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ABSTRACT: Readily available and bench-stable Cu(acac). (1) addresses many challenges in exploratory hydrophosphination
catalysis. Mechanistic investigations were performed to answer questions that remain about the reactivity of 1, the role of light in the
catalysis, and to provide direction for further study. A divergent Hammett plot indicates differing mechanisms based on electron
density at the alkene substrate. A radical process was eliminated based on trapping reactions and in-situ EPR experiments. Isotopic
labeling experiments, a zwitterionic trapping experiment, stoichiometric model reactions, and catalytic reactions using proxy
intermediates indicate that both conjugate addition and insertion-based mechanistic pathways occur with this system, depending on
the unsaturated substrate. Computational analysis indicates that the lowest energy transition is a ligand-to-metal charge transfer
(LMCT) from the phosphido ligand where the LUMO has significant Cu-P antibonding character, suggesting that a weakened Cu—P
bond accelerates insertion under photocatalytic conditions. This hypothesis explains the greater activity of 1 compared to copper-
catalyzed hydrophosphination reports and appears to be a general phenomenon for copper(l) catalysts. These results have been
leveraged to achieve heretofore unknown catalytic hydrophosphination reactivity, namely the diastereoselective hydrophosphination

of a tri-substituted styrene substrate.

INTRODUCTION

Organophosphines are integral molecules in catalysis,
synthetic chemistry, materials science, and more.?* Metal-
catalyzed hydrophosphination, the addition of a P-H bond
across an unsaturated substrate, is one of the most promising,
and atom-economical, P-C bond forming reactions.*4 Progress
has been made in expanding the available catalysts, scope, and
selectivity of hydrophosphination in recent years.'>*¢ However,
limitations remain that hamper the synthetic utility of
hydrophosphination.” 2 Among the most notable limitations
with known catalysts is that they often require special
preparation and/or complex ancillary ligands and that most pre-
catalysts are not air- and water-stable (i.e., not convenient).
Known catalysts also have limitations in reactivity, often
stymied by unactivated or highly substituted substrates,
especially in intermolecular reactions.” 2

As reported in 2020, commercially available and bench-
stable Cu(acac)2 (1) addresses many challenges in exploratory
hydrophosphination catalysis.®” Compound 1 is highly active,
effective for a range of activated and unactivated alkenes and
alkyne substrates, tolerates primary and secondary phosphines,
does not require an ancillary ligand, and operates at ambient
temperature under photolysis in either the UV or visible, though
thermal conditions also provide reactivity. The ease of use of 1
and its activity with a broad range of substrates, make
hydrophosphination available to the wider synthetic

community. In light of these positive features, further
mechanistic investigation was warranted to answer questions
about the reactivity of 1 with both activated and unactivated
substrates as well as the role of light in the reaction. Such
studies often provide a springboard for identifying new
reactivity.® 15

Prior study of 1 in photocatalytic hydrophosphination
garnered some initial understanding, but that work was
primarily focused on the activation of copper. In that report, it
was demonstrated that 1 is reduced by the phosphine substrate
to generate an active Cu(l)-phosphido intermediate, 2 equiv. of
acetylacetone, and 0.5 equiv. of diphosphine.®” Solution
behavior of 1 under these conditions is consistent with
[(PhoPH)CuPPh2]n. The copper(l) compound [(PPhs)CuH]s,*
which is a precursor to (PPhs)CuPPh, upon treatment with
Ph.PH,% was also an effective precatalyst. Prior study of copper
compounds in hydrophosphination catalysis are consistent with
these observations,'® 2 26 37 343 phyt the observation of
successful hydrophosphination of unactivated alkenes with 1 is
unique among that series and tied to photocatalytic conditions.
That reactivity indicates that the operant mechanism of P-C
bond formation is migratory insertion. A more thorough
understanding of mechanism would inform a transition to a
prefabricated copper(l) catalysts that may promote additional
reactivity to address specific challenges in hydrophosphination
catalysis.” 1?



Herein, we report direct evidence of a catalytically active
copper(l)-phosphido intermediate and that divergent
mechanistic steps occur in the catalysis depending on the alkene
substrate. Data in support of these mechanisms include a
Hammett analysis, modified catalytic reactions with radical
traps, a comparison of copper precursors, catalytic reactions of
proxy intermediates, isotopic labeling experiments, a
zwitterionic trapping experiment, and stoichiometric model
reactions. Computational analysis provides key insight into
photocatalysis demonstrating that the lowest energy transition,
a ligand-to-metal charge transfer (LMCT), appears to weaken
the Cu-P bond. This understanding allows for expansion of
hydrophosphination with 1 to more difficult substrates,
including the first example of a tri-substituted styrene.
Additional primary phosphines and sterically hindered alkenes
were also demonstrated as viable substrates, in recognition of
the limitations of scope in hydrophosphination catalysis.’”
Throughout this study multiple light sources are demonstrated
to be effective for this system and illustrate that commercially
available bulbs are effective rather than specialty photoreactors,
increasing the utility of this catalyst in exploratory reactions.

RESULTS AND DISCUSSION

Hammett analysis

As an initial probe of mechanism, a Hammett analysis was
performed using substituted styrene substrates.** In this
experiment, 10 mol % of 1, 1 equiv. of styrene, and 1 equiv. of
para-substituted styrene were treated with 0.8 equiv. of
phenylphosphine under photocatalytic conditions. Relative
conversion was determined after 30 min by H NMR
spectroscopy, and each reaction was performed in duplicate or
triplicate (See Sl for details). A negative o was found for
electron-donating substituents, and a positive ¢ was found for
electron-withdrawing substituents, which yielded a divergent
(concave) Hammett plot (Figure 1). Identical behavior was
observed when Ph,PH was used in the reaction (Figure S7). A
concave Hammett plot typically indicates a change in
mechanism upon introduction of different substituents.*
Interestingly, this divergence is consistent with the high activity
of 1 towards both electron rich and poor unsaturated
substrates.*” The high activity of 1 towards electron-poor
substrates is likely a nucleophilic attack of a copper phosphido
on an unsaturated substrate, the operant mechanism of many
late-metal hydrophosphination catalysts.® However, the high
activity of 1 towards unactivated substrates is inconsistent with
a nucleophilic mechanism. For example, 1-hexene is unlikely to
be subject to nucleophilic attack.*” Precedent for an insertion
pathway with copper comes from Cui and Whittlesey who have
previously proposed insertion of terminal alkynes* and
isocyanates,® respectively, into the Cu—P bond of NHC-copper
phosphido compounds. Therefore, an initial hypothesis for this
divergence, a combination of nucleophilic and insertion steps,
was formed. However, these data are unable to exclude a radical
pathway, and testing this possibility was necessary.

Figure 1. Hammett study of para-substituted styrene
derivatives and PhPHz with 1.

N Ph
. + PhPH, 10 mol % 1 !

P\H
1 equiv. 0.8 equiv. 226038’?0 /©/\/
H 30 min
1 equiv.
NMe 0.3
..
' CF,
[
”: . Br
3 “DMe o
» :
“, tBu
0.3449x-0.0069 . S y=0.4076x 74
R?=0.9919 “ H RZ=0

. B
0-®
J

Evidence supporting a homogenous, two-electron
process

The assertion that two potential mechanisms are operating
made identifying or eliminating radical and/or heterogenous
catalysis urgent. Additionally, a clearer answer on this issue
would inform if a prefabricated copper(l) pre-catalyst would be
a good proxy for 1 in further study. To detect radical reactivity,
several experiments were performed. As an initial test, a
reaction with 2 equiv. of phenylphosphine with styrene and 5
mol % of 1 was conducted in the presence of 10 mol % of
2,2,6,6-tetramethylpiperidine-N-oxyl ~ (TEMPO)*  under
photocatalytic conditions (Eq 1). Complete conversion of
styrene with 88% selectivity for the anti-Markovnikov single
addition hydrophosphination product 2a was observed. This
compares favorably to a reaction conducted without TEMPO
where full conversion of styrene with 91% selectivity for 2a
was observed.®” The lack of inhibition from TEMPO is
inconsistent with a radical based process. However, a
complicating factor is that TEMPO can react directly with
phosphines,*® 4° and the possibility existed that the lack of
inhibition was the result of complete consumption of TEMPO
before it could react with the catalyst. To test for this possibility,
a replicated reaction with 2 equiv. of TEMPO was performed to
increase the likelihood of direct reaction of TEMPO with the
catalyst (Eq 2). As expected, an initial 33P{*H} NMR spectrum
of only phenylphosphine and TEMPO in CDCls revealed
consumption of 17% of phenylphosphine and the formation of
several TEMPO-based byproducts. After addition of styrene
and 5 mol % of 1, 26% of the phosphine had reacted to form
byproducts. When this reaction was irradiated, the system
remained active with 87% conversion within 1 h. While this is



slower than the reaction without TEMPO, the decreased
concentration of phosphine due to reaction with TEMPO is a
strong factor. Catalyst deactivation would result in lower
conversions, based on control reactions.
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The possibility remained that TEMPO may be regulating the
radical flux of a phosphorus-based radical ([P] + TEMPO =
TEMPO-[P]) in solution as suggested by Knights et al.®® To
detect a phosphorus-based radical, a trap that does not interact
with phosphine was selected. Two equiv. of phenylphosphine,
styrene, and 5 mol % of 1 were allowed to react in the presence
of 1 equiv. of (chloromethyl)cyclopropane under photocatalytic
conditions (Eq 3). Observed reactivity was identical to the
reaction conducted without (chloromethyl)cyclopropane. Full
conversion of styrene with greater than 90% selectivity for 2a
was measured within 20 min upon irradiation. Importantly, the
(chloromethyl)cyclopropane remained intact. No 1-butene was
detected (as measured by NMR spectroscopy), as can occur in
the presence of a radical and was observed in radical
hydrophosphination reactions reported by Webster.® Full
consumption of styrene and 80% conversion to 2b with no
detectable 1-butene occurred in a replication of this experiment
with diphenylphosphine after 12 h of irradiation (Eq 4).
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Further evidence against the presence of radicals in this
catalysis came from an in-situ EPR experiment that mirrors one
performed by Corma with Cu(OTf)2* Treatment of a toluene
solution of PhPH: and p-tert-butyl styrene with 5 mol % of 1
resulted in the loss of signal for 1 as measured by EPR
spectroscopy (See Sl for additional details). Subsequent in situ
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irradiation at 360 nm for 30 min and monitoring by EPR
spectroscopy did not result in any detectible signal. NMR
spectra of this reaction mixture demonstrated complete
conversion to product. These results suggest an in-situ
reduction of Cu(ll) gives a Cu(l) active catalyst that proceeds in
closed shell reaction steps.

In some examples, 1 is a precursor to copper oxide
nanoparticles in the presence of various organic substrates
under thermal conditions.’ 52 Several observations argue
against this pathway. Previous reports of nanoparticle formation
result in the formation of acetic acid and acetone byproducts
that are not detected in this system.® As a test of homogeneity
of the active catalyst, 450 mg of elemental mercury (Hg) was
added to sequester any precipitated copper in the reaction of
PhPH and styrene and catalyzed by 5 mol % of 1 in
chloroform-d1.#” Observed reactivity was identical to reactions
conducted without added Hg, suggesting that copper(0) is not
precipitating, which is also consistent with visual observation
of a homogenous system. While these data are not definitive,
they are consistent with molecular catalysis.

Testing precursors and verifying copper(l)

With good indications of homogeneity and closed-shell
reactivity, several copper pre-catalysts were then tested to probe
for differences based on supporting ligand, counter ion, and
oxidation state. To test the role of the B-diketonate ligand in the
reaction, the reactivity of copper(ll) bis(2,2,6,6-tetramethyl-
3,5-heptanedionate) (3) and copper(ll) bis(2,2,6,6-tetrafluoro-
3,5-heptanedionate) (4) were explored (Table 1). When styrene
was treated with 2 equiv. of phenylphosphine and 5 mol % of 1
or 3 under photocatalytic conditions, almost identical reactivity
was observed with both compounds, affording quantitative
conversion within 20 min (Table 1, entries 1 and 2). Diminished
reactivity was observed when this reaction was conducted with
5 mol % of 4, where only 30% conversion of styrene (Table 1,
entry 3) was measured in the same reaction time. The same
trend was observed in reactions with 1-hexene in which greater
than 70% conversion was observed with compounds 1 and 3
(Table 1, entries 4 and 5) compared to 44% conversion with
compound 4 (Table 1, entry 6). A control reaction omitting
copper gave 4% conversion under irradiation (Table 1, entry 7).
Additionally, *H NMR signals attributed to acetylacetone or
2,2,6,6-tetramethyl-3,5-heptanedione were detected in reaction
mixtures with 1 and 3 respectively, but the corresponding B-
diketone, 1,1,1,5,5,5-hexafluoroacetylacetone, was not
observed in NMR spectra of reaction mixtures with 4. The
decreased reactivity of 4 is thus attributed to slower protonation
of the less basic B-diketonate ligand, resulting in slower catalyst
activation. This comparative analysis demonstrates how
composition of the copper(ll) compound is important for
catalysis and is one indication of how the counterion can
distinctly influence catalytic performance for a copper(Il)
precatalyst.



Table 1. Comparison of copper(ll) bis(g-diketonato)
precursors

5 mol % of [Cu]

tBU tBl,l F3C CF3
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tBu)\/k 'Bu FSC)\/kCF3

3 4

R + 2 PhPH, % R/\/Ef‘H
CDCly
Entry [Cu] Time alkene Conv. %
1 1 20m styrene 100
2 3 20m styrene 100
3 4 20m styrene 30
4 1 20h 1-hexene 80
5 3 24 h 1-hexene 72
6 4 24 h 1-hexene 44
7 None 24 h 1-hexene 4
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Additional copper precatalysts were screened under
photocatalytic conditions that included Lipshutz’s previously
reported copper(ll) acetate monohydrate (Cu(OAc)2-H-0, 5),%
copper(l) oxide (Cux0, 6), tetrakis(acetonitrile)copper(l)
hexafluorophosphate  ([Cu(CHsCN)4]JPFs, 7), and a f-
diketiminato copper(l1) compound (8). All copper catalysts
tested were successful at catalyzing the hydrophosphination of
styrene and phenylphosphine, at varying relative rates, under
the same photocatalytic conditions (Table 2, entries 1-4).
Copper(l) compounds 5, 6, and 7, were also active with 1-
hexene to various degrees (Table 2, entries 5-7). The difference
in apparent relative rates is likely to be a result of differing rates
of activation, which reiterate the likely role of ancillary ligand
basicity in activation to initially reduce copper(ll) as much to
activate copper(l). For example, 6 is insoluble but over time the
appearance of phosphine oxides detectable by 3P{*H} NMR
spectroscopy in reaction mixtures with 6 suggest oxygen
transfer from copper and the formation of a soluble copper
species. Phosphine oxides are not detectable in reactions with
1. In a similar vein, addition of Proton sponge (1,8-
dimethylamino naphthalene) to a reaction catalyzed by 7
improved reactivity. This is likely due to deprotonation of a
coordinated phosphine to form a copper phosphido due to the
weak basicity of PFe™ (Table 2, entry 8). A similar observation
was made by Lin.?® 2 Of note, a prefabricated copper(Il)
compound, 8, was entirely inert in the hydrophosphination of 1-
hexene (Table 2, entry 9). Taken together, these data not only
provide additional support for a copper(l) phosphido active
species, but more importantly, they demonstrate the
generalizability of photocatalysis with various copper
precursors that are capable of being activated (often via
protonation) to soluble copper(l) active catalysts.

Table 2. Comparison of other copper precursors

5 mol % of [Cu]

R + 2 PhPH, —3000m R/\/Ef‘H
CDCl3
Entry [Cu] Time  Alkene  Conv. %
1 Cu(OACc)2(5) 20m  styrene 86
2 Cuz(1)O (6) 20m  styrene 15
3 Cu(MeCN)4PFs (7) 20m  styrene 45
4 8 20m  styrene 41
5 5 20h  1-hexene 68
6 6 24h  1-hexene 73
7 7 16h  1-hexene 26
8 I 16h  1-hexene 67
9 8 24h  1-hexene 1

[a] 40 mol of % of 1,8-bis(dimethylamino)naphthalene.
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Model reactions with IPrCuPPh;

With data to support a soluble, closed-shell process and
generalizable copper photocatalysis, a suitable molecular model
system was pursued to provide greater understanding of this
catalysis. Such a discrete molecular compound catalyst is
attractive because polymetallic copper phosphido compounds
have also been demonstrated to be effective pre-catalysts for
this hydrophosphination*®-4® but are more challenging for study.
To identify a discrete copper(l) phosphido compound for
further study, several catalytic reactions were attempted with
the known derivative IPrCuPPhz (9) (Table 3). Compound 9 is
a monomeric phosphido compound, originally prepared by
Nolan,% that has been structurally characterized and
demonstrated to catalyze the hydrophosphination of isocyanates
by Whittlesey under ambient light.*® For these reasons, 9 was
an attractive compound to test for photocatalytic reactivity.
Styrene was treated with 1 equiv. of diphenylphosphine and 5
mol % of 9 under photocatalytic conditions as shown in Table
3. When irradiated with a 360 nm-centered commercial
lightbulb, 45% conversion was observed after 2 h as determined
by 'H and 3P{*H} NMR spectroscopy (Table 3, entry 1).
Comparable conversions were measured with a commercial
“pblacklight” near-UV LED bulb or a strip of blue light LED
bulbs (Table 3, entries 2 and 3), demonstrating the generality of
simple light sources. When irradiated with a 23 W CFL bulb,
there was greater than 90% conversion to the tertiary phosphine
product measured for 9 versus 80% for 1 over the same time
period (Table 3, entries 4 and 5), a difference that is attributed



to the activation step necessary for 1. The same reaction
conducted under ambient light or in the dark resulted in only
13% and 0% (Table 3, entries 6 and 7) conversion, respectively.
A control reaction omitting copper gave 8% conversion under
irradiation (Table 3, entry 8). These reactions reiterate the
importance of light in catalysis with both 1 and 9. More
germane, the similarity in activity between 1 and 9 indicates that
a monomeric copper phosphido compound is an active
intermediate and that 9 can be a useful tool in understanding
photocatalytic hydrophosphination using copper.

Table 3. Comparative hydrophosphination of styrene to
establish the utility of monomeric compound 9

2b

5 Mol % of [Cu]

X
_— T
©/\ +PhaPH light source
CeDs

2h
Entry [Cu] Light Source Conversion %
1 9 360 nm 45
2 9 blacklight LED 44
3 9 blue LED 77
4 9 23 W CFL 91
5 1 23 W CFL 80
6 9 ambient 13
7 9 dark 0
8 none 23 W CFL
P [/\ P
Ty 52
/—Pr:u( i-Pr
éth
9

To further confirm 9 is a valid catalyst for study, two more
difficult substrates were attempted. Treatment of a chloroform-
d: solution of a-methylstyrene, diphenylphosphine, and 5 mol
% of 9 under 360 nm irradiation resulted in 80% conversion to
10a as determined by H NMR spectroscopy (Eq 6).
Interestingly, compound 9 was more active than 1 under the
same conditions. However, not all substrates were faster with 9.
A neat solution of 4 equiv. of diphenylphosphine and 1-hexene
in the presence of 5 mol % of 9 resulted in 18% conversion to
10b after 18 h and 61% conversion after 6 days of irradiation
(Eq 5). This is a slower apparent rate than was previously
observed with 1 which had 64% conversion with 3 equiv. of
phosphine after 24 h. While the lack of an activation step and
the steric and electronic contributions of the ancillary NHC
ligand undoubtedly affects the rate of reactivity, it is apparent
that 9 is a valid hydrophosphination photocatalyst precursor and
a valid proxy for 1 in continued study.

5 Mol % of 9
RN W Ph,PH 360 nm N ~-PPhy
25-30 °C
Neat 10b
6 days 61 %

®)

5 Mol % 9
360 nm PPh,
25-30 °C
CDCly
4h 10a
80%

+ Ph,PH

(6)
Deuterium labeling experiments

Deuterium labeling experiments were performed to better
understand selectivity in the key bond formation steps of the
catalysis. Styrene was treated with one equiv. of
phenylphosphine-d: (71% deuterium) and 5 mol % of 1 under
irradiation and monitored by 'H, 2H, and *P{*H} NMR
spectroscopy (Figure 2). After 16 h, 86% conversion to product
2b-d1 was observed with 58% deuterium enrichment at the
carbon adjacent to the phenyl substituent (C2, Figure 2),
accounting for 81% of the added deuterium. The balance, or
approximately 18% of the deuterium, was observed at oxygen
and the methylene carbon (C3, Figure 2) of acetylacetone. This
observation explains the lack of complete deuterium
incorporation on the hydrophosphination product. The
remaining trace deuterium was present in oxidized starting
material Ph:P(O)H. Multiple deuterium exchanges at
acetylacetone indicate that there is more complex chemistry
associated with this ligand. However, critical transfer of
hydrogen in hydrophosphination appears to be affiliated with an
ordered process exclusively at the 2-position from these data.

Figure 2. Deuterium labeling experiment
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In light of this complexity, a second deuterium labeling
experiment was performed with 9 as catalyst. Styrene was
treated with 1 equiv. of Ph.PD (86% deuterium) and 5 mol %
of 9 under 360 nm irradiation in toluene and replicated in
toluene-ds (Figure 3). After 24 h, 69% conversion had occurred
with the only detectable deuterium at C2 of the tertiary
phosphine product, 2b-di, as measured by 'H, 2H, and 3P{*H}
NMR spectroscopy. Deuterium was not detected at any other
position of the product.



Figure 3. Deuterium labeling experiment with 9
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A similar experiment in which a neat solution of 1-octene and
3 equiv. of PhoPD were allowed to react with 5 mol % of 9
resulted in 30% conversion as determined by 3P{*H} NMR
spectroscopy after 19 h (Eq 7). In this experiment, deuterium
was only detectable at the B-carbon relative to phosphorus in
the 2H NMR spectrum. However, an accurate determination of
the amount of deuterium versus hydrogen at this position (i.e.,
percent of product deuteration) was not discernable from a *H
NMR spectrum due to overlap with protons on the y-carbon.
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86% D 2530 °C 10c - d
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The observed isotopomers are consistent with three potential
reaction pathways (Scheme 1). Path A, migratory insertion of
alkene into a copper hydride, can be eliminated immediately for
three reasons. First, treatment of copper hydrides with
diphenylphosphine results in the rapid formation of a copper
phosphido.®® Second, the activation process for 1 requires H-
transfer to the acetylacetonate (acac) ligand to form a copper
phosphido, rather than a hydride, based on analysis of
byproducts, which is consistent with deuteration at C3 of
acetylacetone (Figure 2). Third, results from Buchwald in
copper-catalyzed hydroamination and Hartwig in copper-
hydride hydroboration indicate 2,1-insertion of styrene into a
copper hydride is favored over the 1,2 insertions.* % In path B,
a copper phosphido could perform nucleophilic attack on alkene
substrate to form a zwitterionic intermediate and then undergo
protonation (Scheme 1, path B). While this path is possible for
Michael acceptors and even styrene, the experiments with 1-
hexene and 1-octene demonstrate that this is not feasible for all
substrates. The final possibility is a 2,1-insertion of substrate
followed by protonation (Scheme 1, path C). This is the most
favorable possibility for two reasons. First, the 2,1-insertion
accounts for the anti-Markovnikov selectivity observed in the
catalysis regardless of substrate. Second, this pathway allows
for the selectivity in deuteration observed for unactivated
alkenes like 1-hexene. Thus, deuterium labeling supports 2,1-
insertion of unactivated alkenes, which may also be possible for
Michael acceptors. However, these data do not account for a
mechanistic distinction in P-C bond formation. Therefore,

additional experimentation is needed to account for the
divergence in mechanism from Hammett data.

Scheme 1. Three potential mechanisms that provide
product selectivity observed in deuterium labeling
experiments
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Evidence for a zwitterionic intermediate

Electron-deficient alkenes are likely subject to nucleophilic
attack based on literature precedent.® 15 57%° Indeed, small
amounts of telomerization products observed in the reaction of
diphenylphosphine and acrylonitrile in the presence of 1 that
indicate that a zwitterionic intermediate similar to that reported
by Glueck for platinum-catalyzed hydrophosphination.® > To
test for this mechanism, a trapping experiment mirroring one
executed by Glueck was performed. A reaction of
diphenylphosphine, methyl acrylate, and 5 mol % of 1 was
treated with excess (5 equiv.) of benzaldehyde in an effort to
trap a zwitterionic intermediate (Eq 8). After 4 h, the
hydrophosphination product, 11a, was the major product in
greater than 13:1 ratio, with 6% conversion to the three-
component coupling product, 11b, as determined by *P{*H}
NMR spectroscopy (Eq 8). When this experiment was
replicated with compound 9, the hydrophosphination product
11a was the major product but in only a 2:1 ratio compared to
11b (Eq 9). The formation of 11b suggests that a zwitterionic
intermediate is in solution in catalysis with 1 and 9. The
decreased formation of 11a observed with 1 as catalyst may be
a result of benzaldehyde inhibiting the formation of a copper
phosphido in contrast to the prefabricated copper phosphido of
9. With both 1 and 9, there is significantly less trapping product
(i.e., 11b ) formed than was observed by Glueck in the platinum
system where the major product was trapping by a 3:1 ratio.5’
The decreased formation of trapped product with copper
suggests that the zwitterionic intermediate is likely longer lived
with platinum and therefore subject to more trapping. Most
important, the trapping reactions are consistent with a
nucleophilic attack at electron deficient unsaturated substrates.
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Attempted observation of insertion products

To test for alkene insertion into the Cu-P bond, 9 was treated
with 1 equiv. of styrene in benzene-ds then irradiated at 360 nm
and monitored by H, *P{'H}, and %P HMBC NMR
spectroscopy. Unfortunately, these efforts failed to provide
clear data for a stoichiometric insertion into the Cu-P bond,
rather mixtures of products that could not be conclusively
assigned were instead observed. Two points are of note in this
effort. First, many alkyl peaks were measured that are correlated
with phosphorus shifts in a 3P HMBC NMR spectrum. Second,
no reaction occurs in the absence of light, even with a large
excess of styrene, when monitored over the same time frame.
Similar results were obtained in identical experiments with
para-methoxy styrene, norbornene, or with irradiated neat
mixtures of 9 with excess ethyl vinyl ether or 1-hexene (See Sl
for details), all consistence with the need for light in the
pathway of electron-rich substrates.

C-H bond formation

In both insertion and zwitterionic mechanistic pathways, the
phosphine product is likely released and the copper phosphido
is restored by formal protonation of an intermediate Cu—C bond
by primary or secondary phosphine. To confirm the viability of
this step, alkyl copper compound IPrCu(CH2CH=CH,) (12)%°
was treated with 1 equiv. of diphenylphosphine in a benzene-ds
solution. A signal at 6 =26 corresponding to compound 9 was
observed in the 3P{*H} NMR spectrum, and formation of
propylene was confirmed in the *H NMR spectrum (Eq 10).
Repetition of the experiment with phenylphosphine gave
analogous results, confirming that primary and secondary
phosphine can protonate an alkyl copper compound to
form/restore a phosphido compound.

-_,'-Pr /:\ i-Pr. J-Pr = i-Pr_ H
N N ¢ _ < N N %
iPrey i-Pr iPrcy i-Pr \
|
PPh,
12| 9
(10)

Proposed catalytic cycle

Taken all together, the above data point to two catalytic
cycles. Initially, 1 is reduced by a primary or secondary
phosphine to generate an active copper(l)-phosphido compound
(1, depicted with PhPH for simplicity), 2 equiv. of
acetylacetone, and 0.5 equiv. of 1,2-tetraphenyldiphosphine
(Scheme 3). As identified, discrete copper(l) compounds
circumvent this activation step. In the presence of electron rich
alkenes, a 2,l-insertion into the copper—phosphorus bond
occurs to form an alkyl copper intermediate (11A). Protonation
of the alkyl copper species releases the hydrophosphination

product (I11) and reforms the copper phosphido 1. In the
presence of electron deficient alkenes, I may engage in
nucleophilic attack to generate a zwitterionic intermediate
(11B). Protonation of 11B forms hydrophosphination product
(111) and regenerates the copper-phosphido catalyst. This
mechanistic proposal reconciles experimental observations of
the catalysis, stoichiometric reactions, Hammett data, and
model transformations with copper(l) compounds. Some
questions remain, chief among them is, what is the role of light?

Cu(acac),
1

PhaPH 1/2 (Ph,P), + 2 acetylacetone

= =
EWG EDG

EWG PPh,
® 0 "Cu(l)-PPh," [C“]I
[Cu]—FPh, 1 EDG
B A
Ph,PH H epny Ph,PH

111

Scheme 3. Proposed mechanism of copper-catalyzed
hydrophosphination

Computational analysis/Role of light

While these data are informative, they do not explain the role
of  light.  The  phenomenon  of  photocatalytic
hydrophosphination has been described. In particular,
photocatalytic hydrophosphination with zirconium appears to
depend on a P n — Zr d LMCT that results in the lengthening
of the Zr—P bond to promote facile substrate insertion.®* ¢ This
seemingly benign transition results in bond elongation due to
significant Zr—P antibonding character of the acceptor orbital.
To probe for a potentially related phenomenon with copper,
compound 9 was explored by spectroscopic and computational
analyses.

UV-visible spectra of 9 were obtained as THF solutions
(Figure 4a). Absorption bands were observed at 225 nm, 265
nm, and 320 nm (See Sl for additional details). The band of
interest at 320 nm is broad and trails past 400 nm, which is
consistent with the yellow color of these compound and
reactions. These primarily ultraviolet transitions that have a
non-trivial cross section in the visible also explain activity
observed with copper across a variety of wavelengths. The
nature of the lowest energy transition was of keen interest from
prior work that suggests copper compounds obey Kasha’s
Rule.%®

Investigation of 9 via DFT computations were performed.
Benchmarked computations for copper phosphido compounds
of this general type were not found in the literature. Thus, the
ground state geometry of 9 was optimized with the functionals
PBE, PBEO, BLYP, B3LYP, and MOG6-L using the def2-TZVP
basis set. These optimized structures are in good agreement
with the molecular structure of 9 reported by Whittlesey from
an X-ray diffraction study (See Sl for details) and were explored
via TD-DFT modeling.



Figure 2. a) Experimental UV-visible spectra of 9 in THF b) Calculated UV-visible spectra of 9 in THF with MOG6-L/ def2-
TZVP c) HOMO and LUMO of 9 calculated with MOG6-L/ def2-TZVP
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The absorption intensities of 9 were performed using the
PBE, PBEO, BLYP, B3LYP, MO6 and MO6-L functionals
with Gaussian and analyzed with GaussSum at 1500 cm™
fwhm. The computed UV-vis spectra from PBE, BLYP,
B3LYP, and MO6-L were all in good agreement with the
experimental UV-vis spectra as measured by the intensities and
distance between the two lowest energy transitions. BLYP most
accurately predicted the relative intensities of the two peaks
predicting an approximately 2:1 ratio and slightly
overestimated the 60 cm™ distance between two peaks. Whereas
the spectrum calculated with MO6-L accurately predicted a 60
cm? difference between the two peaks and slightly
overestimated the difference in band intensities. All four of
these spectra revealed a low-energy band composed
predominantly of a single electronic transition followed by a
higher energy band composed of several electronic transitions.
For simplicity, MO6-L is depicted in Figure 4b, but the
complete analysis can be found in the Supporting Information.

With all four functionals, the low energy band computed by
TDDFT was found to be a one electron excitation with 93-98%
HOMO—LUMO character. Visual inspection of the orbitals
computed from all four functionals revealed a phosphorus-
dominated HOMO with a LUMO that appeared to have more
copper character but was distinctly Cu-P antibonding in
appearance (Figure 4c). Mullikan orbital populations confirmed
this coarse analysis. The HOMO is predominantly composed of the
phosphorus 4 P, and 5 P, atomic orbitals and the largest
contributors to the LUMO are from the NHC carbon and the Cu 4P,
atomic orbitals. These ground state computations are suggestive of

a single electron excitation that populates an orbital that would
weaken the copper—phosphido bond. Unfortunately, optimization
of the excited state geometry did not converge on a one electron
excitation. Nevertheless, computational data gives a strong
preliminary indication that photoexcitation for copper may
facilitate insertion via weakening of the Cu-P bond, as has now
been seen for several zirconium compounds.®: 62 Most germane to
catalysis, it suggests that this photoactivity is substrate independent
and new, challenging substrates can be realized via photocatalytic
hydrophosphination using copper.

Hydrophosphination of difficult substrates

With this improved mechanistic understanding, expansion of
this catalysis to address challenges in hydrophosphination are
underway. One articulated challenge is the absence of variety in
the phosphorus substituents where Ph2PH, and more recently
PhPH, are the most commonly reported substrates. 12 17: 316465
For copper, preliminary data indicates more diverse phosphine
substrates are viable. Treatment of styrene with 2 equiv. of
mesitylphosphine in the presence of 5 mol % of 1 gave
quantitative conversion to product 13a within 20 min.
Treatment of 2 equiv. of mesitylphosphine with a-methyl
styrene resulted in greater than 95% conversion to the novel
product 13b after 12 h of 360 nm irradiation. Two equivalents
were not required for selectivity as the same reaction with 1
equiv. went to 59% conversion over the same time frame and
79% conversion (61% isolated yield) after 36 h with only trace
detection of the double P-H bond activation product. Reaction
of 2 equiv. of cyclohexylphosphine with styrene and 5 mol %
of 1 proceeded to 46% conversion to product 13c after 28 h of



360 nm irradiation (Eq 11). The apparently lower activity of
CyPH2 in comparison to aryl phosphines is interesting and in
need of deeper investigation. Clearly, more substrate scope
exploration is needed, but these results demonstrate the capacity
for copper to engage in a broader scope, especially leveraging
the greater reactivity afforded by photocatalysis.

R

5mol % of 1 R $
+ 2RPH, XM, Py
25-30°C

cDCly

13a, R=H, R' = Mes, 98%, 20 m
13b, R = CH3, R'= Mes, 95%, 12 h
13c,R=H,R'=Cy, 46%, 28 h

(11)

A second, larger challenge in hydrophosphination is the poor
tolerance for sterically encumbered alkenes. For example, there
are only two prior reports of the hydrophosphination of -
methyl styrene with diphenylphosphine and each required
temperatures of 100 °C with 41% the highest yield achieved by
a cerium MOF after 5 days of heating.® *° Under 360 nm
irradiation at ambient temperature, hydrophosphination of a
neat mixture of cis/trans B-methyl styrene  with
diphenylphosphine in the presence of 5 mol % of CuOAc (14)
proceeds to 73% conversion to product 13d in less than 3 d (Eq
12). Compound 1 achieves 25% conversion under the same
conditions after 3 d, demonstrating how even simple
prefabricated copper(l) can be valuable in saving the catalytic
activation step in these longer reactions.

Th
N 5 m;é;/o of 14 P\Ph
+ 2PhpH ——20
25-30°C
neat 13d
68h 75%

(12)

Hydrophosphination of a-substituted unactivated alkenes, to
our knowledge, has not been reported with primary phosphines,
and the known example is, again, Lin’s cerium MOF using
secondary phosphines.'® Treatment of 2-methyl-1-butene and 2
equiv. of phenylphosphine with 5 mol % of 1 afforded 83%
conversion to 13e after 24 h of irradiation (Eq 13). A reaction
with 1 equiv. of diphenylphosphine and 1.5 equiv. of 2-methyl-
1-butene resulted in 38% conversion (with respect to
phosphine) to product 13f after 3 d of irradiation. Again, faster
reactivity can be achieved with prefabricated Cu(l) compound
14 as the same reaction but with 5 mol % of 14 resulted in 52%
conversion after 3 d of irradiation (Eq 14). Excess 2-methyl-1-
butene was utilized due to this substrate’s volatility to ensure
adequate substrate in solution through the course of the
reaction. These are improvements in reactivity with challenging
substrates, but more work is needed.

5 mol % 1 Th
/\"/+ 2 PhPH, 360 nm \)\/P\H
25-30°C
CDCl, 13e
24h 83%

(13)

5 mol % of 14 rfh
: 360 nm P
1.5 equiv. Ph,PH —————>
q T 25-30 °C Ph
neat 13f,
3 days 52%

(14)

Recognizing the potential enhancement of reactivity via
photocatalysis using copper, a tri-substituted styrene was
screened with copper. Treatment of 1-phenyl-1-cyclohexene
with 2 equiv. of phenylphosphine under 360 nm irradiation in
the presence of 5 mol % of 1 gave 36% conversion to 13e after
48 h. Under greater irradiation, from two side-by-side
commercially available blacklights, a similar reaction resulted
in 70% NMR conversion and 55% isolated yield after 40 h (Eq
15). This demonstrates that photon density may be the key
factor to coaxing greater activity and thereby substrate scope
from copper hydrophosphination catalysts. Greater than 20:1
selectivity for the cis-diastereomer (i.e., that resulting from a
net trans addition of the P—-H bond) was detectable by *H and
$1pLIH} NMR spectroscopy. This assignment was confirmed by
single crystal X-ray analysis of crystals of 13e grown from a
concentrated pentane solution at —30 °C. To our knowledge, no
tri-substituted styrene has been functionalized in any previous
hydrophosphination reports.

|
! 5 mol % of 1 m
s,

+ 2 PhPH, 2':“3"3':;
CDCly PPhH
40 h
and enantiomer x‘*&
>20:1dr
139

70% (55%)

(15)

In an initial test of the effect of a supporting ligand on
diastereoselectivity, 1-phenyl-1-cyclohexene was treated with
1.5 equiv. of phenylphosphine and 5 mol % of IPrCuMes (15)
under irradiation, which resulted in 67% conversion with 93:7
d.r for the cis product (Eq 16). A second experiment was
conducted under identical conditions but with 2 equiv. of
phenylphosphine and in the presence of 5 mol % of mesityl
copper(l) (16) and 2,2-bipyridine (bpy) that gave 82%
conversion after 72 h with a 58:42s d.r (Eq 17). These results
demonstrate that the careful choice of ligand allows for
diastereoselectivity with this substrate. Optimization to select
for the trans-isomer and further exploration of both stereo- and
enantioselectivity is ongoing.

=

i-Pr,
N_ N g
5 mol % Y D
i-Pr

i-Prcy -

’ 15
+ 1.5PhPH; —m8M8 >
O blacklight
25-30°C PPhH

CDCly
72h
and enantiomer
93:7 dr
13g
67%

(16)



’ 5 mol % 16
+ 1.5 PhPHy——m———

6 mol % bpy
blacklight PPhH
25-30°C
072(;'3 and enantiomer
58:42 dr
13g

82%
(17

CONCLUDING REMARKS

A series of studies were conducted that address the key
mechanistic steps in copper-catalyzed hydrophosphination.
These data support a copper(l) active catalyst that proceeds via
either an insertion-based or nucleophilic pathway, depending on
the electronic structure of the unsaturated substrate.
Photocatalytic enhancement now appears to be a general
phenomenon for hydrophosphination, first reported for
zirconium compounds and now applicable to a range of copper
compounds. Like zirconium, computational data points to M—P
bond weakening as the key contribution of photolysis to
reactivity. This improved understanding of copper-based
photocatalysis has immediately yielded new reactivity. Most
notably, tri-substituted alkenes now appear to be viable
substrates for hydrophosphination. All of this reactivity is
possible with widely available copper salts that should be the
go-to reagents for exploratory hydrophosphination catalysis in
synthetic applications, noting that reactivity is easily enhanced
with simple irradiation using commercially available light
sources. Additionally, this work further demonstrates that study
of common laboratory reagents under new conditions can yield
new and exciting reactivity. Continued study of this system for
expanded substrate scope in hydrophosphination as well as
asymmetric hydrophosphination is underway. As more
reactivity is identified with specific copper compounds,
however, Cu(acac). (1) remains the premier catalyst for
exploratory hydrophosphination catalysis based on three factors
1) overall activity for the catalyst compared to others for known
substrates, 2) accessibility of the catalyst to any synthetic
chemist, and 3) reactivity of 1 at ambient temperature under
irradiation from a germicidal lamp or even a desk lamp.

EXPERIMENTAL CONSIDERATIONS

General Methods

All manipulation of air sensitive compounds were performed under
a nitrogen atmosphere with dry, oxygen-free solvents using an M.
Braun glovebox or standard Schlenk techniques unless otherwise
noted. Compounds 3,5 4,57 7,8 889 95 127 and 15,° 167 were
synthesized by literature methods. Diphenylphosphine and
diphenylphosphine-di1  were synthesized by modified literature
procedure by working up with H20 or D20, respectively.®” Chloroform-
d1 and benezene-ds were purchased and then degassed and stored over
3 and 4 A molecular sieves. Styrene derivatives were distilled or
degassed and passed through basic alumina that had previously been
dried at 180 °C under reduced pressure. Benzaldehyde was distilled
prior to use. All other reagents were acquired from commercial sources
and dried by conventional means, as necessary.

ESI-mass spectra were collected on a Waters Xevo G2-XS QTOF
high resolution mass spectrometer. All NMR spectra (*H, 2H, 13C, 3P,
$1p{'H} and %P HMBC) were recorded at 25 °C with a Bruker AXR
500 MHz or Varian 500 MHz spectrometer. Absorption spectra were
recorded with an Agilent Technologies Cary 100 Bio UV-Visible
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Spectrophotometer (Santa Clara, CA, USA). EPR data were collected
on a Bruker EMXplus EPR spectrometer equipped with an optical
cavity. X-ray diffraction data were collected on a Bruker APEX 2 CCD
platform diffractometer (Mo Ka (A = 0.71073 A)).

Safety note: Phosphines are toxic, and many primary phosphines are
volatile. Redox reactions or metal catalysts have the potential for rapid
hydrogen evolution from phosphine substrates. Appropriate
precautions for toxic gases and hydrogen are necessary in this work.

Additional method for the synthesis of compound 9

In an N-filled glovebox, IPrCuMes™ (333 mg, 0.583 mmol) was
stirred in 5 mL of THF in a scintillation vial. Neat PhoPH (214 mg, 200
uL, 1.15 mmol) was added via micropipette resulting in a yellow
solution. The solution was stirred for 16 h at ambient temperature, then
volatile materials were removed under reduced pressure to a yellow
residue. The crude product was slurried in hexanes, collected on a
medium frit, and washed with additional hexanes to afford 278 mg
(76%). Spectroscopic data for the product matched that of the literature
report.>*

General procedure for catalytic experiments

In an Nz-filled glovebox, 0.019 mmol, 5 mol % of catalyst, 0.38
mmol of unsaturated substrate, and 0.38 mmol of
diphenylphosphine or 0.76 mmol of primary phosphine was
measured and mixed in 0.6 mL benzene-dgs or chloroform-di. This
solution was transferred to an NMR tube. Initial *H and 3'P{*H}
NMR spectra were obtained before placing the tube in a photo
chamber containing a Rexim G23 UV-A (9W) lamp, Greenlite 23
W CFL bulb, VEI UV Blacklight Party Lamp, or strip of Blue
LED lights. Periodic *H and 3P{*H} NMR spectra were
collected. Conversions were determined by integration of ‘H
and 3'P{*H} NMR spectra to starting materials. Internal standards
varied and included 1,3,5-trimethoxy benzene, tetramethy| silane,
or an external standard of PPhs (sealed capillary).

Characterization Data for new phosphines

Previously unreported phosphines were purified by silica gel column
chromatography with a 3:1 hexanes: DCM liquid phase in an M. Braun
glovebox.

2,4,6-trimethylphenyl(2-phenylpropyl) phosphine (13b):

IH NMR (500 MHz, CDCl3) 8 7 & 7.33 (m, Ar, 2H), 7.22 (m, Ar,
3H), 6.91 (s, Ar, 2H), 4.15 (m, 1H), 2.87 (m, 1H), 2.42 (s, 6H), 2.30 (s,
3H). 1.87 (m, 2H), 1.38 (d, J = 6.9 Hz, 3H).°*C NMR (126 MHz,
CDCls) & 147.12 (s), 141.7 (d, J = 11.6 Hz), 137.9 (s), 130.3 (d, J =
13.7 Hz), 128.9 (s), 128.4 (s), 126.8 (), 126.2 (s), 39.3 (d, J = 9.8 Hz),
30.4(d,J=11.1Hz),23.6 (d,J=7.1Hz),22.9 (d, J=10.9 Hz), 21.0
(s). 3P{*H} NMR (202 MHz, CDCls) § -93.5 (s). HRMS calcd for
CisH23P: 271.1616 [M+H]*, found 271.1615.

Phenyl(2-methylbutyl)phosphine (13e): *H NMR (500 MHz,
CDCl3) 8 7.52 (t, J = 6.2 Hz, 2H), 7.31 (m, 3H), 4.19 (s, 1H), 1.93 (dd,
J =13.6, 5.3 Hz, 1H), 1.73 (m, 1H), 1.50 (dm, J = 19.3, 13.4, 6.3 Hz,
2H), 1.27 (m, 1H), 1.00 (d, J = 6.6 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H) 1*C
NMR (126 MHz, CDCls) 6 136.1 (s), 133.6 (d, J = 15.5 Hz), 128.4 (d,
J=5.4Hz),128.0 (s), 33.5 (d, J = 8.5 Hz), 30.9 (d, J = 11 Hz), 30.5 (d,
J=7.5Hz),20.2(d,J=7.0 Hz), 11.3 (s). 3'P NMR (202 MHz, CDCls)
§-60.5. HRMS calcd for C1aHi7P: 181.1146 [M+H]*, found 181.1140.

Cis-2-phenyl-1-phenylphosphino-cyclohexane (13g): *H NMR
(500 MHz, CDCls) § 7.59-6.95 (m, 10H), 3.69 (s, 1H), 3.15 (m, 1H),
2.72 (s, 1H), 2.21 (qd, J = 12.5, 3.5 Hz, 1H), 2.04 (m, 1H), 1.98-1.77
(m, 4H), 1.63 (m, 1H), 1.51 (m, 1H). **C NMR (126 MHz, CDCls) §
145.0 (d, J = 2.7 Hz), 135.9 (d, J = 11.1 Hz), 134.5 (d, J = 15.7 Hz),
134.5 (d, J = 15.7 Hz), 128.25-128.14 (m), 128.1 (d, J = 6.1 Hz), 127.9
(s), 127.7 (d, J = 0.9 Hz), 126.2 (s), 46.2 (d, J = 11.8 Hz), 41.8 (d, J =
11.3 Hz), 30.9 (s), 26.8 (d, J = 8.4 Hz), 26.7 (s), 21.5 (d, J = 5.3 Hz).
3pLIHY NMR (202 MHz, CDCls) & -59.1 (s). HRMS calcd for
CisH21P: 269.1459 [M+H]*, found 269.1464.



Computational Methods

All electronic structure calculations were performed on the 380-node
IBM Bluemoon cluster at the Vermont Advanced Computing Core with
the Gaussian 09 software package.”” A structural model of 9 was
prepared from the molecular structure of 9'° determined by X-ray
crystallography and optimized using either the generalized gradient
approximation (GGA) density functionals PBE" or BLYP™ ™ or the
hybrid density functionals PBEO, 7 B3LYP,™ 7 7" M06,”® or M06-
L7 with the def2-TZVP® basis set and tight SCF convergence criteria.
Geometry optimizations were calculated in solution in tetrahydrofuran,
as modelled by a self-consistent reaction field. Avogadro Version 1.2
was used to generate and plot molecular orbitals (MOs). Mullikan
orbital populations were obtained with Chemissian Version 4.43
v4.67.8

Time-dependent DFT (TDDFT) calculations were performed to
assess the MOs involved in the lowest energy transition. TDDFT was
used to calculate the first 20 electronic excited states within an
expansion space of 100 vectors for each optimized structure using its
corresponding density functional. Gaussum® was employed to
generate TDDFT-predicted absorption spectra by convoluting
Gaussian-shaped bands with full width at half-maximum (fwhm)
values of 1500 cm™,
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