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Advancements in main-group catalysis are contingent on our
ability to quantify effects that enhance reactivity in these systems.
Herein we report the rates of alkylation for several substituted
phosphines. We report that by incorporating a single
pinacolato(boron) group in the ortho- position on
triphenylphosphine, the rate of substitution with benzyl bromide is
approximately 4.7 times faster than the parent compound as
measured by intial rates. The corresponding meta- and para-
isomers are only 1.3 and 1.5 times as fast, respectively. Using X-ray
crystallographic data and quantum chemical calculations, we
propose this rate acceleration occurs from an O to P electrostatic
interaction which stabilizes the transtion state.

Transition-metal catalysis has had a tremendous impact on
society and now is an indispensable tool in chemistry.! These
reactions have been optimized extensively due to the multitude
of tunable reaction parameters available; however, the
remaining limitations with this technology, such as functional
group compatibility, cost, toxicity, and sustainability are often
directly related to the unchanging component of these
reactions: the transition-metal itself. Consequently, the past
decade has witnessed a dramatic increase in studies using main
group? elements to enable new bond forming reactions that are
difficult to achieve using their transition-metal counterparts.3
Reactions based on P are especially promising because of
phosphorus’ ability to undergo P(111)/P(V) redox cycling, a critical
property needed to mimic transition-metal cross-coupling
reactions.

Exciting stoichiometric* and catalytic reactions>¢ using P(lll)
have been developed, however several challenges with this
platform make cross-coupling difficult. Specifically, the ability of
phosphorus to activate more inert bonds (e.g., aryl halides and
heteroaryl halides) is hampered by the inability of phosphorus
to associate with the mt-system of these compounds for directed
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oxidative addition. Rather, such P(V) compounds are generated
using the inherent nucleophilicity of P(lll) to add to activated
heteroaryl rings. Indeed, the direct oxidative addition of aryl
halides to P(lll) centres is seldom observed but would be
uniquely enabling to achieve a catalytic P(lll)-P(V) cross-
coupling reaction.>® Thus, detailed mechanistic understanding
of the factors that influence phosphorus reactivity and redox
cycling are needed to enhance the reactivity on P(lll).

As a part of a research program aimed at stabilizing
carbenes using main group catalysts,” we became interested in
quantifying potential cooperative effects between main group
elements in intramolecular systems. The rationale for studying
these effects was to improve reaction rates and turnover on
main group elements, specifically P(lll). In that regard, we
hypothesized that an ortho-Bpin group could enhance the rate
of substitution reactions by interacting with phosphorus. Our
hypothesis seemed reasonable given boron-phosphorus
synergy has been exploited in frustrated Lewis acid base pair
(FLP) catalysis for some time, where together these elements
enable transformations that neither can accomplish alone.®
Indeed, phosphine/boranes have been used to trap CO,° and
difluorocarbene,® among other transformations. To this end,
we used Sn2 substitution reactions as a metric to quantify the
effects an ortho-Bpin group could have on a proximal
phosphorus atom (Figure 1).11
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Figure 1: Prior art in small molecule activation with phosphine/boranes and summary of
results in this study.
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We began these studies by synthesizing a variety of
functionalized triarylphosphines to measure their rates of
reaction with alkyl halides (Figure 2).122 We synthesized the
ortho-borylphosphine 1,13 meta-borylphosphine 2,4 and para-
borylphosphine 3.15 We envisioned the relative rates of reaction
of phosphines 1-3 would shed light on the effect of the position
of the Bpin on the ring. At the outset of these studies, we were
unsure whether phosphine 1, containing the inductively
donating ortho-Bpin group,® would be slower than its meta-
and para- isomers because Sy2 reactions are sensitive to the
steric environment around the reaction centre.l? Additionally,
we surveyed a variety of electronically and sterically distinct
groups ortho- to the phosphorus atom as controls. Compounds
4 and 6 containing, a 1,3-dioxolane and ortho- phenyl group,
respectively, were used to test the effects of sterics around the
P-atom. Compounds containing an ortho-cyano (5), ortho-
bromo (7), and ortho-methoxy (8) groups were used to probe
the effect of resonance donating or withdrawing groups on the
P-atom.
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Figure 2: Phosphine compounds used in this study.

With phosphines in hand, we studied their rates of reaction
with benzyl bromide by monitoring the formation of the
corresponding phosphonium bromide salt using 1H NMR (see
Supporting Information for details). Upon reacting borylated
phosphines 1-3 (7.0 mmol) with benzyl bromide (1.0 equiv) in
CDCl; at 23 °C, we observed the following trends (Figure 3). Each
of the borylated phosphines tested reacted faster than PPhs.
Using the slope of the concentration vs time curve at early time
points (up to 500 s) revealed that the para- and meta-
substituted Bpin phosphines were only moderately faster than
PPhs (1.3 and 1.5 times as fast, respectively). Surprisingly, we
found the ortho-Bpin compound 1 to be the fastest of the
substituted derivatives, which reacted 4.7 times faster than
PPhs despite the proximity of the Bpin group to the reacting P
atom.

Next, we measured the rates of reaction of various ortho-
functionalized phosphines with differing electronic and steric
parameters and compared them to borylated phosphine 1.
Electron-withdrawing groups, as expected, significantly slowed
the rate of reaction on the P atom. ortho-Bromo compound 7
reacted 4.9 times slower (kppns/k; = 0.21) than
triphenylphosphine. The rate of reaction for ortho-CN
phosphine 5 was too slow to measure at 23 9C, providing less

2 | J. Name., 2012, 00, 1-3

than 1% yield of the corresponding phosphonium ion after 70
minutes. Dioxolane compound 4 reacted 2.3 times faster than
Br-phosphine 7, but slower than triphenyl phosphine (kepns/ka =
0.47). We attribute this difference in rate to the size and
inductive withdrawing nature of the acetal group. Interestingly,
the ortho-phenyl compound reacted slightly faster than PPhs;,
despite the increased steric demand of the phenyl group,
relative to a hydrogen atom (kepns/ke = 0.94). As expected, a
strongly donating ortho-methoxy group reacted 7.2 times faster
than PPhs.

Phosphine Kinetics - Boron Position
70

© ortho-Bpin (1a)
© meta-Bpin (2a)

60 o © para-Bpin (3a)
o ° ortho-H
c o
(=] °®
"= 50 =
£ o°
‘:_:’ o°
.
[} °
£ 40 °
.
2 .
] B o0
£ o B
T : 0002 Leeeeee
3 t 00 gee ev00c0e
20 . 00® e p00e
X o - D:.:.. o0
N
Sl
o
° Log8see’
2e0e°®
85¢
0o
500 1000 1500 2000 2500 3000
Time (s)

Figure 3: Rates of phosphonium ion formation using Bpin substituted phosphines.
Phosphines 1-3 (7.0 mmol), benzyl bromide (1.0 equiv) in CDCl; at 23 °C. Yields are
based on 'H NMR integrations relative to mesitylene as an internal standard.

The results obtained indicate the significant impact an
ortho-pinacolato(boron) group has on phosphine
nucleophilicity, which can be rationalized by the inductive effect
of B and conformational changes. Recent studies suggest the
size of the Bpin group is small (A value = 0.34),28 so the relative
size of the Bpin group may have little ability to block the P-
centre. Instead, this group may promote a “gearing” effect of
the phenyl rings, placing the P-lone pair in a more favourable
conformation for substitution.®

Phosphine Kinetics - Ortho Substituent
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Figure 4: Rates of phosphonium ion formation using different ortho-substituted
phosphines. Phosphines 1 and 4-8 (7.0 mmol), benzyl bromide (1.0 equiv) in CDCl; at 23
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°C. Yields are based on H NMR integrations relative to mesitylene as an internal
standard.

To further probe this effect, we grew single crystals of
phosphonium salt 1a and analysed its conformation in the solid
state. The X-ray crystallographic data depicted in Figure 5
revealed several important features. First, there is no
association of Br with the phosphonium ion centre or the Bpin
group, which stands in direct contrast to similar fluoro
phosphonium compounds that are known to coordinate
fluoride ions with high affinities.2? Second, each of the C—P bond
distances for phosphonium 1a were elongated compared to the
parent phosphonium ion (benzyltriphenylphosphonium
bromide).2! For example, the C(benzylic)—P bond distance in 1a
is 1.822(5) A while that of the parent compound is 1.803(3) A.
The C(aromatic)—P bond distances for phosphonium ion 1a are
1.815(5) A, 1.803(4) A, and 1.795(4) A, while for
benzyltriphenylphosphonium bromide the C(aromatic)—P bond
distances are 1.803(3) A, 1.794(4) A and 1.790(4) A. The
observed bond lengthening in 1a suggests a donor-acceptor
interaction. We noted the O to P distance in 1a was 3.217(3) A.
This distance was remarkably similar to that reported by Tang
and co-workers for ortho-methylmethoxy
triphenylphosphonium bromide (3.218(3) A) and also suggests
an electrostatic interaction between the oxygen lone pair and
the phosphorus atom.22 This electrostatic interaction would be
absent in the meta- and para- isomers 2 and 3, so the increased
rate of reaction (relative to PPhs) is solely due to inductive
effects. Similar ortho- interactions have been proposed to
explain the increased rate of alkylation of ortho-
anisylphosphines.12b.23

1a

Figure 5: X-ray crystallographic data for phosphonium salt 1a shows O-P interaction
(green dotted line) of 3.217 A. Red = oxygen, pink = boron, grey = carbon, white =
hydrogen, orange = phosphorus, brown = bromine. Thermal ellipsoids represent 50%
probability level.

Finally, we studied the substitution reaction for 1 and PPh;
with BnBr as the electrophile using quantum chemical
calculations. We located the transition states for the
substitution reaction of 1 and PPhs; with BnBr using the B3LYP
level of theory and 6-311G(d) basis set for B, C, and using diffuse
functions on O and P.24-28 Consistent with experiment, we found
that the barrier for the substitution reaction with borylated
phosphine 1 was lower (18.2 kcal/mol) than the corresponding
transition state using PPhs (19.8 kcal/mol). To understand the
origins of this effect, we applied an energetic decomposition
analysis approach to the transition states of these reactions.2%-
31 Upon decomposing the transition state energies into kinetic,

This journal is © The Royal Society of Chemistry 20xx
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exchange-correlation, electrostatic (E.), steric (Es), and
guantum (Ey) effect components, we found the electrostatic
interaction in the transition state was the dominant factor
contributing to this difference in reactivity (AEe = 7.54 kcal/mol).
Interestingly, we found steric factors also contributed to the
higher reaction rate of borylated phosphine 1 (AE. = 2.49
kcal/mol).32 Since Bpin itself is much larger than an H atom, the
steric energy difference lends support to the idea that an ortho-
Bpin group places the P atom lone pair in a more favourable
conformation??® to react with the incoming electrophile, while
also stabilizing the transition state through the proposed
electrostatic interaction. In contrast, we believe the larger steric
bulk of the 1,3-dioxolane group in 4 amplifies unfavourable
steric interactions in the transition state at the expense of

beneficial O—P electrostatic stabilization.22
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Figure 6: Calculated transitions states for phosphonium ion formation using (a) PPhz and
(b) 1 in substitution reactions with BnBr. Red = oxygen, pink = boron, grey = carbon, white
= hydrogen, orange = phosphorus, dark red = bromine.

In conclusion, we have measured the rate of substitution
some mono-substituted triarylphosphines and found that an
ortho-Bpin group increases the rate of reaction with alkyl
halides. When considered with the X-ray crystallographic data
collected, it appears that the nature of the increased rate of
reaction for these systems can be attributed in part to an
electrostatic stabilization of the resultant phosphonium ion (AE.
= 7.54 kcal/mol). Energy decomposition analysis using quantum
chemical calculations supports the claim that the oxygen atom
within the boronic ester group provides electrostatic
stabilization within the transition state. Steric hindrance also
contributes positively to this increased reaction rate (AEe = 2.49
kcal/mol) by placing the P atom in a favourable conformation
for substitution. Our future studies are aimed at identifying
substitution patterns on B and P which substantially increase
the rate of reactivity with alkyl and heteroaryl halides.
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