimental values determined from the Hammett analysis

kx/ky log(kx /ku)
Xea ol 1 2 3 1 2 3 Mean o€
CF5 053 214 174 224  0.33 0.24 0.35 0.34  0.01
Cl 023 146 151 158  0.16 0.18 0.20 0.18  0.02

Me —0.17 087 087 084 -0.06 -0.06 —-0.08 —0.07 0.01
OMe —0.27 073 076 074 -014 -0.12 -0.13 -0.13 0.01

¢ para-substituent on styrene

® Hammett parameter

¢ Standard deviation

?Run 2 for the para-CF3 substituted styrene was not included in the analysis. It was deemed
an outlier based on the unreasonable numerical values obtained and the fact that multiple
other species were observed by 3P NMR spectroscopy in the reaction mixture (possibly due
to a leaky NMR tube).
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Figure 5.40 3'P{'H} NMR spectra of the reaction mixtures obtained from the Hammett analysis (Run
1 of the study in triplicate) in THF at 25 °C, recorded at 203 MHz. The labeling scheme refers to the
para-substituent on styrene.
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5.5.13 Labeling studies

Cis-f3-deuterostyrene was prepared along the lines of previous literature procedures.%6:67

5.5.13.1 Preparation of phenylacetylene-d

In the glovebox, THF (60 mL) was transferred to a Schlenk flask (100 mL). The flask was
removed from the glovebox and connected to the Schlenk line. Phenylacetylene (4.185 g,
4.5 mL, 41 mmol, 1.0 equiv), directly from the stock bottle, was added against a positive
flow of nitrogen. The resulting solution was cooled to —78 °C then a 2.5 M of n-butyllithium
in hexane (17.2 mL, 43 mmol, 1.05 equiv) was added using a syringe over the course of
five minutes. The mixture was stirred at —78 °C for 20 minutes, then allowed to warm
to 23 °C and stirred for an additional 20 minutes at this temperature. The solution was
cooled to —78 °C and D50 (4 mL, 222 mmol, 5.4 equiv) was added using a syringe. The
resulting mixture was allowed to warm to 23 °C and stirred for 20 minutes. The reaction
mixture was quenched with 3.0 M HCI (20 mL), and the resulting mixture was extracted
with diethyl ether (3 x 40 mL). The organic layer was dried with magnesium sulfate then
concentrated to ca. 4 mL under reduced pressure. The crude product was purified by
chromatography (pentane, Ry = 0.5) on silica (2 x 15 cm). The fractions containing the
desired product were concentrated under vacuum to give phenylacetylene-d as a colorless
oil (1.83 g, 17.8 mmol, 43%). The material was analyzed by NMR spectroscopy then used
without further purification. The material was degassed three times via the freeze-pump-
thaw method before being brought into the glovebox. 'H NMR (500 MHz, CDCl3, 6) 7.50
(dd, J = 7.9, 1.6 Hz, 2H), 7.39-7.30 (m, 3H). 13C NMR (126 MHz, C¢Dg, §) 132.28, 128.92,
128.48, 128.45, 122.26, 83.36 (t, ! Jo p = 7.3 Hz).

5.5.13.2 Preparation of cis-$-deuterostyrene

In the glovebox, zirconocene chloride hydride (Schwartz’s reagent, 4.58 g, 17.7 mmol,
1 equiv) was transferred to a Schlenk flask and slurried in benzene (40 mL). Phenylacetyl-
ene-d was added using a pipette. The vial containing the phenylacetylene-d was rinsed
with benzene (10 mL) and these washings were transferred to the Schlenk flask. The flask
was removed from the glovebox, wrapped in foil, and stirred for 12 h. Volatile material
was removed from the resulting orange solution on the Schlenk line and the resulting or-
ange foam was triturated twice with hexanes. The resulting foam was dissolved in DCM
(10 mL) and stirred for 10 minutes. H2SO4 (0.5 mL) and H2O (0.5 mL) were combined
in a vial and then added to the DCM solution over the course of a minute. The resulting
mixture was stirred vigorously for 30 minutes. Pentane (40 mL) was added, inducing the
formation of additional white precipitate. The mixture was filtered through a frit (medium
porosity, 30 mL) containing diatomaceous earth ( % full), and the solids were washed with
pentane (3 x 10 mL). The resulting solution was concentrated to ca. 3 mL on the Schlenk
line. The resulting oil was purified by chromatography (pentane, Ry = 0.5) on silica (2 x

265



15 em). The fractions containing the desired product were combined and volatile material
was removed to give a clear colorless oil (400 mg). Analysis of this oil by 'H NMR showed
a 1:1 molar ratio of the desired product to pentane. This ratio was deemed acceptable;
prolonged drying of the product would lead to a lower yield because of the volatility of the
product. 'H NMR (500 MHz, CDCls, 6) 7.42 (d, J = 7.3 Hz, 2H), 7.33 (t, J = 7.6 Hz,
2H), 7.27 (d, J = 6.0 Hz, 1H), 6.72 (dt, J = 10.8, 2.4 Hz, 1H), 5.24 (d, J = 10.8 Hz, 1H).
13C NMR (126 MHz, CgDg, 6) 137.56, 136.79, 128.51, 127.78, 126.20, 113.53 (t, 'Jc p =
23.8 Hz). 2H NMR (77 MHz, C¢Ds, 9) 5.74 (d, J = 2.4 Hz).

5.5.13.3 GCMS analysis of as prepared cis-pS-deuterostyrene

Commercial samples of styrene and ethylbenzene (MilliporeSigma) were used as received.
cis-p-deuterostyrene was prepared as described in section 5.5.13.2. Samples were analyzed
in DCM. The three traces and their corresponding mass spectra are shown in Fig. 5.41.

GCMS traces for styrene, ethylbenzene and cis-B-deuterostyrene
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Figure 5.41 GCMS data (traces and mass spectra) for as prepared cis-3-deuterostyrene, ethylbenzene
and styrene.
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5.5.13.4 Use of cis-f-deuterostyrene as the substrate in catalysis
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Figure 5.42 Stacked 2H NMR spectra of the two reaction mixtures (control, —t-BuPA; standard
conditions, +t-BuPA) after initial mixing and after 17 h at 85 °C. The spectra were acquired at

61 MHz at 25 °C.
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Figure 5.43 2H NMR spectrum of the experiment carried out under the standard reaction conditions
using cis-B-deuterostyrene as the substrate after 17 h at 85 °C. The spectrum is shown in order to
highlight the ratio of cis to trans-/3-deuterostyrene in the bulk material that forms under the reaction
conditions. The spectra were acquired at 61 MHz at 25 °C.
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Figure 5.44 2H NMR spectrum of the experiment carried out under the standard reaction conditions
using cis-f-deuterostyrene as the substrate and after removing volatile material (styrene, ethylbenzene)
at 23 °C. The spectrum was acquired at 61 MHz at 25 °C.
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Figure 5.45 3'P NMR spectrum of the experiment carried out under the standard reaction conditions
using cis-[-deuterostyrene as the substrate and after removing volatile material (styrene, ethylbenzene)
at 23 °C. The spectrum was acquired at 202 MHz at 25 °C.
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GCMS traces for phosphirane and phosphirane-dy
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Figure 5.46 GCMS data (traces and mass spectra) for phosphirane and phosphirane-d;.

5.5.14 NMR spectra of a reaction mixture used to prepare 1-¢t-Bu using

the catalytic conditions, acquired at 85 °C

In the glovebox, --BuPA (21 mg, 0.0789 mmol, 1 equiv), [Fp(THF)][BF4] (2.7 mg, 0.00789
mmol, 0.1 equiv), TMAF (1.5 mg, 0.0158 mmol, 0.15 equiv), and styrene (85 mg, 0.789
mmol, 10 equiv) were weighed into a scintillation vial (20 mL) then slurried in THF-dg
(0.3 mL). The resulting slurry was transferred to an NMR tube equipped with a J. Young
valve. The vial was washed with additional THF-dg and the resulting mixture was added
to the NMR tube. The sample was placed in the probe of a Bruker 500 MHz spectrometer
which was heated from 25 °C to 85 °C over the course of an hour. The sample was removed
and the temperature of the probe was measured using an ethylene glycol/DMSO standard
(85 °C). The sample was then placed back in the probe and NMR spectra were acquired on
the reaction mixture, which had undergone approximately 50% conversion to phosphirane
1-t-Bu. The 3'P{'H} NMR spectrum (Fig. 5.48) displayed the presence of t-BuPA and
1-t-Bu as the major species in solution, while [Fp(¢-BuPA)|[BF4] and 3 were also observed
along with at least one other P-F bond-containing species. *F NMR (Fig. 5.49) confirmed
the presence of 3. 'H NMR (Fig. 5.47) showed styrene, ¢-BuPA, 1-t-Bu, and anthracene
as the major species in solution.
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Figure 5.47 'H NMR spectrum of the reaction mixture described in Section 5.5.14 in THF-dg, recorded

at 500 MHz at 85 °C.
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Figure 5.48 3'P{!H} NMR spectrum of the reaction mixture described in Section 5.5.14 in THF-ds,

recorded at 202 MHz at 85 °C.
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Figure 5.49 19F NMR spectrum of the reaction mixture described in Section 5.5.14 in THF-ds, recorded
at 471 MHz at 85 °C.

5.5.15 Investigation of cesium fluoride and tris(dimethylamino)sulfon-
ium difluorotrimethylsilicate (TASF) as the sources of fluoride in
catalysis

In the glovebox, --BuPA (21 mg, 0.0789 mmol, 1 equiv), [Fp(THF)][BFy4] (2.7 mg, 0.00789
mmol, 0.1 equiv) and either cesium fluoride (1.8 mg, 0.012 mmol, 0.15 equiv) or TASF
(3.3 mg, 0.012 mmol, 0.15 equiv) as the fluoride source were weighed into a vial (1 mL)
and slurried in THF (0.3 mL). To an NMR tube equipped with a J. Young valve was
weighed styrene (85 mg, 0.789 mmol, 10 equiv). The two different reaction mixtures were
added to two different NMR tubes, each equipped with J. Young valves. The vials were
each washed with THF (0.3 mL) and the washings were transferred to the appropriate
NMR tube. To each NMR tube was added a capillary containing a CgDg solution of PPhs.
The samples were analyzed by 3'P NMR spectroscopy after 20 min at 23 °C and then after
24 h at 85 °C. Phosphirane 1-t-Bu was observed in both cases, with spectroscopic yields
of 72% and 44% for TASF and cesium fluoride, respectively, as determined by integration
PPhs.
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Figure 5.50 3'P{'H} NMR spectrum of the reaction mixture described in Section 5.5.15 using TASF
as the source of fluoride in THF, recorded at 202 MHz at 25 °C.
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Figure 5.51 3'P{1H} NMR spectrum of the reaction mixture described in Section 5.5.15 using CsF as
the source of fluoride in THF, recorded at 202 MHz at 25 °C.
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5.5.16 X-ray crystallography

Single crystals suitable for X-ray diffraction were transferred from the glovebox under
Paratone oil onto a microscope slide. A crystal was selected under a microscope and
mounted in hydrocarbon oil on a nylon loop. Low-temperature (100 K) data were collected
on a Bruker-AXS X8 Kappa Duo diffractometer coupled to a Smart Apex2 CCD detector
with Mo Ko radiation (A = 0.71073 A) with ¢- and w-scans. A semi-empirical absorption
correction was applied to the diffraction data using SADABS%%% unless otherwise stated.
The structure was solved by direct methods using SHELXT "%7! and refined against F2 on
all data by full-matrix least squares with ShelXle.” All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were included in the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U, value of the atoms they are linked to (1.5
times for methyl groups).

5.5.16.1 X-ray structure of [Fp(¢t-BuPA)|[BF,]

[Fp(t-BuPA)|[BF4] was dissolved in DCM to give a yellow solution which was filtered
through microfiber filter paper in a Pasteur pipette. The solution was carefully layered
with THF and the mixture placed in the glovebox freezer at —35 °C to yield orange needles.
The crystal displayed non-merohedral twinning which was accounted for using methods in
CELL.NOW™ and TWINABS.™ Refinement against the HKLF5 file gave a higher R;
than the HKLF4 file, so the HKLF4 file was used for the final refinement. There were two
molecules of THF in the asymmetric unit which were heavily disordered. Each was modeled
as two separate THF molecules, using DFIX and SAME restraints where necessary. The
DFIX commands could be removed at the end of the refinement to give a stable solution.
The restraints SIMU and RIGU were applied to the entire structure. The high value of Rjy
(0.389), generating an A level alert in the checkCIF report, was attributed to the extremely
poor data quality; non-merohedral twinning and severe solvent disorder. In general, the
statistical data for this structure were poor (R1, wRe, largest diff. peak and hole).
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CSD identification code
Reciprocal net code
Empirical formula
Formula weight
Color / morphology
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta ranges for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to § = 25.242°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I>20(1)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

1936231
P8_19032
C33H40BF4F€O4P
674.28 g/mol
orange / needle
100(2) K
0.71073 A
Triclinic
P1
a = 9.9636(10) A o = 80.831(4)°
b = 12.7003(13) A B = 69.746(4)°
¢ = 13.9821(15) A v = 70.594(3)°
1563.6(3) A3
2
1.432 g/cm?

0.594 mm~!

704
0.257 x 0.133 x 0.102 mm3
1.554 to 28.036°
—12<h<13, —16<k<16, 0<1<18
7495
7495 [Rins = 0.3888]
99.9%

None
0.745619 and 0.387299
Full-matrix least-squares on F2
7495 / 1032 / 492
1.026
Ry = 0.1411, wRy = 0.3506
Ry = 0.1760, wRy = 0.3753
n/a
1.312 and —1.287 e-A~3

Table 5.4 X-ray crystallographic information for [Fp(t-BuPA)][BF4].
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Figure 5.52 Molecular structure of [Fp(t-BuPA)][BF4]-2THF with thermal ellipsoids shown at the 50%
probability level and hydrogen atoms omitted for clarity.
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5.5.16.2 X-ray structure of [Fp(1-t-Bu)|[BF,]

[Fp(1-t-Bu)][BF4] was dissolved in DCM to give a yellow solution which was filtered
through microfiber filter paper in a Pasteur pipette. The solution was carefully layered
with THF and the mixture placed in the glovebox freezer at —35 °C to yield orange plates.
The structure was first refined isotropically, then anisotropically. A twin law was deter-
mined using the TwinRotMap procedure in PLATON " and introduced using the TWIN
command. Positions of hydrogen atoms were generated using the HFIX command. The
weighting scheme was adjusted and the model considered complete. The high value of Rjnt
(0.305), generating an A level alert in the checkCIF report, was attributed to the extremely
high redundancy of the data (66.3). It has been shown that extremely high redundancy can
lead to artificially high values of Ri, and that in this case the value of Ro is the preferred
metric. 7 The value of Ro was 0.0416, in line with the good to excellent remaining metrics
(Rl, 'LURQ).

F2

0008

Figure 5.53 Molecular structure of [Fp(1-t-Bu)][BF4] with thermal ellipsoids shown at the 50% proba-
bility level and hydrogen atoms omitted for clarity.
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CSD identification code
Reciprocal net code
Empirical formula
Formula weight
Color / morphology
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
7
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta ranges for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 8 = 25.242°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I>20 ()]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

1936232
P8.19033
C19H22BF4FGOQP
455.99 g/mol
orange / plate
100(2) K
0.71073 A
Orthorhombic
Pbca
a = 13.8260(9) A o = 90°
b = 16.6549(9) A g =90°
¢ =17.2897(11) A v = 90°
3981.3(4) A3
8
1.522 g/cm?

0.886 mm~!

1872
0.102 x 0.086 x 0.078 mm?
2.248 to 27.954°
—18<h<18, —21<k<21, —22<1<22
316726
4780 [Rint = 0.3049]
100.0%

None
0.7407 and 0.6990
Full-matrix least-squares on F2
4780 / 0 / 256
1.066
R; = 0.0378, wR2 = 0.0966
R; = 0.0511, wRy = 0.1033
n/a
0.486 and —0.495 e-A™3

Table 5.5 X-ray crystallographic information for [Fp(1-t-Bu)][BF4].
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5.5.17 NMR chemical shift calculations

DFT calculations were performed using ORCA 4.1.0. Geometry optimizations were per-
formed at the w-B97X-D3/def2-TZVP level of theory in conjunction with a CPCM solvation
model. The input line is provided below and the coordinates of the optimized geometry of
3 are given in Table 5.7.

! wB97X-D3 RIJCOSX def2-TZVP def2/J TightSCF Grid4 GridX4 FinalGridb
Opt NumFreq CPCM(THF)

NMR chemical shift calculations were performed using the PBEO functional, the dis-
persion corrections of Grimme, and the pcSseg-3 basis set, optimized for NMR property
predictions. The input file is provided below:

! PBEO D3 RIJCOSX pcSseg-3 def2/J VeryTightSCF Grid7 NoFinalGrid GridX7
NoFinalGridX CPCM(THF)
!MoRead

#moinp "filename.gbw"

*xyz 0 1
A xyz

feprnmr

Ori = GIAO
giao_2el=giao_2el_rijcosx
Nuclei = all P { shift }
end

Species  Nuclei Omol Oref Omeol Oref
[BF4]~ 9F —151.7 350.5
t-BuPA  3'p +204.6 +98.4
3 DR —-206.3 406.8
3 3lp - 4391.2 —88.2

Table 5.6 Experimental, calculated, and predicted shieldings and chemical shifts of [BF4]~, t-BuPA,
and 3.
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Table 5.7 Optimized coordinates of 3

Atom

X

y

Z

HODOODZODEODEZT@ZoaQuvaomomzoOdoaaaaaaaand

-0.293389164
0.389980044
-2.2274378
-1.055628219
-1.569909163
0.021651433
-2.303559399
-1.444495356
0.779408705
-2.667462101
-1.200205928
-2.815784145
-0.448113392
-1.433999308
0.14284123
3.165861821
1.713699096
4.425354268
3.109657229
3.25321313
2.423634982
3.270209091
4.176659164
4.400563733
5.309272302
4.540520146
3.079463055
2.247861533
4.005914265
2.145499749

6.186399807
5.01459132
6.628024571
8.034756989
6.979346385
5.212579267
6.103943115
7.816040542
4.268846573
6.188121761
8.441419644
5.202894707
8.850566826
6.858890265
4.54905046
6.281984256
7.272434571
7.020330315
6.375970041
4.824299137
4.221968905
4.745460706
4.37467748
8.077447213
6.571197385
6.954463651
7.416333058
5.861017771
5.914954094
7.283360184

5.069310859
6.194934213
4.371195878
5.751019902
6.536283283
3.638440853
5.680277019
4.404500697
6.961959638
3.488696634
3.560316944
5.978831003
6.111063224
7.600147364
2.718874989
4.314815899
4.963148422
4.794287296
2.784891209
4.762209872
4.38775445
5.850829313
4.383321794
4.51759744
4.331371516
5.876960277
2.451528673
2.360455404
2.35966862
6.562097314

Calculated chemical absolute shieldings were converted to predicted experimental shifts
by calibration to reference compounds [BF,4]~ and ¢-BuPA for '%F and 3'P nuclei, respec-
tively. The equation used to convert the calculated shieldings to predicted chemical shifts

was:

The values of these variables, and the resulting predicted chemical shifts are provided

in Table 5.6

Omol = Oref + 5ref — Omol
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A.1 Introduction

This appendix loosely follows the journey that culminated in the results presented in Chap-
ter 5 on catalytic phosphinidene transfer for the synthesis of phosphiranes. The story is
best told by a seemingly unrelated series of new compounds (Chart A.1) that feature bonds
between elements of the d-block and phosphorus.

Prior to any interest in performing catalytic phosphinidene transfer, an initial goal of
this project was to prepare a transition metal complex that contained phosphorus monon-
itride (PN) as a ligand. Phosphorus mononitride is isoelectronic with Ny and Py, both of
which have featured frequently as ligands in transition metal chemistry.? Given the large
number of heteronuclear diatomic molecules that have been stabilized within the coordi-
nation sphere of transition metals,? it is surprising that no such complex yet exists for PN.
A synthesis was planned that relies on elimination of trimethylsilyl chloride as a driving
force and closely resembles the synthesis of Py complex (Scheme A.1).2
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Chart A.1 Molecular structures of the compounds described in this Appendix.

A.2 Results and discussion

Treatment of a slurry of (dppp)NiCly (dppp = 1,3-bis(diphenylphosphino)propane) in
tetrahydrofuran (THF) with (TMS)2NP(TMS)s gave rise to two new species, as assayed
by 3P spectroscopy (Fig A.1). One was identified as (dppp)2Ni, confirming the ability
of phosphine (TMS)oNP(TMS)2 to reduce nickel(II) to nickel(0). The second species was
observed by NMR spectroscopy as having two signals, one being a doublet resonance cen-
tered at 3.9 ppm (Jp_p = 38.4 Hz) arising from a nickel-coordinated dppp ligand. A
second resonance was observed at the moderately downfield shift of 368.2 ppm as a bino-
mial pentet with a Jp_p constant matching the upfield resonance. Integration of the two
signals provided a ratio of 4:1 (d:q), consistent with the observed NMR coupling pattern.
Analysis by electrospray ionization mass spectrometry (ESI-MS, Fig A.7) showed a ma-
jor species (ca. 50% relative abundance) with a mass to charge (m/z) ratio centered at
1058.20 and an isotope pattern matching the empirical formula corresponding to that of
[(dppp)2NigPNSiMes| . Together, these data indicate the formation of a species with the
empirical formula [(dppp)2Niz(PNTMS)|CL

Evidence for the formation of [(dppp)2Nig(PNTMS)]CI is exciting because it can be
considered an intermediate en route to the target compound, following simple elimination
of trimethylsilyl chloride. Analysis by 'H NMR spectroscopy confirmed the presence of
the dppp ligand and a trimethylsilyl group in the molar ratio of 2:1, further supporting
the assigned product. The reducing P—Si bonds are expected to display higher reactivity
than the N—Si bonds, one of which presumably persists in [(dppp)2Niz(PNTMS)]Cl. The
31P nuclei of the dppp ligand are chemically equivalent on the NMR timescale at 25 °C,
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Previous work: synthesis of a [L,Ni],(P,) complexes via TMSCI elimination

R, R2 R2
"\ Y (TMS)PP(TMS), \ P /P
O e e
p Cl toluene, 20 °C / ~p \P
R, —4 TMSCI Rz R2
R = Ph, Et, Cy

This work: synthesis of [L,Ni],(PNTMS)(Cl) complex via incomplete TMSCI elimination

@
PPh, (| PPh, Ph,P
\ / (TMS),PN(TMS), \ /T\ /
2 ¢

/ AN THF, 25 °C

a ®) P
PPh, aTMSCl PPhQ |

T™S

Scheme A.1 Top: Synthesis of [LaNi]2(P2) complexes from LaNiCly and (TMS)2PP(TMS),.2 Bottom:
Synthesis of [(dppp)2Ni2(PNTMS)]CI from (dppp)NiCly and (TMS)aNP(TMS)s.

suggestive of fluxionality in solution that could be facilitated by a mobile chloride anion.
Speculating on the structure [(dppp)2Nia(PNTMS)]CI, three plausible options are provided
in Fig. A.2. If considered static on the NMR timescale, none of these would give rise to
the observed A4M coupling pattern in the experimental 3'P NMR spectrum of [(dppp)a-
Nip(PNTMS)|CL. However, fast interconversion of structures such as A, B, and C could
lead to chemically equivalent phosphorus centers on the dppp ligand. The chemical shift
of the bridging phosphorus hints at structure C being representative of the species in solu-
tion based on the chemical shift of a tangentially related amino(imino)phosphane ligand.*
The interconversion of A and B is reminiscent of the auto-ionization of a cis-macrocyclic
diphosphine dichloride, previously reported by our group.?®

¢ PPh

PPh, Ph,P Pth Ph,P /o
\ - \ / T\ / PhP—Ni_ Php
/ \N/ / \N/ | P 7
PPh, PPh, ®| Ph c ,\llx'\“\
TMS ™S /  PhP

™S
A B C

Chart A.2 Plausible molecular structures of [(dppp)2Niz(PNTMS)]CI.

To test the idea of a mobile chloride anion facilitating the fluxionality of [(dppp)a-
Nig(PNTMS)]CI in solution, the complex was treated with reagents capable of chloride
abstraction. The use of gallium(III) chloride (1 equiv) led to the formation of a new
species with a AsBoM coupling pattern in the 3'P NMR spectrum (Fig. A.8). In the dppp
region, two doublets were observed at 18.5 and 4.25 ppm, but with different values for
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Jp_p of 22.2 and 23.6 Hz, respectively. A broad signal was observed at 120.5 ppm that
displayed sufficient peak width at half height (Av,/,, = 149 Hz, ) to accommodate the
expected triplet of triplets that would arise from coupling to the two sets of chemically
inequivalent phosphorus nuclei in the dppp ligand. The chemical shift for the supposed
bridging phosphorus nuclei undergoes a dramatic change in chemical shift of 247.7 ppm in
the upfield direction as a result of chloride abstraction, suggestive of a large change in the
average chemical environment of this nucleus. Given the two chemically inequivalent phos-
phorus centers in [(dppp)2Nia(PNTMS)]GaCly, a structure with idealized C', symmetry
is anticipated, i.e. B in Fig. A.2.

4000

;

oo} o
= [(dppp)2Ni,(PNTMS)]CI o s3
7 . | Y% (3000
® [(dppp)oNiy(PNTMS)][B(CsFs)d] @
® (dppp).Ni 12000
‘ ® [(dppp):Ni](PN) F1000
WINN’J/MMWW\/\ N Li[B(C6F5)4]
ro
372 371 370 360 368 367 366 365 26 25 24 23 22 21 20 10 18 17 16 15 14 13 12 1110 9 & 7 6 5 4 3 2 1 0
N~ 0 o< o 1500
g gezs 5588
i R gEas 2288  nxgs
Q9 N /.\ /
o | I

500

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
125 120 115 110 105 100 95 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0

(o ")
©w
b i 1500
N7

—122.43
/1871
18,57
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° N\ 500
w/\wmmvwwwwwwwmmw LS 2 Vi \ o

ca. 1 Li[B(CgFs)4), toluene
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125 120 115 110 105 100 95 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
f1 (ppm) f1 (ppm)

Figure A.1 Stack of >'P{’H} NMR spectra of the reaction mixture described in Section A.4.4. Top:
solution of [(dppp)2Niz(PNTMS)]CI before addition of Li[B(C5Fs)4]. Middle: reaction mixture after
substoichiometric Li[B(C5Fg)4]. Bottom: Reaction mixture after a full equivalent of Li[B(C5Fg)4].

In addition to gallium(III) chloride, [(dppp)2Niz(PNTMS)]CI was treated with lithium
tetrakis(pentafluoro)borate (Li[B(C5Fg)4]) in an attempt to abstract the chloride anion.
Treatment of [(dppp)2Niz(PNTMS)]Cl with a full equivalent of Li[B(CsF¢)4] in toluene
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led to the formation of the same signals in the 3'P NMR spectrum as observed for GaCls,
indicating the formation of borate salt of [(dppp)2Nia(PNTMS)]*. Surprisingly, treatment
of [(dppp)2Nia(PNTMS)]Cl with substoichiometric Li[B(C5Fg)4] in benzene led to the for-
mation of a different species, also displaying a A2BoM splitting pattern in the 3'P NMR
spectrum. The notable differences between the spectra of [(dppp)2Niz(PNTMS)]* and this
second species, tentatively assigned as [(dppp)Ni|2(PN), are the different chemical shifts
for the bridging phosphorus nuclei of +122.4 and +97.4 ppm, respectively (A = 25 ppm).
Furthermore, the resonances attributed to [(dppp)Ni]2(PN) are observed as two chemically
inequivalent dppp environments, featuring a 2Jp_p value of 7.0 Hz and each showing an
additional and larger coupling to the central phosphorus nuclei of 17.1 and 24.7 Hz, re-
spectively (Fig. A.1). The seemingly small differences in reaction conditions that leads to
these two different products are surprising, and further experiments are required in order
to validate these preliminary experiments.

Despite these promising results, attention turned to the use of dibenzo-7-phospha-
norbornadiene reagents (RPA, A = Cy4H;p, anthracene) to prepare a transition metal
complex featuring a phosphorus mononitride ligand. While (TMS)sNP(TMS)s can be
regarded as a synthon for [PN]*~ by treatment with four equivalents of chloride, HMDSP A
can be considered a synthon for [PN]?~ by reaction with two equivalents of chloride and
elimination of anthracene. Thus, treatment of HMDSPA with one equivalent each of
L,M"Cly and [L,M°] (L = L-type ligand, M= Ni, Pd, Pt) was envisaged as a plausible
synthetic route to a PN bridging complex of the form [LoM](PN).

Et

B

Et, TMS
Pe Cl N /7
[ \ < 16HVMDMSPA . N /

Pt > —pt— PRt
o/ Nci THF, 25°C, 15h | Nt
Et, —TMSCI Cl

(depe)Pt(P(A)NTMS)CI
Scheme A.2 Synthesis of [depePt(HMDSPA)CI|[CI] from (depe)PtCl, and HMDSPA.

These considerations led to exploration of the reaction between HMDSPA and (depe)-
PtCly (depe = 1,2-bis(diethylphosphino)ethane). Treatment of the platinum(II) species
with HMDSPA (1 equiv) led to the formation of (depe)Pt(P(A)NTMS)CI (Scheme A.2)
over the course of 90 minutes with concomitant elimination of trimethylsilyl chloride. The
3Ip{IH} NMR spectrum of (depe)Pt(P(A)NTMS)CI displays an ABM splitting pattern,
corresponding to inequivalent phosphorus nuclei on the depe ligand and a third environment
arising from the [P(A)NTMS)|~ ligand, which can be considered the conjugate base of
an iminophosphorane, i.e. an iminophosphoranide. Despite the formal negative charge
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on a iminophosphoranide ligand (X-type) presumably residing on nitrogen, this ligand
is coordinated via the phosphorus center. The presence of the anthracene fragment is
unexpected, especially in light the tendency for cationic four-coordinate phosphonium salts
of RPA compounds to undergo anthracene extrusion in the presence of halides to give P-X
(X = Cl, F) bonds.57

Figure A.2 Molecular structure of (depe)Pt(P(A)NTMS)CI-THF with thermal ellipsoids shown at the
50% probability level. A solvent molecule of THF and hydrogen atoms omitted for clarity. Selected
bond lengths (A): P1-Pt1: 2.3317(6); P1-N1: 1.560(2); P2-Pt1: 2.182(6); P3-Ptl: 2.284(7).

Examination of the 3'P and 'H NMR spectra of a reaction mixture containing (depe)-
PtCly and HMDSPA at early time points (ca. 10 min) indicated the formation a species
with a similar 3'P NMR spectrum to (depe)Pt(P(A)NTMS)CL At this early time point,
the formation of trimethylsilyl chloride is negligible, and so this intermediate was assigned
as [depePt(HMDSP A)CI][C]], the salt obtained from HMDSPA displacing a chloride ligand
but prior to elimination of trimethylsilyl chloride. The rapid formation of this intermediate
in comparison to the slower formation of (depe)Pt(P(A)NTMS)CI suggests the second
step could be rate limiting at 25 °C. The preference for chloride to form trimethylsilyl
chloride as opposed to a P—Cl bond in this system presumably arises from the presence
of the hexamethyldisilazide substituent on phosphorus; where P—Cl bond-formation has
been observed the substituent on phosphorus of the RPA compound is an alkyl group such
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as t-Bu.%” The hexamethyldisilazide substituent provides not only a silicon center which
can compete for chloride by virtue of the strong Si—Cl bond, but also m-donation to the
phosphonium center, tempering its electrophilicity and thus propensity to undergo attack
by chloride.

Single crystals suitable for study by X-ray diffraction were grown by vapor diffusion
of diethyl ether into a THF solution of (depe)Pt(P(A)NTMS)Cl at —35 °C (Fig A.2).
The key structural parameter obtained from this study is the P-N bond length, which at
1.560(2)A is markedly shorter than the sum of double bond covalent radii of 1.62.% The
Pt-P(A)NTMS bond length (2.3317(6)) is slightly longer than the average Pt-Pgepe bond
length of 2.258(13).

Attention next turned to the reactivity of HMDSP A with sources of Ni® to test whether
the other “half” of the proposed synthesis of a [LaM]2(PN) species involving the redox-
neutral elimination of anthracene. Treatment of the known? Ni® complex [Ni(PCy3)2]2(Ns2)
with two equivalents of HMDSPA led to a major new species by 3'P NMR spectroscopy
that displayed signals at 1055.7 (t, 2Jp p = 90.4 Hz) and 49.1 ppm (d, 2Jp p = 90.4 Hz),
while the 'H NMR spectrum confirmed the formation of anthracene. Such a downfield
chemical shift in the 3'P NMR spectrum is diagnostic of the formation of the nickel phos-
phinidene species (CysP)2Ni=PN(TMS)2, based on comparison of the spectroscopic data
to (dtbpe)Ni=P(dmp) (dtbpe = bis(1,2-tert-butylphosphino)ethane), dmp = 2,6-dimes-
itylphenyl, 3P (§) 970 ppm) reported by Hillhouse and coworkers.!? Also observed in the
31p{1H} NMR spectrum was diphosphene (TMS)sNP=PN(TMS)s, ! which is not observed
spectroscopically when HMDSPA is heated in solution. !?

HMDMSPA Cys \
0.5 [(CysP),NiJo(Ny) > =
benzene, 25 °C, <5 min \
—A, —05 N, Cys N(TMS),

(CysP),Ni=PN(TMS),

Scheme A.3 Synthesis of (Cy3P)2Ni=PN(TMS); from [Ni(PCy3)2]2(N2) and HMDSPA.

Efforts to obtain structural characterization of (CysP)2Ni=PN(TMS), were unsuccess-
ful, and solutions of the compound were found to be metastable. Over time, significant
amounts of free tricyclohexylphosphine formed with gradual loss of the phosphinidene signal
in the 3'P NMR spectrum. Nonetheless, the reactivity of a fresh solution (CysP)sNi=PN-
(TMS)2 with ethylene was probed to test whether phosphinidene transfer to provide a
phosphirane was possible. '3 Treatment of a degassed benzene solution of (Cy3P)sNi=PN-
(TMS)2 with a slight excess of ethylene led to rapid consumption of the phosphinidene
resonance. In addition to free tricyclohexylphosphine, the formation of (Cy3P)Ni(CoHy)o
was observed by 3'P spectroscopy. ' Two new signals were observed in the 3'P spectrum
at —144.3 and —95.0 ppm and these are tentatively assigned to the formation of free
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and Ni-coordinated 1-hexamethyldisilaaza-phosphirane, respectively. Though not previ-
ously reported, the assignment is based on the observation of the 3'P chemical shifts in
the portion of the spectrum commonly occupied by phosphiranes and their corresponding
complexes with transition metals.'®> Further work and characterization data is required to
confirm the identity of the species observed by 3'P NMR spectroscopy of this preliminary
reaction.

These results prompted the start of a search for a suitable catalyst for the synthesis
of phosphiranes from RPA (R = ¢-Bu, i-Pr) compounds and styrene, culminating in the
organoiron- and fluoride-catalyzed system described in Chapter 5. Some of our earlier
attempts explored the use of catalysts known for their ability to perform catalytic cy-
clopropanation or aziridination. One well-known catalyst for these classes of reactions is
Rhy(OAc)4, capable of generating rhodium-stabilized carbene or nitrene intermediates that
lead to the respective three-membered rings in the presence of a suitable olefin. Given the
analogy of these processes to phosphinidene-group transfer, the coordination chemistry of
MesopipP A with Rha(OAc), was explored.

Figure A.3 Molecular structure of Rhy(OAc)4(MeapipPA)2-CH5Cly, with thermal ellipsoids at the 50%
probability level. The solvent molecule and hydrogen atoms are omitted for clarity

Treatment of Rhy(OAc)s with HMDSPA (2 equiv) in dichloromethane led to the for-
mation of a broad new resonance in the 3'P NMR spectrum centered at 169 ppm; the
chemical shift of free MeopipPA is 189 ppm (benzene).!'® The line width at half height
(Avy /) was found to be 1250 Hz at 25 °C, sharpening significantly to 125 Hz upon cooling
the reaction mixture to —30 °C in the probe of the NMR spectrometer. The broad signal
at room temperature points toward fluxionality at room temperature, possibly arising a
rate of ligand exchange that is comparable to the NMR, timescale. Single crystals of Rha-
(OAc)4(MegpipPA)s were grown by vapor diffusion of diethyl ether into a concentrated
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DCM solution of Rha(OAc)4(MeapipPA)s at —35 °C. The structure of Rha(OAc)4(Mezpip-
PA)s features approximate Cyj, symmetry. The methyl groups on the 2 and 6 positions
of the piperidine ring occupy the axial positions, as opposed to the expected equatorial
positions that would ordinarily minimize 1,3-diaxial strain. Presumably, this is due to a
competing steric interaction with the Rha(OAc)4 core.

The stability of a DCM solution of Rha(OAc), was monitored by NMR spectroscopy
to determine whether elimination of anthracene occurred. After three days, the concen-
tration of Rha(OAc)s(MeapipPA )2 had diminished by ca. 50%, with the concomitant for-
mation of anthracene. Crudely analyzed using the Eyring equation for a unimolecular
process, this single data point indicates an activation barrier for anthracene elimination
of ca. 25 kcal/mol which is similar to the experimentally measured free-energy barrier for
the unimolecular decomposition of MespipPA at 85 °C of ca. 27 kcal. Thus, the rhodium
center does not seem to have a significant effect on the rate of anthracene elimination from
MespipP A at room temperature. No new species were observed in the 3P NMR spectrum
and so the fate of the aminophosphinidene fragment is unaccounted for at present.

hexane [TMAJF, DCM
K[Fp] + tBuPCl, ———% [Fp]P(tBu)Cl ————%  [Fp]P(£-Bu)F
—95 °C to RT —[TBA]CI
—KCl

Scheme A.4 Synthetic route to 3 starting from K[Fp] and t-BuPCl,.

Following the publication of Chapter 5, some progress was made toward the isolation
of proposed iron-fluorophosphido intermediate FpP(¢-Bu)F (3). In order to obtain useful
quantities of this compound, a preparation that involves salt metathesis between readily
available K[Fp] and ¢-BuPCly was explored. The formation of FpP(¢-Bu)Cl from this first
step was expected to undergo chloride to fluoride exchange using tetramethylammonium
fluoride (TMAF). Initial experiments along these lines have provided spectroscopic iden-
tification for 3 but isolation of useful quantities of clean material has so far been elusive.
Additional references from Malisch and co-workers, not cited in our original report, describe
the reactivity of (Cp/Cp*)(OC)2FePPhy with carbon-based electrophiles are of relevance
to our proposed mechanism.!"18

Finally, progress has been made to exploring the coordination chemistry of the phos-
phirane obtained from the catalytic procedure described in Chapter 5. The large num-
ber of structurally characterized compounds of the type (dba)Pd(L)2 (dba = dibenzyli-
deneacetone, L = L-type phosphine ligand) prompted us to prepare the 1-tert-butyl-2-
phenylphosphirane analog to allow direct comparison with other phosphine ligands. Ac-
cordingly, (dba)Pd(phosphirane)s was prepared in 92% yield by treating a toluene solution
of Pd(dba), with 1 (3 equiv) followed by precipitation with pentane. Single crystals suit-
able for study by X-ray diffraction were grown from a toluene solution of 1 layered with
hexane at —35 °C (Fig. A.4).
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Figure A.4 Molecular structure of (dba)Pd(phosphirane); with thermal ellipsoids shown at the 50%
probability level and hydrogen atoms omitted for clarity.

The bond metrical data for (dba)Pd(phosphirane)s, and a number of analogous species
with different phosphine ligands, are provided in Table A.1. Bond lengths are provided
to three significant figures to facilitate comparison of the data. The most notable feature
of this analysis is the P-Pd bond length in (dba)Pd(phosphirane); of 2.25 A, slightly
shorter that other trialkyl/triaryl phosphines, and approaching the short P-Pd distance
observed for triphenylphosphite. The short P-Pd bond length in (dba)Pd(phosphirane)s
can be attributed to the nature of the phosphirane lone pair, which is high in s orbital
character.'® An s orbitals has a smaller radial extension than the corresponding p orbital,
resulting in the relatively short bond length. Another result of high s orbital character
in the phosphorus lone pair is the associated low o-donor ability when 1-¢-Bu acts as a
ligand. Experimentally, this manifests itself in a short C=C double bond (1.35 A) for the
dba ligand in (dba)Pd(phosphirane)s compared to the analogous C=C bond when strong
o donor ligands are present, such as PCys (C=C: 1.45 A.)

The relatively poor ability for o donation when 1 acts as a ligand is of potential appli-
cation in catalysis. For example, rates of Stille cross-coupling are accelerated by ligands
that dissociate readily from the palladium center, such as triphenylarsine.? It will be of
interest to benchmark 1 as a ligand in this reaction and compare it to the widely available
data for a number of other L-type ligands.?3
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L Pd-P Pd-C C1-C2 P-Pd-P
P(OPh)3 225 215  1.35 105.2
1 230 216 1.40 107.4
P(Bz);2® 234 218 140 107.2
PPhs 219234  2.16 1.39 114.9
PCys3?! 237 217 145 115.6
P(o-Tol)3?? 238 218  1.42 116.2

Table A.1 Bond metric data for a series of (dba)Pd(PRj3)2 compounds. C1-C2 refers to the two carbons
coordinated to the Pd center from the dba ligand.

A.3 Conclusions and Future Directions

The development of a method for forming TM-E (TM = group 10 transition metal ele-
ment, E = P, N) bonds from TM-Cl and E-SiMes bond-containing precursors has proven
fruitful for the synthesis of both [(dppp)2Niz(PNTMS)|Cl and (depe)Pt(P(A)NTMS)CI.
Both complexes are tantalizingly close to being developed as intermediates en route to the
first transition metal complex featuring phosphorus mononitride as a ligand. [(dppp)2Nis-
(PNTMS)]Cl is related to the target compound [(dppp)Ni]2(PN) by the simple elimination
of a trimethylsilyl group, and tentative 3'P NMR data has been obtained for the product of
this elimination upon treatment with Li[B(CsFg)4] (0.25 equiv) in benzene. Other routes
to explore for this interesting system include a more electron rich diphosphine ligand such
as depe, which features in the corresponding synthesis of [(depe)Ni]2(P2) from (depe)NiCly
and Po(TMS)4. The use of a more electron rich ligand may provide the necessary driv-
ing force for chloride to remove the trimethylsilyl group. Other strategies for completing
the synthesis of [(dppp)Ni]2(PN) from [(dppp)2Niz(PNTMS)]CI could involve the use of
TMAF; the strong Si-F bond and low solubility of [TMA]CI would be expected to facilitate
the formal elimination trimethylsilyl chloride.

Treatment of HMDSPA with [Ni(PCys)a]2(N2) leads to the formation of a rare nickel-
phosphinidene species. Although this compound has, to date, eluded isolation and full
characterization it provides an example of RPA compounds acting as useful precursors for
the preparation of transition-metal phosphinidene complexes. Initial reactivity studies of
(Cy3P)2Ni=PN(TMS), have hinted at the possibility of phosphinidene group transfer to
ethylene, though further work is required to fully characterize the products of this reaction.
Of interest will be to switch the two tricyclohexylphosphine ligands for one bidentate ligand
in order to minimize dissociation by virtue of the chelate effect. The development of such
a system, and its application to catalytic phosphinidene transfer may allow for increased
scope in the catalytic phosphiranation of olefins beyond styrene and its derivatives.
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A.4 Experimental methods

A.4.1 General methods

All manipulations were performed in a Vacuum Atmospheres model MO-40M glovebox
under an inert atmosphere of purified No or using standard Schlenk techniques. When
reagents were removed from a stock bottle containing a Sure/Seal, the equivalent volume
of dry nitrogen was injected into the bottle prior to removing the desired volume of solution
with a syringe. All solvents were obtained anhydrous and oxygen-free by bubble degassing
(argon) and purification by passing through columns of alumina and Q5.2* Once collected,
solvents were stored over activated 4 A molecular sieves (20 wt%) inside the glovebox.?®
All glassware was oven-dried for at least 6 h prior to use, at temperatures greater than
150 °C.

[Ni(PCy3)2]2(N2),? (depe)PtCly, 25 HMDSPA, 2 MespipP A 16 were prepared according
to literature methods. Rha(OAc)s (Alfa), GaCls (Strem), Pd(dba)s (Strem) and (dppp)-
NiCly (Strem) were used as received. Deuterated solvents were purchased from Cambridge
Isotope Labs and were degassed three times by the freeze-pump-thaw method and stored
over activated 4 A molecular sieves for 48 h in the glovebox prior to use. Diatomaceous
earth (Celite 435, EM Science), 4 A molecular sieves (Millipore-Sigma) and basic alumina
(Millipore-Sigma) were dried by heating to 200 °C under dynamic vacuum for at least 48 h
prior to use. The temperature of the aluminum shot used to heat reagents or reaction
mixtures was measured using a Hanna Instruments K-type Thermocouple Thermometer
(model HI935005).

NMR spectra were obtained on a Jeol ECZ-500 instrument equipped with an Oxford
Instruments superconducting magnet, on a Bruker Avance 400 instrument equipped with a
Magnex Scientific or with a SpectroSpin superconducting magnet, or on a Bruker Avance
500 instrument equipped with a Magnex Scientific or with a SpectroSpin superconducting
magnet. 'H and 3C NMR spectra were referenced to residual CDoCly(*H = 5.32 ppm,
13C = 54.0 ppm), C¢Dg (*H = 7.16 ppm, 3C = 128.06 ppm), CD3CN (*H = 1.94 ppm,
13C = 118.26 ppm) or CDCl3 (*H = 7.26 ppm, '3C = 77.16 ppm). 3'P NMR spectra were
referenced externally to 85% H3PO4 (0 ppm).

A.4.2 Synthesis of [(dppp):Nix(PNTMS)][CI]

Inside a glovebox, a Schlenk flask (100 mL) was charged with (dppp)NiCly (1.0 g, 1.85
mmol, 2 equiv) and a magnetic stir bar (2 cm). (TMS)eNP(TMS)2 (310 mg, 0.917 mmol,
1 equiv) was weighed into a vial and diluted in THF (20 mL). The resulting solution was
transferred to the Schlenk flask and the resulting mixture was allowed to stir for one week.
Volatile material was removed under reduced pressure to remove TMSCl. The solution
was redissolved in THF (20 mL) and filtered through a frit (15 mL, fine porosity) to leave
behind red crystals of (dppp)NiCly (500 mg, 0.917 mmol, 50%). Volatile material was
removed from the filtrate under reduced pressure and the sticky brown oil was triturated
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with toluene (2 x 20 mL). The resulting oil was triturated with pentane (60 mL) to
give dark brown solids which were collected on a frit (15 mL, fine porosity). The filtrate
was concentrated under reduced pressure to a brown oil which was triturated with pentane
(20 mL) to give brown solids which were collected on the same frit as the first batch of brown
solids. The combined product was washed with pentane until the filtrate ran off colorless
(ca. 20 mL). The product was transferred to a vial and brought to constant mass under
reduced pressure (340 mg). Analysis of the product by 3'P{'H} spectroscopy indicated
a molar ratio of [(dppp)2Niza(PNTMS)|CI to (dppp)NiCly of ca. 1:2.3. Adjusting for the
(dppp)NiCly content, the yield of desired product is estimated as 255 mg, 0.230 mmol,
25%. S'P{'H} (162 MHz, CgDg, &) 368.2 (p, 2Jp.p = 38.4 Hz, 1P), 3.9 (d, 2Jp.p =
38.4 Hz, 4P). 'H (400 MHz, C¢Dg, 6) 7.95-7.29 (m, 16H), 7.04-6.90 (m, 24H), 2.44-1.98
(m, 8H), 1.87-1.37 (m, 4H), 0.19 (s, 6H). Note: The trimethylsilyl resonance integrates to
6H instead of the expected 9H because of the presence of (dppp)2Ni contributing to the
integration values of the dppp resonances (see 3'P{'H} spectrum, Figure A.6).
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Figure A.5 'H NMR spectrum of [(dppp)2Niz(PNTMS)]Clin CgDg, recorded at 400 MHz and 25 °C.
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Figure A.6 3'P{!H} NMR spectrum of [(dppp)2Niz(PNTMS)]Cl in CgDg, recorded at 162 MHz and
25 °C.
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Figure A.7 ESI-MS(+) of [(dppp)2Niz(PNTMS)]CI.

A.4.3 Treatment of [(dppp):Nix(PNTMS)]Cl with GaCl; to give [(dppp)-
,Niy(PNTMS)]GaCl,

GaCls (12 mg, 0.068 mmol. 1 equiv) and [(dppp)2Niz(PNTMS)]CI1 (75 mg, 0.068 mmol,
1 equiv) were weighed out into separate vials. Both were dissolved in toluene (2 and
4 mL, respectively) and the solution of GaCls was transferred dropwise to the solution of
[(dppp)2Nig(PNTMS)]CL. The solution was left to stir for 15 minutes then concentrated
to 1 mL giving a brown oil and brown solution. The solution was passed through a piece
of filter paper in a glass pipette. Toluene (1 mL, —35 °C) was used to wash the residual
brown oil in the vial, and this toluene wash passed through the same filter as the first.
THF (2 mL) was used to combine the solid material on the filter paper and the brown oil.
Volatile material was removed under reduced pressure and the resulting oil was triturated
with toluene (2 x 1 mL) then placed under vacuum for an additional 30 minutes. The
brown oil was triturated with pentane (15 mL) until brown solids formed. The brown solids
were collected on a fine glass frit and volatile material was removed under reduced pressure
for 2 hours to give [(dppp)2Niz(PNTMS)]GaCly as a brown solid (87 mg, 0.068 mmol,
100%). Note: this yield is artificially high due to the presence of (dppp)2Ni in the starting
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material. *'P{'H} (162 MHz, THF-dg, 0) 120.5 (br, Avy,, = 149 Hz) 1850 (d, J =
22.2 Hz), 4.25 (d, J = 23.6 Hz). 'H (400 MHz, THF-ds, 6) 7.66-6.98 (m, 40H), 2.52 (m,
8H), 1.9-1.75 (m, 4H), -0.23 (s, 9H).
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Figure A.8 Stack of ' P{’H} NMR spectra of the reaction mixture described in Section A.4.3. Top:
solution of [(dppp)2Niz(PNTMS)]CI before addition of GaCls. Middle: crude reaction mixture after
addition of GaCls. Bottom: Obtained material dissolved in THF-d5.
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Figure A.9 'H NMR spectrum of [(dppp)2Ni2(PNTMS)]GaCly in THF-ds, recorded at 400 MHz and
25 °C.

A.4.4 Treatment of [(dppp).Nix(PNTMS)|Cl with Li[B(C5Fs)4] (0.25 or
1.0 equiv)

Reaction 1 (1 equiv Li[B(C5F¢)4], toluene): An NMR tube was charged with [(dppp)2-
Nip(PNTMS)]CI (11 mg, 0.01 mmol, 1 equiv) and Li[B(C5Fg)4] (8 mg, 0.01 mmol, 1 equiv)
and the solids were dissolved in toluene. The reaction was monitored by 3!P{'H} NMR
spectroscopy and showed the formation of the same signals observed as was the case when
[(dppp)2Niz(PNTMS)]Cl is treated with GaCls, suggesting chloride abstraction. 3'P{'H}
(162 MHz, CgDs, 0) 122.4 (br, Avy o = 141 Hz), 18.6 (d, 2Jp p = 21.9 Hz), 4.6 (d, *Jp p
= 23.4 Hz).
Reaction 2 (0.25 equiv Li[B(C5Fg)4], C¢Dg): An NMR tube was charged with [(dppp)e-
Nip(PNTMS)|CI (11 mg, 0.01 mmol, 1 equiv) and Li[B(CsF¢)4] (2 mg, 0.0025 mmol,
0.25 equiv) and the solids were dissolved in CgDg. The reaction was monitored by *'P{H}
NMR spectroscopy and showed the formation of a new set of signals with an AsBoM split-
ting pattern (the ‘M’ nucleus was observed as a broad signal). 3'P{'H} (162 MHz, C¢Dg,
8) 97.4 (br, Avyjs = 74 Hz), 22.6 (dd, >Jp p(trans) = 171, 2Jp p(eis) 7.0 Hz), 7.0 (dd,
2JP P(trans) = 24.7 Hz, >Jp p(s) = 7.0 Hz).

The differences in product distribution based on these seemingly small minor changes
in the reaction conditions is unknown at the present time. The presence of (dppp)2Ni as
an impurity could also be interacting with the lithium cation.
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A.4.5 Synthesis of (depe)Pt(P(A)NTMS)CI.

In the glovebox, a vial was charged with HMDSPA (135 mg, 0.36 mmol, 1.65 equiv) and
dissolved in THF (2 mL). Another vial was charged with (depe)PtCly (150 mg, 0.22 mmol,
1 equiv) to which the solution of HMDSPA was added. The vial that had contained
HMDSPA was washed with THF (6 mL) and the washings were added to the reaction
mixture. The solution was stirred for 1.5 h, after which time the volume was concentrated
to approximately 1 mL. Addition of diethyl ether (10 mL) led to the formation of a pre-
cipitate which was collected atop a frit (fine porosity, 15 mL) and washed with diethyl
ether (4 mL) to give spectroscopically pure (depe)Pt(P(A)NTMS)CI as a beige powder
(123 mg, 0.16 mmol, 72% yield). The product (70 mg) was recrystallized by dissolving
in THF (0.5 mL) and filtering the resulting solution into a shell vial, followed by vapor
diffusion of pre-cooled diethyl ether (4 mL, —35 °C) into the solution at —35 °C. In this
way, single crystals suitable for study by X-ray diffraction were obtained. 'H (400 MHz,
CD3Cly, 6) 7.32 (dd, J = 5.0, 3.4 Hz, 4H), 7.00 (tt, J = 5.6, 3.1 Hz, 4H), 4.70 (s, 1H),
2.35-0.65 (m, 24H), —0.34 (s, 9H). 3'P{'H} (162 MHz, C¢Dg, &) see Table A.2.

Table A.2 NMR data for species relevant to the experiment described in Section A.4.6.

§ Px (*Jpep) *Jp-p

Species Pn Peis Pirans N/cis N/trans cis/trans
(depe)PtCl - 57.5 (3547) - - - -
impurity in (depe)PtCla - 48.6 (2367) - - - -
HMDSPA 211.7 - - - - -
[depePt(HMDSPA)CI|[C]]  166.7 (2514)  47.5 (3374)  69.8 (2246) 19 304 -
depePt(P(A)NTMS)CI 148.5 (2543)  42.9 (3727) 60.9 (2268) 22 411 6

“in CDCl3
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Figure A.10 'H NMR spectrum of (depe)Pt(P(A)NTMS)CI in CDyCls, recorded at 400 MHz and
25 °C.
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A.4.6 Monitoring the reaction of HMDSPA with (depe)PtCl, by NMR
spectroscopy.

In the glovebox, HMDSPA (20 mg, 0.054 mmol, 1 equiv) and (depe)PtCly (26 mg, 0.054
mmol, 1 equiv) were weighed into a vial and dissolved in CDyCly (0.7 mL). The resulting
solution was transferred to an NMR, tube and analyzed by NMR spectroscopy after ten
minutes, 1 h, and 3 h, by which time the reaction had reached completion. An intermedi-
ate was assigned as [depePt(P(A))N(TMS)2]Cl, i.e. prior to elimination of TMSCl. NMR
data are tabulated in Table A.2.

Et, cl Sp{’H}  H 10 min
E P(A)N(TMS
\ RN S),
Pt
P/ \CI TMSCI
Et,
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Figure A.12 Stack of 3'P{*H} (left) and 'H (right) NMR spectra of the reaction mixture described
in Section A.4.6 after, 10 min, 1 h, and 3 h. Resonances have been shaded to indicate the nuclei they
correspond to. The integration values are included in the 'H spectrum shows the temporal evolution of
the TMS groups.
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A.4.7 In situ generation of (Cy;P);Ni=PN(TMS),

In the glovebox, [Ni(PCys)2]2(N2) (40 mg, 0.032 mmol, 1 equiv) was weighed into a vial
and dissolved in CgDg (0.4 mL). The resulting solution was transferred to an NMR tube
and the sample was analyzed 3'P{*H} NMR spectroscopy. HMDSPA (26 mg, 0.070 mmol,
2 equiv) was weighed into a vial and transferred to the NMR tube using CgDg (0.3 mL) and
the solution was analyzed by NMR, spectroscopy. 3!'P{'H} (162 MHz, C¢Dg, 6) +1055.7
(t, 2Jpp = 90.4 Hz), 4+9.1 ppm (d, 2Jp_p = 90.4 Hz). 'H (400 MHz, C¢Dg, &) 0.69 (s).
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Figure A.13 3'P{'H} NMR spectrum of a reaction mixture in CgDg prepared as described in Sec-
tion A.4.7, recorded at 162 MHz and at 25 °C.

o oo [TelTo o] ~ O o~ D < [=2]
H®® A a A - ©wu 9o
O NN ONNN [ loe) — o o o 30000
N N ~ I \ o/ I
Anthracene
125000
®PCy;
® (Cy;P),Ni=PN(TMS), 20000
benzene, Et,0 115000
10000
: ! 15000
L j
h ko

9.0 8.5 8.0 7.5 7.0 6.5 6.0 55

. . . . .
50 45 40 35 30
f1 (ppm)

2.5

Figure A.14 'H NMR spectrum of a reaction mixture in CgDg prepared as described in Section A.4.7,

recorded at 400 MHz and at 25 °C.
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A.4.8 Treatment of in situ generated (Cy;3;P),Ni=PN(TMS), with excess
ethylene

In the glovebox, [Ni(PCys)2]2(N2) (20 mg, 0.016 mmol, 1 equiv) and HMDSPA (12 mg,
0.032 mmol, 2 equiv) were weighed into an NMR tube equipped with a J-Young valve and
dissolved in CgDg (0.6 mL). Analysis by ' P{'H} showed the formation of (Cy3P)2Ni=PN-
(TMS)2. On the Schlenk line, the solution was degassed three times via the freeze-pump-
thaw method then backfilled with ethylene (> 2 mL, > 5 equiv). The tube was shaken and
analyzed by NMR spectroscopy showing the presence of new signals in the 3'P{'H} spec-
trum. One was assigned as (Cy3P)Ni(CoHy)s by comparison of the 3!P{'H} chemical shift
with prior literature reports. 4 Two upfield resonances were observed at —144.3 and —95.0
that were tentatively assigned as HMDSP(C3yHy4) and Ni-coordinated HMDSP(CyHy), re-
spectively, based on the chemical shifts of other free and metal-coordinated phosphiranes.
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Figure A.15 3'P{1H} NMR spectrum of a reaction mixture in CsDg prepared as described in Sec-
tion A.4.7 recorded at 162 MHz and at 25 °C. Top: solution of (Cy3P)2Ni=PN(TMS)2 before addition
of ethylene. Bottom: solution after addition of ethylene.
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A.4.9 Preparation of Rhy(OAc),(Me;pipPA),

In the glovebox, MeypipPA (15 mg, 0.045 mmol, 2 equiv) and Rha(OAc)4 (10 mg, 0.022
mmol, 1 equiv) were weighed into the same vial and dissolved in CD2Cly (0.7 mL) to give
a dark red solution (Rha(OAc), is a green solid). Crystalline material was obtained by
diffusion of diethyl ether into a concentrated DCM solution of Rha(OAc)4(MespipPA)s at
—35 °C. A yield was not obtained because the material was used in an X-ray diffraction
study (Section A.4.13.1). 'H (300 MHz, CDCly, §) 7.41 (dd, J = 5.3, 3.1 Hz, 4H), 7.32
(dd, J = 5.5, 3.2 Hz, 4H), 7.04 (dd, J = 5.3, 3.1 Hz, 4H), 6.90 (dd, J = 5.5, 3.2 Hz, 4H),
4.80 (s, 4H), 3.80-3.60 (m, 4H), 1.61 (s, 12H), 1.55-1.11 (m, 12H), 0.88 (d, J = 7.0 Hz,
12H). *'P{'H} (203 MHz, CDyCly, 6) 169.4 (s, 25 °C, Avy/y = 1250 Hz; —30 °C, Avy s
= 125 Hz).
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Figure A.16 'H NMR spectrum of Rha(OAc),(MeapipPA)s in CD2Cly at 25 °C, recorded at 300 MHz.
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Figure A.17 3'P{'H} NMR spectrum of Rhy(OAc)4(MezpipPA)s in CD5Cly recorded at 203 MHz and
at —30 °C (top) and 25 °C (bottom), respectively.
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A.4.10 Stability of Rhy(OAc),(MeypipPA)sin solution at 25 °C.

Rha(OAc)4(MegpipPA)s (14 mg, 0.012 mmol) was weighed into a vial, dissolved in CD2Cly
and transferred to an NMR tube. The sample was analyzed by 'H after 0, 24, and 36 h at
ca. 23 °C showing an approximate ratio of 56:44 of anthracene to the bridgehead protons of
Rha(OAc)s(MeypipPA)s at the final time point Analysis by 3'P{!H} NMR spectroscopy
after the first time point resulted in no observable signals, attributed to decreasing con-
centration of Rha(OAc)s(MeapipPA)s and its broad line width (Section A.4.9).
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Figure A.18 Stack of 3'P{'H} NMR spectra acquired of Rhy(OAc)s(MeapipPA), at 0, 24, and 36 h
at 23 °C in CD5Cls, recorded at 203 MHz and 25 °C.
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A.4.11 Preparation of (dba)Pd(phosphirane)

In the glovebox, Pd(dba)s (249 mg, 0.43 mmol, 1 equiv) was weighed into a vial then
toluene (3 mL) was added. Phosphirane 1 (250 mg, 1.3 mmol, 3 equiv) was added to the
solution. The mixture was stirred for 3 h then concentrated to ca. 1 mL. Pentane (10 mL)
was added, resulting in the formation of a yellow precipitate which was broken up with
a spatula then stirred vigorously for 30 minutes. The solids were collected on a frit (fine
porosity, 15 mL) and washed with pentane (4 x 5 mL). The material was collected in a pre-
weighed vial and brought to constant mass under reduced pressure to give (dba)Pd(phos-
phirane)s as a yellow solid (288 mg, 0.397 mmol, 92% based on Pd(dba)s). Anal. Calcd for
CyHyiOPoPd: C, 67.91; H, 6.67; N, 0.00. Found: C, 67.82; H, 6.96; N, <0.02. '"H NMR
(500 MHz, Cg¢Dg, 6) 8.0-7.73 (m, 1H), 7.55-6.46 (m, 17H), 5.73-4.62 (m, 4H), 2.35 (m,
2H), 1.68-1.07 (m, 4H), 1.03-0.01 (m, 15H). 13C NMR (126 MHz, CgDg, ) 125.82, 125.66,
28.01, 27.58, 26.97. 3'P{'H} NMR (203 MHz, CD5Cly, §) —101.63, —102.24, —103.62,
—104.14, —106.09, —107.05, —108.18, —112.38, —164.68. Note: The NMR spectra of
(dba)Pd(phosphirane), recorded in CgDg at 25 °C display a broad signals, presumably a
result of exchange between multiple species in solution. In general, the 'H NMR spectrum
contains resonances in the expected regions, totaling the anticipated integration values.
The 3'P{'H} NMR spectrum shows a number of species around the —100 ppm region,
assigned to Pd-coordinated phosphirane and some free phosphirane at —164.68. The 3C
NMR spectrum displays extremely poor signal to noise, with only a handful observed
resonances. Nonetheless, it has been included for completeness.
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Figure A.19 'H NMR spectrum of (dba)Pd(phosphirane)s in CgDg at 25 °C, recorded at 500 MHz.
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A.4.12 Preliminary synthesis of 3 from K[Fp| and ¢-BuPCl,.

In the glovebox, ¢-BuPCly (159 mg, 1.0 mmol, 1 equiv) and K[Fp] (216 mg, 1.0 mmol,
1 equiv) were weighed into separate vials, to which hexanes (6 mL) was each added. The
vials were placed in the glovebox freezer until the solvent had frozen. Upon thawing, the
solution of ¢-BuPCly was added to a thawing slurry of KFp over the course of one minute.
The solution was stirred for 3 h at room temperature then filtered through diatomaceous
earth to give a deep red solution. Volatile material was removed from the filtrate under
reduced pressure and the resulting oil was analyzed in DCM. The oil had a mass of 60 mg,
which if pure product would give a yield of 21% (0.2 mmol). 3'P{'H} (202 MHz, DCM, §)
269.3 (s).

The crude product was taken up in dichloromethane (ca. 5 mL) to give a deep red
solution which was filtered through glass microfiber paper in a Pasteur pipette. A solution
of TMAF (15 mg, 0.16 mmol, 0.8 equiv) in DCM (5 mL) was prepared. Both solutions
were frozen in the glovebox coldwell. Upon thawing, the solution of TMAF was added to
the solution of FpP(¢-Bu)Cl to give a deep red homogeneous solution. Over the course
of five minutes, a large amount of precipitate formed. The solution was filtered through
glass microfiber filter paper in a Pasteur pipette and analyzed by 3'P and 'F NMR spec-
troscopy. Attempts to crystallize the product from a concentrated pentane solution at
—35 °C provided a brown oil. 3'P{'H} (202 MHz, DCM, §) 370.1 (d, Jpr = 823.9 Hz).
YF{'H} (471 MHz, DCM, §) —202.6 (d, Jp p = 824.1 Hz).
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Figure A.22 3'P{'H} NMR spectrum of FpP(t-Bu)Cl in DCM at 25 °C, recorded at 203 MHz.
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A.4.13 X-ray crystallography

Single crystals suitable for X-ray diffraction were transferred from the glovebox under
Paratone oil onto a microscope slide. A crystal was selected under a microscope and
mounted in hydrocarbon oil on a nylon loop. Low-temperature (100 K) data were collected
on a Bruker-AXS X8 Kappa Duo diffractometer coupled to a Smart Apex2 CCD detector
with Mo Ka radiation (A = 0.71073 A) with ¢- and w-scans. A semi-empirical absorption
correction was applied to the diffraction data using SADABS?":2® unless otherwise stated.
The structure was solved by direct methods using SHELXT 2?30 and refined against F'? on
all data by full-matrix least squares with ShelXle.3! All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were included in the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U, value of the atoms they are linked to (1.5
times for methyl groups).

A.4.13.1 X-ray structure of Rhy(OAc),(MeypipPA)s

The refinement proceeded by first refining isotropically, then anisotropically. Hydrogen
atoms were included using the relevant HFIX commands and the weighting scheme adjusted
to give the final model.

A.4.13.2 X-ray structure of (depe)Pt(P(A)NTMS)CI

The model was first refined isotropically and the atoms comprising the HMDSP A fragment
were refined anisotropically. Disorder in the [Pt(depe)] fragment (50:50) was modeled as
a two part disorder. Chemically equivalent Pt—P, P-C, and C—C bond lengths were con-
strained to be the same as each other using the SADI command. Ellipsoid shapes were
restrained on the entire structure using the SIMU and RIGU commands. The solvent THF
molecule lies on a crystallographic inversion center and the disorder was thus treated in
PART —1 and PART —2 with 50% occupancy each. Chemically equivalent C-O and C-C
bonds were constrained (using DFIX) to 1.43 and 1.54 A, respectively. Chemically equiva-
lent bond angles were restrained to be the same using the SADI command on distances of
atoms two bonds apart. The model was refined anisotropically and the weighting scheme
adjusted.

A.4.13.3 X-ray structure of (dba)Pd(phosphirane),

(dba)Pd(phosphirane), was dissolved in toluene to give a yellow solution which was filtered
through microfiber filter paper in a Pasteur pipette. The solution was carefully layered with
hexanes and the mixture placed in the glovebox freezer at —35 °C to yield yellow plates.
The structure was first refined isotropically, then anisotropically. Positions of hydrogen
atoms were generated using the HFIX command. The crystal suffered from merohedral
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CSD identification code
Reciprocal net code
Empirical formula
Formula weight
Color / morphology
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta ranges for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 8 = 25.242°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I>20 ()]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

N/A
P8_19105
Cs2HgsC14N2OgPyRhy
1254.61 g/mol
orange / block
273(2) K
0.71073 A
Triclinic
P-1
a = 11.7985(10) A a = 113.529(2)°
b = 11.8924(11) A B = 99.441(2)°
¢ =12.3443(12) A v = 111.717(2)°
1373.0(2) A3
1
1.517 g/cm?
0.907 mm~!
642
0.200 x 0.200 x 0.170 mm3
1.933 to 30.616°
—16<h<16, —17<k<17, —17<1<17
81665
8428 [Rin = 0.0193]
100.0%
None
0.5191 and 0.5615
Full-matrix least-squares on F2
8428 / 0 / 320
1.039
Ry = 0.0193, wRy = 0.0486
Ry = 0.0208, wRy = 0.0496
n/a
0.623 and —0.559 e-A~3

Table A.3 X-ray crystallographic information for Rha(OAc)4(MegpipPA)s,.
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CSD identification code
Reciprocal net code
Empirical formula
Formula weight
Color / morphology
Temperature
Wayvelength
Crystal system
Space group

Unit cell dimensions

Volume
7
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta ranges for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 8 = 25.242°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I>20(1)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

N/A
X8.16173
C29H47011N100.5P3Pt1811
769.21 g/mol
colorless / block
100(2) K
0.71073 A
Monoclinic
P21/C
a = 10.4307(9) A o = 90°
b =21.129(2) A 3 = 90.716(3)°
¢ = 14.5912(13) A v = 90°
3215.6(5) A3
4
1.589 g/cm?
4.654 mm~!
1544
0.140 x 0.083 x 0.053 mm?
1.696 to 33.145°
—16<h<16, —32<k<32, —11<I<11
94958
12212 [Riny = 0.0494]
100.0%
Semi-empirical from equivalents
0.6524 and 0.7465
Full-matrix least-squares on F2
12214 / 1162 / 510
1.038
Ry = 0.0286, wR2 = 0.0600
R; = 0.0426, wRy = 0.0648
n/a
2.640 and —1.074 e-A™3

Table A.4 X-ray crystallographic information for (depe)Pt(P(A)NTMS)CI.
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twinning, which was determined using TwinRotMat in PLATON.3? The weighting scheme
was adjusted and the model considered complete.

CSD identification code
Reciprocal net code
Empirical formula
Formula weight
Color / morphology
Temperature
Wayvelength
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta ranges for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I>20(1)]
R indices (all data)
Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

1936451
X8.19033
C41H4sOP,Pd
725.13 g/mol
yellow / plate
100(2) K
0.71073 A
Tetragonal
P43
a=9.3321(7) A a=90°
b=19332 Apg=90°
¢ = 41.546(3) A v = 90°
3618.1(6) A®
4
1.331 g/cm?

0.632 mm~!

1512
0.88 x 0.087 x 0.054 mm?
0.980 to 28.056°
—12<h<12, —12<k<12, —54<1<54
200445
8759 [Rine = 0.1060]
100.0%

None
0.7456 and 0.6586
Full-matrix least-squares on F2
8759 / 1/ 413
1.075
Ry = 0.0.0359, wRy = 0.0790
Ry = 0.0388, wRy = 0.0800
0.009(9)

n/a
0.434 and —0.765 e-A™3

Table A.5 X-ray crystallographic information for (dba)Pd(phosphirane)s.
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Silicon-Chlorine
Bond-Functionalization of the
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Abstract

Functionalization reactions of the silicon-chlorine bonds in the anions [P(SiCls)s]” and
[SSiCl3]~ that leave the E-Si (E = P, S) bond intact are described. Treatment of these
anions as their respective tetra-n-butylammonium (TBA) salts with the appropriate sto-
ichiometry of tetramethylammonium fluoride (TMAF) results in the formation of [P-
(SiF3)2]~ and [SSiF3]~. These species were characterized by multinuclear NMR spec-
troscopy and in the case of [P(SiF3)2]™, structural analysis by X-ray diffraction reveals
extremely short P-Si bonds (2.1123(11) A) and appears to be the first structurally charac-

terized phosphorus center featuring a trifluorosilyl group. Treatment of [TBA][P(SiCls)s]
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with methyllithium results in the known compound P(TMS)3, while treatment of [TBA]-
[SSiCl3] with lithium dimethylamide (2 equiv) leads to the formation of [(MeaN)2SiS]a
which was characterized by multinuclear NMR and mass spectrometry. Finally, the ability
of sulfur-containing [TBA]|[SSiCls], [TBA][P(SiF3)2], and [(MeaN)2SiS]s for converting an
amide to a thioamide are compared; in the case of [TBA][SSiCls], 1-thioacetylpyrrolidine
is obtained in 98% yield (as determined by 'H spectroscopy).

B.1 Introduction

Compounds that feature bonds between the trichlorosilyl group (-SiCls) and main-group
elements have experienced a recent surge in interest, principally resulting from the develop-
ment of robust procedures for their preparation. Relatively simple compounds such as the
homoleptic trichlorosilyl-substituted anions of P,? Ge,? C,* 7 and Si®®* (Chart B.1) have
been described in the past five years alone. Though previously known, compounds such
as the trichlorosilylsulfide anion!® or bis(trichlorosilyl)ethylene!' ™13 have been the subject
of improved preparative procedures®” allowing access to synthetically useful quantities of
these substances.

CliSi_ © _ SiCl; ClSi sicl,
~c~ \ / \©
| VARRY asi” sicl
Sicl, CI3Si/ \SiCI3 ! e
2015 2018 1972
ClSi _©_SiCl; o o Cl:Si \g)/ Sicl,
P e
| asi”” sl | |
Sicl, 3! s SiCl; Sicl,
2017 2018 1985 2019

Chart B.1 Homoleptic trichlorosilyl-substituted main-group anions and the years of their discovery.
Counter cations have been omitted for clarity.

The applications of trichlorosilyl-substituted main-group compounds in chemical syn-
thesis are also growing in number. In the case of phosphorus, [TBA][P(SiCl3)s] can be
used to prepare organophosphorus compounds by reaction with an unactivated alkyl chlo-
ride. In the case of sulfur, [TBA][SSiCls] can be used as a thionation reagent, for example
in the preparation of benzyl mercaptan. Wagner and co-workers have prepared a set of
exhaustively trichlorosilylated C; and Ce compounds that can be used as building blocks
for silicones and silsesquioxanes.” The germanium and silicon analogues have been touted

as potential chemical vapor deposition precursors® or as weakly-coordinating anions,? re-
spectively.
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In the majority of cases, the main-group element that bears trichlorosilyl substituents
has been the focus of study, and typically represents the most Lewis-basic site and thus
engages with Lewis-bases or electrophiles. 1'? Here, we turn our attention to the reactivity of
the trichlorosilyl groups and explore functionalization of the heavily featured Si—Cl bonds
in these compounds. Of relevance is the reported conversion of Ge(SiClz)s to Ge(SiHgz)s
using Li[AlH4] by Wagner and co-workers® and a related procedure for the preparation of
SigH12.'* Central to the present work are the trichlorosilyl-supported anions of phosphorus
([TBA][P(SiCl3)2]) and sulfur ([TBA][SSiCl3]), prepared by trichlorosilane reduction of
phosphate and sulfate, respectively.

B.2 Results and discussion

Me3Si\ /SiMe3

S) ©
éiMe3 @ asi” sia, @y RS OSiE
P(TMS), [TBAJ[P(SiCl,),] [TBAJ[P(SiCly),]
[TBAJ1 [TBAJ1F
PN (iii) s© (iv) s
(MezN)QSi\S/Si(NMeZ)z — | — |
SiCls SiF;
[(Me,N)SiS], [TBAJ[SSiCL] [TBAJ[SSIF,]
3 [TBA]2¢ [TBA]2F

Figure B.1 Functionalization of [TBA][P(SiCl3)2] and [TBA][SSiCl;] leading to the other compounds
described in this work. Conditions: (i) MeLi (3.0 M in Et;0, 7 equiv), THF; (ii) TMAF (6.5 equiv),
DCM; (iii) LiNMey (2 equiv), THF; (iv) TMAF (3 equiv), DCM.

Our studies began with exploring the substitution of chloride for fluoride at silicon.
Treatment of [TBA][P(SiCl3)2] with a single equivalent of tetramethylammonium fluo-
ride (TMAF) led to the formation of a statistical mixture of bis(silyl)phosphide anions
[P(SiF,Cly 3)2] (n = 0-3), with almost all of the possible permutations observable in the
same YF NMR spectrum (Figure B.6). All of the fluoride resonances were observed as
doublets, arising from coupling to the 3'P nuclei. Treatment of [TBA][P(SiCls)s] with a
slight excess (6.5 equiv) of the required stoichiometry for complete exchange of chloride to
fluoride groups resulted in the clean formation [TBA][P(SiF3)s]. The 3'P NMR spectrum
features a binomial septet (Jp_gi = 40.7 Hz) centered with at the highly upfield chemical
shift of —408.3 ppm. In the F NMR spectrum, the corresponding doublet is observed
along with 29Si satellites (Jgi r = 325.3 Hz). Turning to the sulfur analog, treatment
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Table B.1 Selected calculated properties for the E-Si (E = P, S) bonds in [P(SiCl3)2] ™,
[P(SiFg)Q]i, [SSIC'g]i, and [SSIFg]i

orbital character (%) total (%)
species Ae  NBO? sg PE Ssi Psi E Si  NRT® (%)
[P(SiCly)s]~ 215 133 9 45 18 27 55 45 21
[P(SiF3)s]~ 214 141 9 50 17 22 60 40 10
[SSiCl3)~ 1.99 1.46 16 47 14 22 64 36 45
[SSiFs5]~ 1.99 1.65 14 52 13 19 67 33 29

“E-Si bond length, calculated at the wB97x-D3/def2-TZVPP /CPCM(DCM) level of theory

b Natural bond order of E-Si bond

¢ Determined by Natural Resonance Theory analysis; “classic” Lewis structure with formal
negative charge located on “E”

of [TBA][SSiCl3] with TMAF (3 equiv) in DCM led to the formation of one new species
by ¥F NMR spectroscopy with a resonance at —121.9 ppm and displaying 2°Si satellites

(Jsirp = 275.9 Hz).
P1
Si2 / N

> Sil
\

Figure B.2 Molecular structure of [TBA][P(SiF3)2] with ellipsoids set at the 50% probability level. The
TBA cation and rotational disorder around the P-Sil bond are omitted for clarity. Selected bond metrics
(A, °): P1-Sil: 2.1149(8), P1-Si2: 2.1297(8), Si1-P1-Si2: 93.62(3).

Diffusion of diethyl ether into a concentrated DCM solution of [TBA][P(SiF3)s2] pro-
duced single crystals suitable for structural analysis by an X-ray diffraction study (Fig-
ure B.2). Compounds bearing P-SiF3 groups are not common, with P(SiF3)3'® and
HyP(SiF3) !0 representing two well characterized examples, and as such, [TBA][P(SiF3)s]
appears to be the first structurally characterized compound bearing a P-SiF3 group. The
P-Si bonds are remarkably short with an average length of 2.1123(11) A: for reference the
sum of the covalent radii is 2.27 A. The bond angle at phosphorus is 93.62(3)°, indicating
that phosphorus forms its bonds to silicon with a high degree of p orbital character.

This bonding picture is supported by analysis within the framework of Natural Bond
orbital (NBO) theory!”'® which shows that the P-Si bonds in [P(SiF3)2]~ are composed
of 50% p orbital character, the highest for any of the anions studied using this procedure
(Table B.1). Further analysis of [P(SiF3)2]~ by Natural Resonance Theory within the NBO
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F, P< _F 73 P F
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F>s|i/ Si Fmsi” i
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10% 14% (quadruply degenerate)

Figure B.3 Leading natural resonance structures for [P(SiF3)2]~ as determined by the Natural Bond
Orbital (NBO) method.

module shows the classical Lewis structure in which phosphorus carries the formal negative
charge represents only a 10% contribution to the total. The lead structures (quadruply
degenerate at 14% each) feature a P=Si double bond and the formal negative charge
localized on a fluoride that lies out of the plane defined by the Si—-P-Si angle. Overall,
the P—Si bond order is calculated to be 1.41, which is slightly higher than the case for
[P(SiCl3)2]™ at 1.33. Analyzed similarly, the natural bond order for [SSiF3]™ is 1.65, the
highest for the anions studied, and features a reasonably ionic bond with S contributing
two thirds of the shared electron density in the Si—S bond. In general, the short E-Si bond
lengths can be attributed to the large amount of s character that Si uses to form these
bonds, reserving much of its p character for Si-X bonds (X = Cl, F), in accordance with
Bent’s rule.?

Methods for incorporating —SiCls groups to form the anions presented in Chart B.1 gen-
erally require conditions that can, at least formally, generate the trichlorosilyl anion. 8920
This can be accomplished by either?! (i) the use of trichlorosilane with an appropriate
base!422724 or (ii) treatment of SizClg with chloride to generate SiCly and [SiCl3]~.25 For
the introduction of SiF4 groups, exchange of SiCls for SiCls using a fluoride source such as
TMAF appears to be a good strategy because other methods require the use of SiFy4 which
is a toxic gas. In addition to TMAF, AgBF, was shown to be capable at converting —SiCls
to —SiF3 groups in a trichlolorosilyl(nickel) species, 26 however, in our hands, this method
was unsuitable for the preparation of [TBA][P(SiF3)2] from [TBA][P(SiCl3)s].

Following the replacement of chloride groups with fluoride groups, we sought to in-
vestigate the addition of electron rich substituents to the silicon center. Treatment of
[TBA][P(SiCl3)2] with a diethyl ether solution of methyllithium led to the formation of
P(TMS)s, assayed by its characteristic resonance at —251.9 ppm (DCM) that also displays
298 satellites with Jp_g; = 26.5 Hz. The addition of a third silicon center to phosphorus
is presumably a result of the increasing nucleophilicity of the phosphide anions generated
as the silicon substituents acquire more electron-donating substituents. The mass balance
of the phosphorus that does not end up as P(TMS)3 is unaccounted for at present.

Transitioning to sulfur, treatment of [TBA][SSiCls] with lithium dimethylamide (2
equiv) led to the formation of [(MeaN)2SiS]2 and [TBA][C]]. Neutral [(Me2N)2SiS], was ex-
tracted from the ionic byproducts using hexane and after filtration and removal of volatile
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Figure B.4 DFT calculated structure of [(MezN)2SiS]2 rendered using PLATON with hydrogen atoms
omitted for clarity. Selected bond metrics (A, °): S-Si: 2.15; N=Si: 1.71; Si-S-Si: 82.9; S-Si-S: 97.1.
Grey: carbon; blue: nitrogen; beige: silicon; yellow: sulfur.

material it was isolated as a colorless oil, contaminated with ca. 25% tri-n-butylamine
which presumably forms via Eg elimination by deprotonation of the TBA cation by lithium
dimethylamide. [(MeaN)2SiS]s was characterized by 'H and 2°Si NMR spectroscopy: both
spectra display singlets at 2.62 and —26.7 ppm, respectively. The chemical shift of the
29Gi nuclei is in line with other species that can be considered the formal dimers of
bis(amino)silanethiones?” Further evidence for the formation of [(Me2N)3SiS] was pro-
vided by GC-MS analysis in which a peak for the molecular ion was observed at m/z =
296.2 (caled: 296.1), and a series of peaks arising from fragmentation that correspond to
loss of units corresponding to NMey units. The geometry of [(Me2N)2SiS]y was optimized
using density functional theory (wB97X-D3/def2-TZVP/CPCM(Toluene)) and features a
diamond-like S9Siy (Figure B.4).

Next, we sought to understand how the substituent at silicon modulates reactivity of
the Si—S bond by testing the ability of [TBA][SSiCls], [TBA][SSiF3], and [(MeaN)2SiS]s to
convert an amide to a thioamide. Our interest in preparing thioamides using these reagents
was piqued by a report in which a combination of elemental sulfur, trichlorosilane, and an
organic base such as dimethylamino pyridine (DMAP) were able to effect this reaction
at 110 °C.2® In this report, a form of reduced elemental sulfur ([S]?~) was the proposed
thionation agent, though the combination of these reagents hinted to us the formation of
[P(SiCl3)2]~. To test this hypothesis we set out to test [TBA][SSiCl3] as a substitute for
the conditions in that report. Heating 1-acetylpyrrolidine with 3 equiv of [TBA][SSiCl3] in
chlorobenzene at 110 °C for 18 h gave rise to the formation of 1-acetylpyrrolidine, in 98%
yield as assayed by 'H NMR spectroscopy (Figure B.5). Comparison with [TBA][SSiF3]
and [(MeaN)2SiS]2 as the thionation reagent suggests [TBA][SSiCl3] is the most active of
the series, although further studies are required using spectroscopically pure [(MeaN)2SiS]a
and side-by-side analysis of the three potential reagents under the same reaction conditions
(chlorobenzene, 110 °C, 3 h).
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Figure B.5 Comparison of thionation ability of [TBA][P(SiCls)2], [TBA][P(SiF3)2], and [(MezN)2SiS]2
for converting 1-acetylpyrrolidine to 1-thioacetylpyrrolidine.

B.3 Conclusion

In conclusion, we demonstrate Si—Cl bonds are readily functionalized in at least two of
the homoleptic trichlorosilyl-supported main-group anions. The E-Si bond remains intact,
despite the use of reagents such as methyllithium, lithium dimethylamide, and the fluoride
ion. These results expand the space of silyl-substituted main-group compounds, which
are of interest to the fields of chemical vapor deposition and in the synthesis of silicones, ”
organophosphorus, ! and organosulfur? compounds.

B.4 Future Work

A number of experiments are still required in order for the work in the appendix to be
published. Four of the key compounds in this regard are [TBA|[P(SiF3)s], [TBA][SSiF3],
[(MegN)2SiS]e, and P(TMS)s. The first three have not been described previously, and
require preparative procedures to be developed, in addition to full characterization (NMR,
elemental analysis). In the case of [TBA][SSiF3], structural determination by X-ray crys-
tallography would provide bond metric data; the Si—S bond length would be of particular
interest.

Although P(TMS)3 is a known compound, isolation and characterization are still re-
quired in order to obtain a yield for this procedure. A question arising from this reaction is
related to stoichiometry; there are three silicon atoms per phosphorus in the product but
only two in the starting material. A plausible explanation for this is that the phosphide
center accumulates nucleophilic character as Si—Cl bonds are substituted for Si-Me bonds
and that the formed phosphide is able to attack the Si—Cl bond to form the three P-Si
bonds present in P(TMS)s. This hypothesis is related to the formation of an additional
Si—S bond in [(MegN)2SiS]o. In order to improve the synthesis of P(TMS)s, the addition
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of trimethylsilyl chloride could be beneficial and provide the third equivalent of silicon.
Control reactions to determine the rate of reaction of methyllithium with trimethylsilyl
chloride would be necessary for developing such a procedure.

In terms of thionation, the three reagents [TBA][P(SiCls)q], [TBA][P(SiF3)2], and
[(MeaN)2SiS]e should be tested side-by-side for conversion of 1-acetylpyrrolidine to 1-
thioacetylpyrrolidine. So far, the optimal conditions appear to be using chlorobenzene
as the solvent with a reaction temperature of 110 °C and so these conditions should be
used to make direct comparisons between between the three species. Functionalization of
[TBA][SSiCl3] with groups other dialkylamido groups could provide an improved reagent
for thionation. The addition of nucleophiles such as DMAP could plausibly break up
[(MeaN)2SiS]2 into two equivalents of the DMAP-coordinated thiasilanone, on the basis
of DFT calculations. The addition of TMAF, a source of fluoride, could conceivably lead
to the formation of [TMA][FSi(S)(NMez)sa], which could also be tested as a thionation
reagent.
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B.5 Experimental methods

B.5.1 General methods

All manipulations were performed in a Vacuum Atmospheres model MO-40M glovebox
under an inert atmosphere of purified No or using standard Schlenk techniques. When
reagents were removed from a stock bottle containing a Sure/Seal, the equivalent volume
of dry nitrogen was injected into the bottle prior to removing the desired volume of solution
with a syringe. All solvents were obtained anhydrous and oxygen-free by bubble degassing
(argon) and purification by passing through columns of alumina and Q5.2° Once collected,
solvents were stored over activated 4 A molecular sieves (20 wt%) inside the glovebox.3°
All glassware was oven-dried for at least 6 h prior to use, at temperatures greater than
150 °C.

[TBA]1 and [TBA]2 were prepared according to literature methods.? Tetramethylam-
monium fluoride (TMAF) (MilliporeSigma) was dried at 23 °C in vacuo for 12 hours prior
to use. Lithium dimethylamide (MilliporeSigma) and methyllithium solution (3.0 M in
Et20) were used as received (Millipore-Sigma). Deuterated solvents were purchased from
Cambridge Isotope Labs and were degassed three times by the freeze-pump-thaw method
and stored over activated 4 A molecular sieves for 48 h in the glovebox prior to use. Di-
atomaceous earth (Celite 435, EM Science), 4 A molecular sieves (Millipore-Sigma) and
basic alumina (Millipore-Sigma) were dried by heating to 200 °C under dynamic vacuum
for at least 48 h prior to use. The temperature of the aluminum shot used to heat reagents
or reaction mixtures was measured using a Hanna Instruments K-type Thermocouple Ther-
mometer (model HI935005).

NMR spectra were obtained on a Jeol ECZ-500 instrument equipped with an Oxford
Instruments superconducting magnet, on a Bruker Avance 400 instrument equipped with a
Magnex Scientific or with a SpectroSpin superconducting magnet, or on a Bruker Avance
500 instrument equipped with a Magnex Scientific or with a SpectroSpin superconducting
magnet. 'H and *C NMR spectra were referenced to residual CDoCly(*H = 5.32 ppm,
13C = 54.0 ppm), C¢Dg (*H = 7.16 ppm, 3C = 128.06 ppm), CD3CN ('H = 1.94 ppm,
13C = 118.26 ppm) or CDCl3 (*H = 7.26 ppm, 13C = 77.16 ppm). 3'P NMR spectra were
referenced externally to 85% H3zPOy4 (0 ppm).

GC-MS data were collected using a nominal mass Agilent 5977B mass spectrometer
detector (EI) attached to a 7890B gas chromatograph with autosampler.

B.5.2 Preparation of [TBA][P(SiF3),] from 1.

In the glovebox, [TBA]1 (81 mg, 0.149 mmol, 1 equiv) and TMAF (90 mg, 93 mmol,
6.5 equiv) were weighed into separate vials and each dissolved in DCM (3 mL). The resulting
solutions were frozen in the glovebox cold well. Upon thawing, the solution of TMAF was
added to the solution of [TBA]1 with stirring. The resulting solution was stirred for one
hour then an aliquot (0.5 mL) was analyzed by *'P{'H} showing formation of the desired
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product. The solution was filtered to remove precipitated TMACI and volatile material
was removed from the resulting filtrate to give a yellow oil. The oil was dissolved in DCM
(1 mL) and passed through a piece of glass microfiber paper in a Pasteur pipette. The
resulting solution was layered with diethyl ether (10 mL) and the mixture placed in the
freezer overnight resulting in the formation of yellow solids and some oil. The mother liquor
was removed by pipette and the solid residue was placed under dynamic vacuum for ten
minutes. The material was dissolved in DCM (0.5 mL) and filtered into a shell vial (4 mL).
The shell vial was placed in a scintillation vial that contained diethyl ether (10 mL). The
setup was placed in the glovebox freezer resulting in the formation of crystals (colorless
plates). A yield was not recorded because the obtained material was used for structural
analysis by X-ray diffraction. 'H NMR (500 MHz, DCM, §) 3.28-3.17 (m, 8H), 1.61 (p, J
= 8.1 Hz, 8H), 1.39 (h, J = 7.3 Hz, 8H), 0.98 (t, J = 7.3 Hz, 12H). 'F NMR (471 MHz,
DCM, §) —109.3 (d, J = 40.7 Hz; Jgi r = 325.3 Hz). 3'P{!H} NMR (203 MHz, DCM, §)
—408.3 (sept, Jp-r = 40.7 Hz).

e
/
CL,FSi \SiF,‘CI(H)
50
PN
n:0 CIFzSI SiFnC|(3_n)
©
P
n=0 ~
F.Si SiF,Clis_ny
n=1
*
e M =1, =0
=3 ¥ X n=2 L xliLx "—.}l |
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
76 77 718 -79 80 81 91 -92 93 -94 -05 2109 -110 -111 -112 -113

f1 (ppm)

Figure B.6 '°F NMR spectrum of a solution obtained when [TBA][P(SiCl3)2] is treated with TMAF (1
equiv) in dichloromethane. Grey asterisk represents impurities, colored asterisks correspond to satellites
arising from 29Si nuclei (4.5% abundance, | = 1/2).
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Figure B.7 'H NMR spectrum of [TBA][P(SiF3)2] in DCM at 25 °C, recorded at 500 MHz.
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Figure B.9 3'P{'H} NMR spectrum of [TBA][P(SiF3)2] in DCM at 25 °C, recorded at 203 MHz.
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B.5.3 Observation of P(TMS); upon treatment of 1 with methyllithium.

In the glovebox, a solution of methyllithium in diethyl ether (3.0 M, 0.43 mL, 1.29 mmol,
7 equiv) was measured by syringe and and transferred to a vial. [TBA]1 was weighed into
a vial and dissolved in THF (6 mL). The THF solution of [TBA|1 was added dropwise to
the solution of methyllithium. The solution took on a slight yellow color, which developed
into an orange color after stirring for 24 h. After this time the solution was concentrated
to ca. 1 mL and analyzed by 3'P NMR spectroscopy which displayed a major product
at —251.9 ppm, consistent with the literature value for P(TMS)3 of —251. The resonance
in the recorded spectrum displays silicon satellites with a Jp_g; value of 26.5 Hz which
integrate to 15.9% of the resonance, consistent with the presence of three silicon atoms
bonded to phosphorus (caled: 14.6%). A yield or further characterization data was not
obtained for P(TMS)3. 3'P{'H} NMR (162 MHz, DCM, §) —251.9 (s, Jsi r = 26.5 Hz).
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Figure B.10 3'P{'H} NMR spectrum of P(TMS)3 in THF at 25 °C, recorded at 162 MHz. Inset:
Zoom of the resonance corresponding to P(TMS)s. Grey asterisks represents PHs.

B.5.4 Preparation of [TBA][SSiF3] from 2.

In the glovebox, [TBA]2 (41 mg, 0.1 mmol, 1 equiv) and TMAF (28 mg, 0.3 mmol, 3 equiv)
were weighed into separate vials and each dissolved in DCM (2 mL). The resulting solutions
were frozen in the glovebox cold well. Upon thawing, the solutions were combined with
stirring. The resulting reaction mixture was stirred for one hour then an aliquot (0.7 mL)
was analyzed by NMR spectroscopy indicating formation of the desired product. The
reaction mixture was filtered to remove tetramethylammonium chloride. Volatile material
was removed from the filtrate to give a colorless oil. The oil was dissolved in DCM (1 mL)
and passed through a piece of microfiber filter paper in a pipette. The resulting solution was
layered with ether (10 mL) and the mixture placed in the freezer overnight. Crystals that
formed were ultimately found to be unsuitable for structural analysis by X-ray diffraction.
A yield for the product was not recorded because the material was used for an attempted
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study by X-ray diffraction. *'H NMR (500 MHz, DCM, §) 3.30-3.21 (m, 8H), 1.65 (dt, J =
16.0, 7.8 Hz, 8H), 1.43 (h, J = 7.4 Hz, 8H), 1.01 (t, J = 7.3 Hz, 12H). '9F NMR (471 MHz,
DCM, §) —121.9 (Jsi ¢ = 275.9 Hz).
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Figure B.11 'H NMR spectrum of [TBA][SSiF3] in DCM at 25 °C, recorded at 500 MHz. The large
resonances either side of the central DCM resonance (suppressed) are '2C satellites resulting from
improper presaturation by the corresponding pulse sequence.
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Figure B.12 19F NMR spectrum of [TBA][SSiF3] in DCM at 25 °C, recorded at 471 MHz. Inset: Zoom
of the resonance corresponding to [TBA][SSiF3].
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B.5.5 Preparation of [(Me;N),SiS]; from 2.

In the glovebox, [TBA]2 (200 mg, 489 mmol, 1 equiv) and LiNMes (50 mg, 0.978 mmol,
2 equiv) were weighed into separate vials and each dissolved in THF (4 mL). The THF
solution of lithium dimethylamide was added dropwise over the course of three minutes
to the stirring solution [TBA]2. The resulting solution was stirred for 30 minutes then
volatile material was removed under reduced pressure to give an off-white oil. The oil was
triturated with hexane (2 x 8 mL) to give a white powder. The powder was extracted with
hexane (8 mL, then 4 mL) and the extract was filtered through a piece of microfiber filter
paper into a fresh vial. Volatile material was removed from the filtrate to give a colorless
oil. The oil was analyzed in CgDg. The solid material remaining from hexane extraction
was analyzed in CDCls. A sample was prepared from the C4gDg NMR sample for GCMS
analysis in DCM. 'H NMR (400 MHz, C¢Dg, ) 2.62 (s). Tri-n-butylamine was observed
as an impurity in the '"H NMR spectrum with multiplets centered at 2.38, 1.44, 1.35, 0.92.
2981 NMR (99 MHz, THF, §) —26.7 (s). GC-MS m/z (% relative intensity, ion): 44.1 (58,
1\/[+ - SQSiQ(NM62)3), 166.0 (68, 1\/1Jr —(NM62>3 -+ QH), 208.1 (81, NI+ —(NMGQ)Q), 209.1
(73, M — (NMeg)2 + H), 210.1 (78, M —(NMes)s + 2H), 253.1 (76, M™ —NMey + H),
296.2 (100, M*).
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Figure B.13 'H NMR spectrum of [(Me2N)3SiS], in CgDg at 25 °C, recorded at400 MHz.
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Figure B.15 GC-MS chromatogram of [(Me3N)2SiS]z, obtained as described in B.5.5.
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B.5.6 Thionation of 1-acetylpyrrolidine with [TBA]2.

In the glovebox, a stock solution of 1-acetylpyrrolidine was prepared in toluene by diluting
the amide (60 mg, 0.53 mmol) in toluene (6.600 g). To an NMR tube equipped with a J.
Young valve was added [TBA]2 (54 mg, 0.133 mmol, 3 equiv). The stock solution of amide
in chlorobenzene (560 mg, 0.044 mmol of amide) was added to the NMR tube which was
sealed and analyzed by '"H NMR spectroscopy. The samples were heated to 110 °C and
analyzed by 'H NMR spectroscopy after 1, 6, and 20 h showing yields of ca. 10%, 90%,
98% yield, respectively, as determined by integration of the the methyl group resonances
of the starting material and product in the 'H NMR spectrum.
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Figure B.17 Stack of 'H NMR spectra corresponding to the reaction of 1-acetylpyrrolidine with [TBA]2,
prepared as described in Section B.5.6, recorded at 400 MHz and 25 °C.
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B.5.7 Attempted thionation of 1l-acetylpyrrolidine with [TBA][SSiF};].

In the glovebox, [TBA][P(SiF3)2] (30 mg, 0.0835 mmol, 2 equiv) was weighed into a NMR
tube equipped with a J. Young Vale and dissolved in chlorobenzene. An initial set of NMR
spectra were recorded (*H, °F), showing clean material. The tube was brought back into
the box and 1l-acetylpyrrolidine (5 mg, 0.044 mmol, 1 equiv) was added. The sample was
heated at 80 °C and analyzed by NMR spectroscopy after 1 and 12 hours. Formation
of the desired product was not observed by "HNMR spectroscopy while new, unidentified
products were observed by "F NMR spectroscopy (Figure B.19, —76.19, —96.29 ppm)
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Figure B.18 'H NMR spectrum corresponding to the reaction of 1-acetylpyrrolidine with [TBA][SSiF3],
prepared as described in Section B.5.7, recorded at 500 MHz and 25 °C.
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Figure B.19 '°F NMR spectrum corresponding to the reaction of 1-acetylpyrrolidine with [TBA][SSiF3],
prepared as described in Section B.5.7, recorded at 471 MHz and 25 °C.
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B.5.8 Thionation of 1-acetylpyrrolidine with [(Me,N),SiS]s.

Note: This experiment requires repeating in chlorobenzene with 8 equiv of spectroscopically
pure [(MeaN)2SiS)a, along the lines of the procedure described in Section B.5.6, to allow
direct comparison of both thionation reagents. This material was contaminated with tri-n-
butylamine.

In the glovebox, l-acetylpyrrolidine (15 mg, 0.133 mmol) was weighed into the end of
a pipette and rinsed into a vial with toluene-dg (2 mL). The resulting solution (0.66 mL)
was removed and added to an NMR tube to analyze the commercially available starting
material. To the remaining solution (1.34 mL) containing 1-acetylpyrrolidine (10 mg,
0.088 mmol, 1 equiv) was added [(MeaN)2SiS]s (40 mg, 0.101 mmol, 2.3 equiv of monomeric
[(Me)2SiS], 75% w/w with NBus, obtained from the experiment described in Section
B.5.5). The solution was added in equal portions (0.67 mL) to two NMR tubes, one of
which contained DMAP (2 mg, 0.016 mmol, 0.18 equiv). All three were analyzed by 'H
NMR spectroscopy then heated to 105 °C for 3 h. Partial conversion (ca. 13%) to 1-thio-
acetylpyrrolidine was observed in both cases after 3 h at 105 °C.
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Figure B.20 'H NMR spectrum corresponding to the reaction of 1-acetylpyrrolidine with [(MeaN)5SiS]s,
prepared as described in Section B.5.8, recorded at 400 MHz and 25 °C.
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B.5.9 X-ray crystallography

Single crystals suitable for X-ray diffraction were transferred from the glovebox under
Paratone oil onto a microscope slide. A crystal was selected under a microscope and
mounted in hydrocarbon oil on a nylon loop. Low-temperature (100 K) data were collected
on a Bruker-AXS X8 Kappa Duo diffractometer coupled to a Smart Apex2 CCD detector
with Mo Ka radiation (A = 0.71073 A) with ¢- and w-scans. A semi-empirical absorption
correction was applied to the diffraction data using SADABS?!32 unless otherwise stated.
The structure was solved by direct methods using SHELXT 3334 and refined against F2 on
all data by full-matrix least squares with ShelXle.3® All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were included in the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U, value of the atoms they are linked to (1.5
times for methyl groups).

The refinement proceeded by first restraining the TBA cation such that each butyl
group had the same C—N and C—C bond lengths for chemically equivalent bonds, and equal
N-C-C and C-C—C bond angles for chemically equivalent bond angles (using the SADI
command). The cation was refined anisotropically and hydrogen atoms included using
the relevant HFIX commands. Rotational disorder about the P—Si bond was observed,
resulting in oblique thermal ellipsoids when the phosphide anion was refined; therefore
SIMU and RIGU commands were applied to the entire structure. One half of the anion
was modeled as having rotational disorder about the P—Si bond; all of the —SiF3 groups
were restrained to be equivalent (using the SADI command) through the Si-F, P-F, and
F-F distances (i.e. Si-F bond lengths, and P-Si-F, F-Si-F bond angles). The model was
refined anisotropically and the weighting scheme adjusted to give the final model.
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CSD identification code
Reciprocal net code
Empirical formula
Formula weight
Color / morphology
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
7
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta ranges for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 8 = 25.242°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I>20 ()]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

N/A
P8_19105
C16H36F6N1P1Sia
443.61 g/mol
colorless / plate
100(2) K
0.71073 A
Orthorhombic
Pbca
a = 16.1739(10) A a = 90°
b = 14.8214(8) A g = 90°
¢ =19.6930(13) A v = 90°
4720.8(5) A3
8
1.248 g/cm?
0.265 mm~!
1888
0.512 x 0.256 x 0.162 mm?
2.068 to 24.437°
—18<h<18, —17<k<17, —22<1<22
88445
3905 [Rins = 0.0429]
99.9%
None
0.5191 and 0.5615
Full-matrix least-squares on F2
3905 / 462 / 267
1.024
Ry = 0.0366, wRy = 0.0949
Ry = 0.0409, wRy = 0.0978
n/a
0.508 and —0.585 e-A~3

Table B.2 X-ray crystallographic information for [TBA][P(SiF3)2].
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Figure B.21 Molecular structure of [TBA][P(SiF3)2] with ellipsoids set at the 50% probability level and
hydrogen atoms omitted for clarity.
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Appendix C

Redox-Neutral Reactions of
Phosphoric Acid
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C.1 Introduction

A number of experiments have been performed with the goal of preparing phosphorus chem-
icals in the +5 oxidation state directly from phosphoric acid and its salts. Specifically, this
appendix focuses on redox-neutral procedures where phosphorus remains in the +5 state
throughout the course of the reaction. The motivations for such processes are laid out in
Chapter 1. These efforts have resulted in the synthesis of trimethyl phosphate (OP(OMe)3)
and the tris-(o-phenylenedioxy)phosphate anion, [P(O2CgHy4)] ™, directly from crystalline
phosphoric acid. The isolation of [TBA][Li][HPO4], a dibasic phosphate that appears to
have good stability in anhydrous acetonitrile, reacts with COs to generate pyrophosphate
via an unknown intermediate, tentatively assigned as carboxyphosphate. The isolation
or spectroscopic characterization of carboxyphosphate, a postulated intermediate in or-
ganisms, is of potential interest to biologists and as a phosphorylation reagent by loss of
bicarbonate.
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C.2 Results and discussion

The reported chlorine-free protocol for processing germanium?! inspired an attempt to pre-

pare the known tris-(o-phenylenedioxy)phosphate anion ([P(O2CgHy4)]7)%™* directly from
phosphoric acid and catechol. The conjugate acid of this anion is capable of protonating
DMF to form [P(1,2-O2CgHy)][H(DMF)3].® Preparation of this species was attempted in
refluxing toluene using a Dean-Stark apparatus to remove water from the reaction mixture.
This dehydrative procedure was somewhat hampered by the low boiling point of catechol,
which collected in the Dean-Stark trap and formed a toluene/water emulsion. Similarly,
the use of molecular sieves in a Soxhlet extractor to remove water from the distillate led
to discoloration of the sieves. Nonetheless, the characteristic signal for the hexacoordinate
phosphate anion was observed at —82.6 ppm in the 3'P NMR spectrum, demonstrating
the feasibility of this dehydrative route to access the desired anion.

[H(DMF),]
also observed:
catechol (10 equiv) ? 0]
0. I
HPO, y Lo f ol
toluene, reflux, 72 h (|) O/ OH
then DMF i ;
[P(0,CeHs)s] (HiCs02)P(O)(OH)

Scheme C.1 Reaction of phosphoric acid with catechol to provide [P(1,2-O3CgHy4)][H(DMF)3]. Phos-
phoester (H;Cs02)P(0)(OH) was also observed by 3'P NMR spectroscopy.

The species (H4CgO2)P(O)(OH) containing a five-membered ring was also observed
by 3'P NMR spectroscopy, and is a plausible intermediate en route to the product. This
species is of interest because it has been identified to undergo rapid ring-opening,% and
could be an intermediate in the catechol-catalyzed phosphorylation of alcohols.” To the
best of our knowledge, neither of these species has been prepared directly from phosphoric
acid.

[Me,N][OH], Mel 0
N Il

HsPO, y P
MeOH, MeCN, 23 °C M&OO/ S OMe
e

Scheme C.2 Exhaustive alkylation of phosphoric acid with tetramethylammonium hydroxide/methyl
iodide to give trimethyl phosphate.

Next, attention was turned to direct alkylation of phosphoric acid and phosphates
using methyl iodide. In reactions performed by undergraduate student Miller Tan, repeated
cation exchange to the tetramethylammonium salt of orthophosphate followed by treatment
with methyl iodide led to the formation of trimethyl phosphate, identified by a binomial
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decet (Jp.pg = 11 Hz) in the 3'P NMR spectrum. The product was extracted using diethyl
ether and isolated in 8% yield after removing volatile material. Despite the low yield,
this initial procedure could hold promise for connecting the dots directly from wet process
phosphoric acid to trialkyl phosphates, which are prime candidates for selective reduction
to P(III) compounds such as trialkyl phosphites. Trialkyl phosphates can also undergo
reactions with carbon-based nucleophiles such as Grignard reagents to give phosphorus-
carbon bond-containing phosphonates,® and such a method would provide phosphorus-
carbon bonds without phosphorus leaving the +5 oxidation state.

ethylene (350 psi) o
o
triflic acid (5%) N 1

7 _P
toluene, 90 °C, 24 h HI?O/ \o/\

H;PO,

Scheme C.3 Reaction of phosphoric acid with ethylene to provide ethyl phosphate.

In addition to the salt metathesis route to organophosphates described above, we won-
dered whether it might be possible to form the phosphoester linkage by addition of a
phosphoric acid O—H bond to an olefin. Such a process would bear a strong resemblance
to the report synthesis of carbon esters by addition of carboxylic acids to olefins in the
presence of triflic acid.? We treated phosphoric acid with ethylene at a pressure of 350 psi
at 90 °C for 24 h and identified the formation of ethyl phosphate by NMR spectroscopy
(Scheme C.3). A literature report from 1935 detailed the polymerization of ethylene and
propene by phosphoric acid,'® and this competing reactivity could account for the low
spectroscopic yield of ethyl phosphate (ca. 6%).

1-hexene (4 equiv) 0 0
triflic acid (2%) Il Il

P— P—

toluene, 23 °C, 48 h )\/\/ M

Scheme C.4 Reaction of phosphoric acid with 1-hexene to provide a mixture of alkyl phosphates.

The observation of ethyl phosphate hinted that the use of other olefins might also lead
to phosphoester formation. This hypothesis was tested by treating phosphoric acid with
1-hexene in toluene, with 5 mol % of triflic acid added as a catalyst (Scheme C.4). After
48 h at 23 °C, analysis of the reaction mixture by NMR spectroscopy provided evidence
for phosphoester formation. At least three different compounds with phosphoester linkages
were observed to form by NMR spectroscopy (characterized by a 'H-3'P HMBC experi-
ment), suggesting that either multiple isomers of hexyl phosphate form or that multiple
additions of 1-hexene to phosphoric acid can occur (Scheme C.4).

A final investigation into the chemistry of phosphate involved attempts prepare a salt of
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LiIHMDS

[TBA][H,PO,] > [TBA][Li][HPO4]
MeCN, 23 °C
ossibly via:
0 0 P y
0, |l Il ﬁ ﬁ
i \
[TBA][Li][HPO,] 7 @O/P\\O/P\\O@ P C
MeCN, 23 °C 0g 0o CIN AN T
0
o

Scheme C.5 Top: deprotonation of [TBA][H2PO,4] with LIHMDS in acetonitrile to provide a stable
dibasic phosphate salt. Bottom: Treatment of [TBA][Li][HPO4] with COy leads to the formation of
pyrophosphate, passing through an intermediate that is tentatively assigned as carboxyphosphate.

dibasic phosphate that would be stable and soluble in an organic solvent, such as acetoni-
trile. Typical sources of dibasic phosphate are available as alkali metal salts that exhibit low
solubility in organic solvents. The ability to solubilize inorganic anions in organic solvents
with lipophilic cations such as bis(triphenylphosphine)iminium or tetra-n-butylammonium
has led to interesting reactivity, for example the reaction of molybdate with CO5.!! Sim-
ilarly, it was anticipated that access to [HPO4]?>~ in acetonitrile solution would lead to a
reaction with CO2 and the generation of carboxyphosphate.

Carboxyphosphate has been described as an “unstable intermediate” 2 in the enzy-
matic synthesis of carbamoyl phosphate by carbamoyl phosphate synthetase (CPS).!3 Car-
boxyphosphate is thought to have a decomposition rate of approximately 10 s~! in aqueous
solution.!* Another enzyme, biotin carboxylase, is thought to utilize carboxyphosphate as
a reactive intermediate and this enzyme has been studied by X-ray crystallography with
carboxyphosphate structural analogs, such as phosphonoacetamide and phosphonoformate,
in the enzyme active site.!®

Treatment of [TBA|[HoPOy4] with LiHMDS in acetonitrile led to a downfield shift of
the resonance for the phosphate nucleus from 2.9 to 5.7 ppm. In the 'H NMR spectrum,
the TBA cation was observed to be intact and no evidence for Hofmann elimination was
observed. This was not found to be the case when KHMDS was used as the base or THF
was used as the solvent, suggesting that the basicity of dibasic phosphate is tempered by
both cation and solvent. Treatment of a fresh acetonitrile solution of so-formed [TBA]-
[Li][HPO4] with CO3 led to the consumption of the phosphate resonance within 20 min
and the formation of pyrophosphate and two unknown intermediates. After 40 min, the
intermediate species had converged to form pyrophosphate as the only product of the
reaction. The preparation and isolation of [TBA][Li][HPOy4] shows initial promise, although
a complete synthetic procedure requires further development (Section C.4.7).

The formation of pyrophosphate in this reaction requires an oxide or hydroxide acceptor,
and it is plausible the conversion of COs to bicarbonate plays this role. In such a scenario,
the intermediacy of carboxyphosphate could be invoked, which is expected to be a good
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phosphorylation reagent for the phosphate present in solution, leading to pyrophosphate.

C.3 Conclusions and Future Directions

Initial efforts toward using phosphoric acid and its salts for the synthesis of chemicals has
been made, with special attention being paid to avoiding changes in the oxidation state at
phosphorus. This has resulted in the formation of phosphorus esters such as trimethyl phos-
phate, ethyl phosphate, and hexyl phosphates. The formation of six-coordinate [P(O2Cg-
H4)]™ is of interest, particularly with regard to its reaction with carbon-based nucleophiles
such as Grignard reagents. It may even act as phosphorylation reagent for alcohols, amines,
or nucleosides.

The alkylation of phosphoric acid and orthophosphate with synthons for the methyl
cation is of interest to obtain a good preparative procedure for trimethyl phosphate. Of
particular interest would be the study of trisodium phosphate with chloromethane, us-
ing high temperatures and pressures. This reaction would be attractive because the sole
byproduct would be sodium chloride.

The formation of a phosphoester from the reaction of phosphoric acid with alkenes is a
promising and atom-efficient method to prepare these compounds, which are of industrial
importance.'6 It will be of interest to study the reaction at higher temperature. The use
of a catalyst may offer selectivity for the anti-Markovnikov product over the Markovnikov
addition products that have been observed under the acidic conditions used herein.

Is carboxyphosphate forming, and if so can it be trapped? A simple experiment to
determine whether it forms will be to perform the reaction with '3COs and study the
initial products that form by *C NMR spectroscopy. This experiment would also provide
evidence for the formation of bicarbonate which is the expected byproduct of pyrophosphate
formation, if it is indeed forming. If carboxyphosphate forms, clearly it does not survive for
long in solution. One strategy would be to chemically trap it, perhaps by alkylation with
a reagent such as methyl iodide or by silylation with trimethylsilyl chloride. Alternatively,
it may be intercepted by a nucleophile such an amine to provide an amide and phosphate.
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C.4 Experimental methods

C.4.1 General methods

All manipulations were performed in a Vacuum Atmospheres model MO-40M glovebox
under an inert atmosphere of purified No or using standard Schlenk techniques. When
reagents were removed from a stock bottle containing a Sure/Seal, the equivalent volume
of dry nitrogen was injected into the bottle prior to removing the desired volume of solution
with a syringe. All solvents were obtained anhydrous and oxygen-free by bubble degassing
(argon) and purification by passing through columns of alumina and Q5.7 Once collected,
solvents were stored over activated 4 A molecular sieves (20 wt%) inside the glovebox.!8
All glassware was oven-dried for at least 6 h prior to use, at temperatures greater than
150 °C.

Crystalline phosphoric acid (Millipore-Sigma)). lithium hexamethyldisilazide (LiH-
MDS, Millipore-Sigma) and methyl iodide (Strem) were used as received. Catechol (Alfa)
was recrystallized thrice from hot toluene. COy was purchased from Airgas and used as
received. Deuterated solvents were purchased from Cambridge Isotope Labs and were de-
gassed three times by the freeze-pump-thaw method and stored over activated 4 A molec-
ular sieves for 48 h in the glovebox prior to use. Diatomaceous earth (Celite 435, EM
Science), 4 A molecular sieves (Millipore-Sigma) and basic alumina (Millipore-Sigma) were
dried by heating to 200 °C under dynamic vacuum for at least 48 h prior to use. The tem-
perature of the aluminum shot used to heat reagents or reaction mixtures was measured
using a Hanna Instruments K-type Thermocouple Thermometer (model HI935005).

NMR spectra were obtained on a Jeol ECZ-500 instrument equipped with an Oxford
Instruments superconducting magnet, on a Bruker Avance 400 instrument equipped with a
Magnex Scientific or with a SpectroSpin superconducting magnet, or on a Bruker Avance
500 instrument equipped with a Magnex Scientific or with a SpectroSpin superconducting
magnet. 'H and *C NMR spectra were referenced to residual CDoCly(*H = 5.32 ppm,
13C = 54.0 ppm), C¢Dg (*H = 7.16 ppm, 3C = 128.06 ppm), CD3CN (*H = 1.94 ppm,
13C = 118.26 ppm) or CDCl3 (*H = 7.26 ppm, '3C = 77.16 ppm). 3'P NMR spectra were
referenced externally to 85% H3zPO,4 (0 ppm).
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C.4.2 Reaction of crystalline phosphoric acid with catechol

In the fumehood, phosphoric acid (5.53 g, 56 mmol, 1 equiv) was quickly weighed and
transferred to a Schlenk flask (500 mL) containing anhydrous toluene (90 mL). Catechol
(53 g, 481 mmol, 8.6 equiv) was added to the flask. A Dean-Stark trap was connected
to the top of the flask, followed by a reflux condenser. The setup was placed under an
atmosphere of nitrogen, and heated to reflux for 72 h. An amount of water collected in
the Dean-Stark trap; the upper toluene layer was quite cloudy indicating an emulsion of
toluene, water, and catechol. Upon prolonged reaction times, this resulted in water not
dropping to the bottom of the trap as intended, but instead collecting above the toluene.
An aliquot of the reaction mixture was dissolved in DMSO and analyzed by 3'P NMR
spectroscopy.

The round bottom flask was removed from the Dean-Stark apparatus and connected
instead to a Soxhlet extractor that had been filled with molecular sieves. The solution
was heated to reflux for 48 h, after which time the sieves had turned dark brown, indi-
cating their decomposition. A small amount of the material was analyzed by 'P NMR
spectroscopy in DMF, showing the presence of [P(O2CgHy)]~® and (HyCgO2)P(O)(OH)”
[P(1,2-02CHy)][H(DMF)s]: 3'P{'H} NMR (203 MHz, DMF, §) —82.6 (s). (H4CsO2)P-
(O)(OH): 3'P{'H} NMR (203 MHz, DMF, §) +11.99 (s).

o~ o
II [ Iy
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. O/ “OH ? (0]
-~ =N
(H.C,0.)P(0)(OH) . T17Q

e H;PO, | 0
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Figure C.1 3'P{'H} NMR spectrum of the reaction mixture described in Section C.4.2 in DMF, recorded
at 203 MHz at 25 °C.
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C.4.3 Preparation of trimethyl phosphate from phosphoric acid and me-
thyl iodide

Note: This experiment was performed by Miller Tan under the supervision of the author.
H3PO4 (0.994 g, 10.14 mmol, 1 equiv) was dissolved in a methanol solution of tetramethy-
lammonium hydroxide (25%, 8.540 mL, 20.28 mmol, 2 equiv) and diluted with additional
methanol (6 mL). Methyl iodide (1.900 mL, 30.64 mmol, 3 equiv) was added to the solu-
tion. The reaction was stirred at 40 °C for 16 h, after which time an aliquot was analyzed
by NMR spectroscopy. A second addition tetramethylammonium hydroxide solution in
methanol (25%, 8.540 mL, 20.28 mmol, 2 equiv) followed by methyl iodide (1.900 mL,
30.64 mmol, 3 equiv) were added and the resulting mixture was left to stir for 72 h.
Volatile material was removed under reduced pressure and the material was redissolved in
acetonitrile (10 mL) and an additional portion of tetramethylammonium hydroxide solu-
tion in methanol (25%, 0.680 mL, 1.615 mmol, 1 equiv) was added. The resulting mixture
was stirred for 30 min then methyl iodide (1.900 mL, 30.64 mmol, 3 equiv) was added
dropwise to solution and the resulting mixture was left to stir for 16 h. Volatile material
was removed under reduced pressure and the residue was extracted with diethyl ether (3
x 10 mL). The extract was filtered through glass microfiber filter paper and volatile ma-
terial was removed from the filtrate under reduced pressure to give trimethyl phosphate
(110.5 mg, 0.788 mmol, 8%). 'H NMR (500 MHz, C¢Dg, 6) 3.33 (d, J = 11.0 Hz, 9H). 13C
NMR (126 MHz, C¢Dg, 6) 53.70 (d, J = 5.5 Hz). 3'P{'H} NMR (203 MHz, C¢Dg, &) 3.08
(s). 3P NMR (203 MHz, C¢Dg, 6) 3.08 (d, Jp_g = 11.0 Hz).

7.16

& &
[selNse]
@® Trimethyl phosphate \./

® Benzene-dj

- —3.34
[ J
- —3.32

T T T T T T
338 336 334 332 330 328
f1 (ppm)

. . : : : . T T T ; T T T T , T . : ;
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0 -1 2 3
f1 (ppm)

Figure C.2 '"H NMR spectrum of trimethyl phosphate in CgDg, recorded at 500 MHz at 25 °C.
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Figure C.3 3!P{'H} NMR spectrum of trimethyl phosphate in CgDg, recorded at 203 MHz at 25 °C.
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3C{'H} NMR spectrum of trimethyl phosphate in CgDg, recorded at 126 MHz at 25 °C.
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C.4.4 Reaction of crystalline phosphoric acid with ethylene

In the glovebox, phosphoric acid (980 mg, 10 mmol, 1 equiv) and triflic acid (75 mg,
0.5 mmol, 0.05 equiv) were weighed into a glass liner (300 mL) containing a stir bar (5 cm).
The liner was removed from the box in a sealed container, then quickly transferred in the
fume hood to a 300 mL Parr bomb. The bomb was sealed and a low (ca. 20 psi) pressure of
ethylene was flowed through the bomb for around 2 minutes in order to purge the system.
The bomb was then pressurized with ethylene to 350 psi and heated to 90 °C. The mixture
was stirred for 24 h then carefully vented. The liner contained a clear colorless liquid and
a small amount of pale red oil. The colorless liquid contained no phosphorus-containing
species, as determined by 3'P NMR spectroscopy. The pale red oil was diluted in DMSO-dg
and analyzed by NMR spectroscopy, showing the presence of some ethyl phosphate.
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1.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
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Figure C.5 'H NMR spectrum of the reaction mixture generated according to Section C.4.4 in DMSO-
dg, recorded at 500 MHz at 25 °C.
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Figure C.6 3!P{'H} NMR spectrum of the reaction mixture generated according to Section C.4.4 in
DMSO-dg, recorded at 203 MHz at 25 °C.
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Figure C.7 'H-3'P HMBC NMR spectrum of the reaction mixture generated according to Section C.4.4
in DMSO-dg, recorded at 500 MHz at 25 °C.
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C.4.5 Reaction of crystalline phosphoric acid with 1-hexene

In the glovebox, phosphoric acid (98 mg, 1.0 mmol, 1 equiv) was weighed into a Schlenk
flask. Triflic acid (3 mg, 0.02 mmol, 0.02 equiv) was weighed into a vial and transferred to
the flask using toluene (2 x 1 mL). The flask was sealed and removed from the glovebox. 1-
hexene (0.5 mL, 4.0 mmol, 4 equiv) was added against a flow of nitrogen and the solution
was stirred for 48 h at 23 °C. The reaction mixture was diluted with ethanol (20 mL)
and an aliquot was removed (1 mL). Volatile material was removed from the aliquot and
the residue redissolved in DMSO-dg. The sample was analyzed by NMR spectroscopy
showing the formation of a mixture of alkyl phosphates, identified by the observation of
Jp_u couplings in the NMR spectra.
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Figure C.8 'H NMR spectrum of the reaction mixture generated according to Section C.4.5 in DMSO-
dg, recorded at 500 MHz at 25 °C.
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Figure C.9 3'P{'H} NMR spectrum of the reaction mixture generated according to Section C.4.5 in
DMSO-dg, recorded at 203 MHz at 25 °C.
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Figure C.10 'H-3'P HMBC NMR spectrum of the reaction mixture generated according to Section C.4.5
in DMSO-dg, recorded at 500 MHz at 25 °C.
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C.4.6 Testing the stability of [TBA][M]HPO,| (M = Li, K) in THF and
MeCN

Four reactions were set up, using either the Li or K salt of [MJHMDS and using either THF
or MeCN as the solvent. In the glovebox, [TBA][H2POy4] (25 mg, 0.0735 mmol, 1 equiv)
was either dissolved (MeCN) or slurried (THF) in the appropriate solvent (0.6 mL). The
solid [MJHMDS (M = K, Li, 0.0735 mmol, 1 equiv) was added and the resulting solutions
were analyzed by 'P{'H} and 'H (pre-saturation experiment) NMR spectroscopy. Only
the combination of [LijHMDS and acetonitrile as the solvent led to a soluble product
that did not show the presence of tri-n-butylamine (the presence of which indicates TBA
decomposition).

C.4.7 Preparation of [TBA]|[Li][HPO,]

In the glovebox, [TBA|[H2POy4] (200 mg, 0.588 mmol, 1 equiv) and LiHMDS (98 mg,
0.588 mmol, 1 equiv) were weighed into separate vials. The phosphate salt was dissolved
in MeCN (4 mL), and solid LIHMDS was added to the solution. The reaction mixture
was stirred for 20 min then filtered (microfiber paper, pipette) into a vial (20 mL). The
resulting solution was layered with diethyl ether (10 mL) and placed in the freezer. After
three days no precipitate was observed. Additional ether (6 mL) was added and after two
days white crystals had formed. The solution was decanted away and the wet crystals
analyzed in MeCN which showed the presence of tetra-n-butylammonium. A yield was not
recorded for this procedure. 'H NMR (500 MHz, acetonitrile, §) 8.72 (s, 1H), 3.92 (td, J
— 8.4, 3.6 Hz, 8H), 2.38 (m, 8H), 2.15 (p, J = 7.8 Hz, 8H), 1.75 (dd, J = 7.1, 2.4 Hz,
12H). 3'P{'H} NMR (203 MHz, C¢Dg, 0) 6.37 (s), 8.83 (s, br).

C.4.8 Treatment of [TBA][Li][HPO,] with CO,

In the glovebox, [TBA|[H2POy4] (25 mg, 0.0735 mmol, 1 equiv) was dissolved in CD3zCN
(0.6 mL) and was analyzed NMR spectroscopy, showing clean material. LIHMDS (12 mg,
0.0735 mmol, 1 equiv) was weighed into a vial, and the solution of [TBA][H2POy4| was
poured onto the solid material. The LIHMDS dissolved over 30 s to give a slightly yellow
solution. The sample was analyzed by NMR spectroscopy, showing loss of the acidic
phosphate protons in the 'H NMR spectrum; they are expected to have exchanged with
deuterium atoms present in the solvent. The tube was degassed twice via the freeze-
pump-thaw method and the tube back filled with COs. The sample was left under a
CO4 atmosphere for 20 min then analyzed by NMR spectroscopy. Two new signals were
observed in the 3'P{'H} NMR spectrum, which after 20 min had converged to one new
signal. The chemical shifts of the intermediates were —5.91 and —5.50 ppm, respectively.
The experiment should be repeated with *CO5 to look for phosphorus-carbon coupling.
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Figure C.11 'H NMR spectrum (pre-saturation sequence) of [TBA][Li][HPO,] in acetonitrile, recorded
at 400 MHz at 25 °C.
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Figure C.12 3'P{'H} NMR spectrum of [TBA][Li][HPO,] in acetonitrile, recorded at 162 MHz at
25 °C.
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Figure C.13 'H NMR spectrum of the reaction mixture before (bottom) and after (top) addition of
LIHMDS to [TBA][H2POy4] in CD3CN, recorded at 400 MHz at 25 °C.
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Figure C.14 3'P{'H} NMR spectrum of the reaction mixture at the different stages described in
Section C.4.8, in CD3CN and recorded at 162 MHz at 25 °C.
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TMS

2 dpppNiCl, th ' th N ba
+ s 4P v | #Bu
(TMS),PN(TMS),  THF, 23°C, 7 d / \ <\ PLEN P
t-Bu
[(dppp)oNi(PNTMS)][CI]
Possible evidence for TMSCI Characterized by X-ray crystallography, NMR, E.A.

elimination product

Discussion: Section A.2; Exp: Section A.4.2 Discussion: Section A.2; Exp: Section A.4.11

Cys
= #BuPCl Fp tBu Fp
HMDSPA / \ 2 ~p~ TMAF ~p~
N — o N(TMS), o — T
[(CysP),Ni]N, benzene, 23 °C K[Fp] THF c F
(Cy3P),Ni=PN(TMS),
Discussion: Section A.2; Exp: Section A.4.7 Discussion: Section A.2; Exp: Section A.4.12
(CysP)Ni(CoH,), [Fo( JIBF] t-Bu
Cys CaHa (20 psi 0.1 [Fp(THF)][BF,] v
2 psi) +
\— 4—> +BuPA 0.15 TASF or CsF P
Ie / \N ™S benzene N(TMS), + A
Y3 ( )2 23 °C, 20 min I 10 styrene THF, 85 °C '/,Ph
. A TASF works better than CsF;
(Cy3P)Ni=PN(TMS), (tentative assignment) TASF is also soluble in THF

Discussion: Section A.2; Exp: Section A.4.8 Discussion: Section 5.4.1; Exp: Section 5.5.15.

- N \

TMS
\N Mepip, A
\\‘———F’t/"‘Et \ \ / \/ =
Et

HMDSPA O c|| —= C§/\o<<\ \ »
— pipMe,

depePtCl, THF
23°C,3h N

(depe)Pt(P(A)NTMS)CI [Rh,(OAC),](Me,PipPA),

Discussion: Section A.2; Exp: Section A.4.5. Discussion: Section A.2; Exp: Section A.4.9.
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MelLi (7 equiv)

[TBAJ[P(SiCly);] —————)  P(SiMe3)3
Et,0

Discussion: Section B.2; Exp: Section B.5.3

TMAF (6.5 equiv) [TBA] _
[TBA]J[P(SiCly))] —89 > P
. RS sik

Characterized by X-ray
crystallography

Discussion: Section B.2; Exp: Section B.5.2

TMAF (3 equiv)
[TBA][SSiCl;] —0—————
DCM

FsSi—S  [TBA]

Characterized by NMR
spectroscopy

Discussion: Section B.2; Exp: Section B.5.4

LiNMe;, (2 equiv)

[TBAJ[SSICl] —— % Sal sl

NP

THF Me,N S NMe,

Characterized by NMR

spectroscopy and GCMS

Discussion: Section B.2; Exp: Section B.5.5

Me,N S NMe,

A

quantitative (NMR)

0
)k 3 [TBAJ[SSICly]
N —

PhCl, 110 °C
Discussion: Section B.2; Exp: Section B.5.6

[F][BArf]

[TBA][P(SiCl3))] ——————— (ClI5Si),P-
DCM L L .
short lived intermediate in solution;

should be studied by EPR

Discussion: Section 4.4; Exp: Section 4.5.20

PhCI (neat) SiCly T
HP(SiCly)y ———————— p + P
UV (254 nm) ph”” \SiCI3 ph”” \SiC|3

Charcaterized by NMR
spectroscopy

Discussion: Section 4.4; Exp: Section 4.5.19
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. (0]
H;PO, —0m8 —— P (10 equiv) @—oxl_,o i
— P2 0-
toluene, 90 °C, 24 h HSO/ \o/\ HPOy ——— 0710 jo/ “OH
. . toluene, reflux 0
ca 5% vyield; conditions also
polymerize ethylene [P(O:CeHa)sl (HiCs02)P(0)(OH)
Discussion: Section C.2; Exp: Section C.4.4 Discussion: Section C.2; Exp: Section C.4.2
1-hexene (4 equiv) o
Lo . LiHMDS
trifl d (2% §
Hro riflic acid (2%) /IF! )\/\/ [TBAJH,PO, ———m [TBA][LIJHPO,
3 ————— > HO/ g MeCN
toluene, 23 °C, 48 h HO dibasic phosphate salt,

soluble and stable in MeCN
plus other phosophoester products

Discussion: Section C.2; Exp: Section C.4.5 Discussion: Section C.2; Exp: Section C.4.7
0 [} [} 0 o)
[NMe,4][OH], Mel ” Co, 1] 1 Il Il
H0, —» Meo = [TBA][L]HPO, ———% - P P~ | _p C
P2 07/ N4~ N O 077 N7 -
MeOH, MeCN MeO OMe MecN 7 T0T RNom |57 o 0
8% vyield. Potential to be converted to a observed pyrophosphate formation,
phosphonate possibly via carboxyphosphate
Discussion: Section C.2; Exp Section C.4.3 Discussion: Section C.2; Exp: Section C.4.8

372



373



	Chapters
	Let's Make White Phosphorus Obsolete
	Phosphoric acid as a precursor to chemicals traditionally synthesized from white phosphorus
	Orthophosphate and Sulfate Utilization for C–E (E = P, S) Bond Formation via Trichlorosilyl Phosphide and Sulfide Anions
	Photochemical Alkene Hydrophosphination with Bis(Trichlorosilyl)Phosphine
	Organoiron- and Fluoride-Catalyzed Phosphinidene Transfer to Styrenic Olefins in a Stereoselective Synthesis of Unprotected Phosphiranes

	Appendices
	Coordination Chemistry of RPA Compounds
	Silicon-Chlorine Bond-Functionalization of the Bis(trichlorosilyl)phosphide and Trichlorosilylsulfide Anions
	Redox-Neutral Reactions of Phosphoric Acid

	Index of Unpublished Compounds and Reactions

