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ABSTRACT: Titanium compounds supported by the triamidoamine ligand (N3N, N(CH2CH2NSiMes*")s3) have been investigated for
hydrophosphination catalysis. The simple titanium alkyl compound (N3N)TiMe (2) demonstrate modest activity as a precatalyst for
the photocatalytic hydrophosphination of styrene, but the terminal phosphido compound, (N3N)TiPHPh (4), is inactive. Analysis of
these reactions by EPR spectroscopy indicates that (NsN)TiMe undergoes homolytic Ti—C bond cleavage to achieve radical hydro-
phosphination. This pathway was further supported in a radical trapping experiment. The phosphido derivative 4 does not produce
radicals under similar conditions, despite undergoing facile migratory insertion reactions with polar substrates featuring C—N and C—
O multiple bonds. Both nitrile and isonitrile substrates insert with ultimate formation of phosphaalkene products, a change in reactivity
as compared to the zirconium congener. Molecular structures of (N3N)TiPHPh (4), (NsN)TiNBnC=PPh (5), and

(NaN)TiN(H)C(Ph)=PPh (6) are reported.

INTRODUCTION

The efficient use of phosphorus is quickly becoming one of
the most pressing issues of our time.! Among methods of pro-
ducing phosphorus containing products, hydrophosphination
stands strong as one of the most atom-economical and efficient
reactions available, but unmet challenges loom for the transfor-
mation.? Despite a wide range of catalysts for the reaction,’ ac-
tivity among catalysts has been modest in many cases with re-
actions requiring high reaction temperatures and extended times
in many instances. Recently, a series of studies has demon-
strated that irradiation of hydrophosphination is capable of not
only accelerating this transformation but providing access to
relatively inert substrates with zirconium- and copper-based
catalysts.* 3 Extending this methodology to other earth-abun-
dant metals is thus a driving force in this field. Early work in-
volving iron has been shown to be promising, with thermal hy-
drophosphination® being greatly enhanced by photolysis.” Ther-
mal hydrophosphination using an iron B-diketiminate has also
been shown to go through a radical-based mechanism.®

Initial exploration of titanium catalysts for hydrophosphina-
tion encourages greater use of this highly abundant transition
metal. Mindiola reported a titanium phosphinidene compound
that appears to operate through a [2+2] cycloaddition mecha-
nism in the hydrophosphination of alkynes.” LeGendre ex-
panded on the substrate scope with titanium with the 1,4-hydro-
phosphination of 1,3-dienes with a Ti(Il) catalyst.'” These ex-
amples also illustrate there is ample space for development of
titanium-catalyzed hydrophosphination. In this report, we ex-
plore chemistry of triamidoamine-supported titanium com-
pounds, based on those initially reported by Verkade'! > and
Schrock, '3 * respectively, due to their similarity to familiar zir-
conium congeners.'” Because photocatalytic hydrophosphina-
tion with zirconium compounds appears general,* !¢ catalysis
under these conditions was of particular interest. While the Ti-
P in this system is subject to migratory insertion, a new

phosphido derivative is not an active hydrophosphination cata-
lyst. Unlike zirconium, the Ti-Me derivative promotes radical
hydrophosphination under photolysis. This reactivity is more
akin to radical hydrophosphination initiated by iron compounds
as reported recently by Webster.®

RESULTS AND DISCUSSION

Treatment of (NsN)TiCl (1, NsN = N(CH>CH2NSiMes)s*)
with 1 equiv. of ethereal MeLi affords (NsN)TiMe (2) in 91%
yield as yellow crystals (eq. 1). The NMR spectra of 2 are sim-
ple, featuring an indicative methyl resonance at 3 = 1.00 and
methylene triplets at § = 3.35, 2.16 in the '"H NMR spectrum.
Spectra of 2 are consistent with related derivatives.'! 131417
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Initial hydrophosphination reactions were undertaken with
styrene and phenylphosphine as substrates using 5 mol % 2 (Ta-
ble 1). While catalysis was observed under ambient conditions
(light and temperature), conversions were substantially higher
under irradiation in both the visible and near ultraviolet. The
reaction exclusively affords the anti-Markovnikov product. De-
creasing the excess of phosphine lead to a mild decrease in se-
lectivity, but the reaction remains selective to the single activa-
tion product. Control reactions demonstrated that light, and in
particular photon density, is a critical factor in the observed re-
activity.
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Table 1 Reaction Condition Screening for Hydrophosphination
of Styrene with Phenylphosphine
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Dark 5h <1% 0%
Dark, 75°C 5h 16 % 0%
Ambient 5h 36 % 5%
360 nm UV 1h 22 % trace
Blue LED can 1h 63 % 2%
LED Lamp lh 40 % 4%

2All reactions were run in benzene-ds solvent and temperature
was monitored such that no runs were greater than 35 °C unless
noted. Conversions were determined by integrating the 'H and
3IP{'H} NMR spectra. Control reactions without catalyst give trace
yields, consistent with prior studies.'®

It was initially hypothesized that catalysis would occur via
substrate insertion into a Ti—P bond. Observation of this cataly-
sis by 3P NMR spectroscopy did not reveal an apparent tita-
nium-phosphido intermediate, despite the relatively high load-
ing. The absence of a clear phosphido compound is consistent
with a developing hypothesis that many hydrophosphination
precatalysts would have greater reactivity if not for sluggish ac-
tivation, i.e. conversion of the precatalyst to an active metal-
phosphido derivative.'> To test both of these hypotheses, the
preparation of a phosphido derivative was undertaken.

Treatment of 2 with either 1 equiv. or excess phe-
nylphosphine failed to form a titanium phosphido product, and
the only new resonances observed in 3'P NMR spectra of these
attempts were small amounts of dehydrocoupling products. For
(NaN)Zr derivatives, the alkyl compounds do not directly react
with P-H bonds because cyclometalation of the triamidoamine
ligand occurs faster  to afford [>-N,N,N,N,C-
(Me3SiNCH2CH2).NCH2CH2NSiMe2CH2]Zr rather than direct
reaction with phosphine.'® Thus, (NsN)Ti(*Bu) (3), a precursor
known to cyclometallate,'> was used instead. Treatment of 3
with 1.1 equiv. of phenylphosphine in hexanes solution resulted
in a color change to a deep red upon heating to 50 °C. Analyti-
cally pure, deep red crystals of (N;N)TiPHPh (4) were obtained
in 88% yield upon crystallization from pentane solution at —40
°C (eq. 2). Spectroscopic data confirms the formulation, featur-
ing diagnostic resonances at § = 9.1 and 8 = 4.59 in the 3'P {'H}
and '"H NMR spectra, respectively, associated with the phe-
nylphosphido ligand, and ver = 2293 cm™' was measured in the
infrared. An expected LMCT band was observed at A = 508 nm
(e =2,300 M 'cm™) with an intense feature in the near UV A =
322 nm (¢ = 11,000 M 'em™).

Crystals suitable for X-ray analysis were obtained by slow
crystallization from cold pentane solution of 4, and molecular
structure is shown in Figure 1. The key bond of 4, Til-P1 =
2.563(1) A, is significantly longer than that of the cationic ti-
tanocene phosphido reported by LeGendre (Ti—P = 2.3599(14)
A).2 This increased bond length is consistent with the upfield
shift of the 3'P NMR resonance of 4 and with the limited ligand-
to-metal m-bonding found for (N3N)ZrPRR’ compounds,
though charge may play a role in these bond lengths as well."
Geometry index?! calculations allow for the determination of
the geometry at a 5 coordinate metal center on a range from
square pyramidal (ts = 0) to trigonal bipyramidal (ts = 1). This

calculation shows ts(Ti) = 0.955 versus s(Zr) = 1.02,2? which
indicate that both complexes show a distorted trigonal bipyram-
idal geometry."”
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With a titanium phosphido in hand, catalysis testing was per-
formed to determine the role of 4 for catalytic hydrophosphina-
tion under irradiation. A reaction of phenylphosphine with sty-
rene with 5 mole % of 4 was prepared and divided into four
equal parts, with deliberate irradiation in each the visible (LED
lamp) and near-UV centered at 360 nm, under ambient light,
and a control in the dark. In the dark, no appreciable reactivity
was observed over extended reaction times (24 h). Ambient
lighting saw no conversion under similar reaction times to those
for 2. After 1 h, both LED and 360 nm light showed no appre-
ciable conversion to a hydrophosphination product, though 4
did disappear to produce an as-yet unidentified resonance at &
~-121.3 in *'P{'H} NMR.
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Figure 1. ORTEP diagram of the molecular structure of 4 with ther-
mal ellipsoids generated at the 50% probability level. All hydrogen
atoms except H1 omitted for clarity.

To explore if the Ti—P bond is viable for insertion, model stoi-
chiometric reactions were performed. Treatment of 4 with ben-
zyl isocyanide at ambient temperature in toluene solution re-
sulted in an immediate color change from deep red to deep or-
ange-brown. Large, block shaped crystals of 5 formed from a
layered solution of pentane over toluene in modest yield (45%),
likely due to the lipophilicity of the product and an unoptimized
crystallization technique (Scheme 1). The molecular structure
of 5 is shown in Figure 2. The geometry of the structure indi-
cates that the isocyanide reacted with the titanium phosphido
via a 1,l-insertion followed by a subsequent rearrangement.
The phosphaalkene bond, P1-C1 = 1.717(22) A is consistent
with, if not slightly longer than, published phosphaalkenes,?
and similar to the isostructural zirconium compounds.?* The
short C1-N1 bond length of 1.385 A as well as the near-planar-
ity of the Til-N1-C1-P1 system, as shown by dihedral angle
of —168.54°, indicates significant conjugation. The phosphaal-
kene moiety is confirmed spectroscopically with diagnostic



resonances at § = 10.55, § = 198.6, and § = 92.5 for 'H, *C{'H},
and 3'P{'H} NMR spectra, respectively. Unfortunately, the pre-
dicted P=C stretch (~900 cm™) appears to be obscured by the
triamidoamine backbone in the infrared.
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Scheme 1 Stoichiometric insertion reactions of at the Ti—P bond
of 4.
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Figure 2. ORTEP structure of 5. All hydrogens except H1, which
was located from the electron difference map, omitted for clarity.
Thermal ellipsoids generated at the 50% probability level.

Alternatively, the reaction of 4 with benzonitrile in benzene-
ds occurred slowly over approximately 18 h. The product of the
insertion, (N3N)TiN(H)C(Ph)=PPh (6) is shown in Figure 3. In
this instance, a 1,2-insertion product forms, but somewhat sur-
prisingly, the phosphaalkene tautomer is favored as the product.
This was identified by the imine vnu = 3247 cm! in the infrared.
Diagnostic resonances in the NMR spectra are also seen includ-
ing the imine hydrogen at 6 = 9.02 and the phosphorus reso-
nance & = 86.74. The spectroscopic assignment was confirmed
through X-ray crystallographic analysis. Like compound 5, a
P1-C1-N1-Til dihedral angle = —169.02(8) and P1-C1 =
1.735(1) A indicate the phosphaalkene moiety and extended
conjugation. This reactivity is in stark contrast with the zirco-
nium analog, which prefers the other tautomer,” but is more
consistent with analogous thorium reactivity .

Figure 3. ORTEP structure of 6. All hydrogens except H1 omitted
for clarity. Thermal ellipsoids generated at 50% probability

Finally, a simple reaction between phosphido 4 and pivalade-
hyde was conducted in benzene-ds. The solution immediately
became light yellow upon addition of the pivaladehyde, and yel-
low crystals were collected by crystallization from concentrated
pentane solution (eq. 3). The insertion product was assigned, in
part, by ven = 2310 cm’! observed in the infrared, a indicative
secondary 3'P NMR resonance at & = —51.8 (cf. PhMePH has &
= -68.4),”7 and a corresponding phosphine resonance in the 'H
NMR spectrum at & = 4.76 with diagnostic couplings (|JrH| =
203.6, 4.5 Hz). Unfortunately, single crystals of 7 were not able
to provide satisfactory diffraction data for a molecular structure
to confirm the spectroscopic data.
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In light of observed insertion into the Ti—P bond, it became
apparent that methyl compound 2 was undergoing unique reac-
tivity that needed to be addressed. The first hypothesis was the
potential for radical chemistry due to the facile Ti(III/IV) cou-
ple for many organometallic compounds. Webster has recently
demonstrated effective use of the cyclopropyl substituent as a
radical trap to corroborate radical-based hydrophosphination.®
Thus, a-cyclopropyl styrene (8) was synthesized?® and tested for
hydrophosphination with phenylphosphine. Reaction of 8 with
2 equiv. of phenylphosphine and 10 mol % of 2 in benzene-ds.
After 1 h, the starting material was consumed (eq. 3), as shown
by the loss of the characteristic resonances in the 'H NMR spec-
trum (Figure S29). Instead, an allyl phosphine has been synthe-
sized as tentatively assigned by a triplet at 6 = 5.56 with a phos-
phine resonance at § = 4.10 'H NMR spectrum, and a charac-
teristic secondary phosphine resonance at § = —55.26 in *'P{'H}
spectrum (Figure S30). The spectral data points to cyclopropane
ring opening during the reaction, consistent with a radical-based
mechanism.
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A final experiment established that open-shell compounds
are indeed being generated during catalysis. Reaction of 8 with
phenylphosphine in the presence of 10 mol % of 2 in pentane
solution was conducted in an EPR tube. At the onset of the re-
action, there were no signals in an ambient temperature EPR
spectrum. When the reaction mixture was illuminated with a
broadband UV lamp in the EPR spectrometer; however, fea-
tures appear immediately, indicating that radicals are generated
under reaction conditions (Figure S27). Control reactions deter-
mine that 2 is capable of homolytic cleavage under light, which
is consistent with prior reports.?’ Additionally, no signal is ob-
served during irradiation of a mixture of 8 and phe-
nylphosphine. It is therefore proposed that Ti—C cleavage event
occurs that leads to radical hydrophosphination.

CONCLUSION

Titanium compounds were known to engage in catalytic hy-
drophosphination, and the activity with styrene represents the
most challenging substrate for this category of catalyst to date.
However, the triamidoamine-supported titanium methyl precat-
alyst 2 appears to undergo Ti—C bond cleavage upon irradiation
that generates radical intermediates that initiate hydrophos-
phination. Because similar metal-initiated radical hydrophos-
phination reactivity has already been reported for iron com-
pounds by Webster, such reactivity may be a general pitfall for
these most abundant 3d metals, though opportunity can be en-
visioned at this point as well. Nevertheless, clean 1,1- and 1,2-
insertion reactivity of the Ti—P bond of 4 is encouraging for de-
veloping more active titanium-based hydrophosphination cata-
lysts. The direct formation of a phosphaalkene from a nitrile
was unexpected but not unprecedented based on Walensky’s
thorium work. The difference from zirconium is, however, en-
couraging for identifying uniquely titanium-based reactivity.

EXPERIMENTAL SECTION

All reactions were performed under a dry nitrogen atmosphere using
an MBraun glovebox or standard Schlenk techniques unless otherwise
noted. All solvents were degassed with nitrogen, run through an alu-
mina column, and stored over activated 3A molecular sieves. Phe-
nylphosphine (CAS: 638-21-1) and all substrates were used as re-
ceived. The compounds (N3N)Hs,*® (NsN)TiCL,'* (N3N)TisBu'* were
prepared in a satisfactory manner from literature methods. Celite-454®
was purchased and heated to 180 °C under dynamic vacuum overnight
before use. NMR spectra were collected on a Bruker AXR 500 MHz
spectrometer in benzene-ds solution unless otherwise noted and are re-
ported with reference to residual solvent signals (benzene-ds, 6 7.16
and 128.0) or to an external standard of 85% H3PO4 (5 0.0) for 3'P NMR
spectra. Infrared spectra were collected on a Bruker Alpha FT-IR spec-
trometer with an ATR head. Absorption spectra were recorded with an
Agilent Technologies Cary 100 Bio UV-Visible Spectrophotometer
(Santa Clara, CA, USA). Elemental analysis data was collected on a
Vario MicroCube with acetanilide as a standard. EPR data were col-
lected on a Bruker EMXplus EPR spectrometer equipped with an opti-
cal cavity. X-ray diffraction data were collected on a Bruker APEX 2
CCD platform diffractometer [Mo Ka (A = 0.71073 A)]. Experimental
details regarding light sources in this study have been described previ-
ously.'

Synthesis of (N;N)TiMe (2). A 4-dram scintillation vial was
charged with 0.552 g of (NsN)TiCl (1.24 mmol) and ~10 mL of pen-
tane. The resulting deep orange solution was cooled to —40 °C, where-
upon 1 mL of 1.24 M methyl lithium in diethyl ether solution (1.24
mmol) was added. The reaction was shaken and became a cloudy or-
ange. After resting for ca. 16 hours at room temperature, the solution
was pulled through a short (~1 cm) plug of alumina and concentrated
to yield 0.524 g (quant.) of yellow-orange residue as crude product. The
residue was extracted into minimal pentane, the solution filtered and
cooled to —40 °C for at least 12 h to afford 0.477 g (91%) of yellow,
block-like crystals that were isolated from the mother liquor. Repeated
efforts for satisfactory analysis failed, despite apparently pure com-
pound by NMR spectroscopy. 'H NMR (500 MHz, CsDs) & 3.35 (t, 6
H, CH),2.16 (t, 6 H, CH2), 1.00 (s, 3 H, TiCHs), 0.31 (s, 27 H, SiCH3).
13C NMR (126 MHz, CsDs) 5 61.34 (s, CHz), 49.96 (s, CHz), 48.15 (s,
TiCHs), 1.10 (s, SiCH3). IR (KBr): 2944.90 (w), 2845.89 (w), 1242.53
(m), 1052.83 (m), 926.27 (m), 900.37 (s), 823.06 (s), 781.18 (s), 743.05
(s). Anal. Caled for Ci¢H42N4SisTi: C, 45.47; H, 10.02; N, 13.26.
Found: C, 44.11; H, 9.799; N, 13.22.

Synthesis of (N3sN)TiPHPh (4). A Teflon valved 250 mL reaction
flask was charged with 700 mg of (N3N)Ti*‘Bu (1.49 mmol) dissolved
in 15 mL of hexanes. To this was added 172 pL of phenylphosphine
(1.56 mmol, 1.05 eq). The reaction was taken out of the glovebox and
placed into an oil bath at 50 °C for 4 h. During this time, the solution
changed color from orange to an extremely deep, opaque red-orange.
The solution was brought into the glovebox, filtered through Celite, and
the solution concentrated to incipient crystallization. The solids were
redissolved, and the solution cooled to -40 °C for ca. 16 h, whereupon
670 mg (1.31 mmol, 87.6%) of dark red-orange needle-like crystals had
formed. X-ray quality crystals were grown from slow evaporation of a
pentane solution of 4. "H NMR (500 MHz, CeDs) & 7.65 (t, |J] = 7.5 Hz,
2 H, m-CsHs), 7.12 (dd, |J] = 10.9, 4.4 Hz, 2H, 0-CsHs), 6.94 (t, J=T7.4
Hz, 1 H, p-CsHs), 4.59 (d, |J] =207.6 Hz, 1 H, PH), 3.42 (m, 6 H, CH>),
2.17 (m, 6 H, CHa), 0.33 (s, 27 H, SiCH3). *C{'H} NMR (126 MHz,
CDs): 8 132.27 (aryl), 132.17 (aryl), 123.70 (aryl), 63.41, 50.37 (CH>),
50.35 (CHz), 1.41 (CH3). Some aryl carbons are obscured by residual
solvent signal. 3'P{'H} NMR (202 MHz, C¢Ds) & 8.35 (s). IR (KBr):
3057.31 (w), 2949.80 (m), 2891.24 (m), 2851.92 (m), 2292.53 (w),
1580.26 (w), 1058.26 (w), 1240.17 (s), 1045.75 (s), 997.00 (s), 825.14
(s), 777.77 (s), 731.23 (s). Anal. Calcd for C21HasN4PSisTi: C, 48.81;
H, 8.78; N, 10.84. Found: C, 47.91; H, 9.424; N, 11.92.

Synthesis of (N3;N)TiN(Bn)C(H)=PPh (5). A 1 dram scintillation
vial was charged with 92.1 mg of (N;N)TiPHPh (0.178 mmol), dis-
solved in ca. 0.5 mL toluene. Benzyl isocyanide (20.8 mg, 0.178 mmol)
was added neat, and the solution changed color from a deep-red to a
deep-orange. The reaction was layered with ca ImL pentane and care-
fully placed into a -40 °C freezer for ca. 16 hours. During this time,
50.3 mg (0.0794 mmol, 44.6%) of well-defined, deep orange-red crys-
tals formed. A suitable crystal was taken for X ray analysis from this
crystallization. '"H NMR (500 MHz, CsDs) 8 10.55 (d, J = 13.7 Hz, 1
H, P=CH), 7.85 (t, /= 6.6 Hz, 2 H, Aryl), 7.59 (d, /= 7.6 Hz, 2 H,
aryl), 7.30 (t, J="7.7 Hz, 2 H, aryl), 7.15-7.08 (m, 2 H, aryl, obscured
by residual solvent signal), 5.47 (s, 2 H, PhCHz), 3.42 (m, 6 H, CH>),
2.36 (m, 6 H, CH>), 0.19 (s, 27 H, SiCH3). *C NMR (126 MHz, CDs):
8 198.57(P=C), 145.40 (aryl), 138.40 (aryl), 132.45 (aryl), 127.7 (aryl),
126.02 (aryl), 64.00 (CH:), 59.02 (PhCH.), 49.35 (CH), 1.19
(CHs3). 3'P{'"H} NMR (202 MHz, CsDs) § 92.52 (s). IR (KBr): 3054.66
(W), 2947.58 (m), 2887.46 (m), 2863.10 (m), 2846.35 (m), 1581.10 (w),
1368.21 (m), 826.82 (s), 780.37 (s), 734.87 (s). Anal. Caled for
C29Hs2NsPSisTi: C, 54.95; H, 8.27; N, 11.05. Found: C, 54.97; H,
8.492; N, 11.97.

Synthesis of (N3;N)TiN(H)C(Ph)=PPh (6). To a Teflon-sealed
NMR tube was added 64.2 mg of (N3N)TiPHPh (0.124 mmol), 13 pL
of benzonitrile (0.124 mmol, 1 equiv.), and ca. 1 mL of benzene-ds.
There was no immediate color change. The reaction was monitored by
3SIP{'H} and 'H NMR spectroscopy, and after 18 h, all the starting ma-
terial had been consumed. The reaction was brought into the glovebox
and lyophilized. The residue was taken up with minimal pentane and
allowed to crystalize in the freezer. The yield was 58.2 mg (75.8%) of
deep red crystals. X-ray quality crystals were grown from a saturated
toluene solution with pentane layered upon it. 'H NMR (500 MHz,



CsDs) 6 9.02 (s, 1 H, NAH), 8.28 (dd, |J| = 7.2, 1.8 Hz, 2 H, aryl), 7.88
(dd, |J] = 6.6, 4.8 Hz, 2 H, aryl), 7.27 (t, |J| = 7.5 Hz, 2 H, aryl), 7.21-
7.08 (m, obscured by residual solvent signal), 3.18 (t, |J| = 5.3 Hz, 6 H,
CHa), 2.35 (t, J| = 5.3 Hz, 6 H, CHa), 0.06 (s, 27 H, SiCH;). *C NMR
(126 MHz, C¢Ds¢): 6 = 143.36 (aryl), 142.09 (aryl), 135.76 (aryl),
129.16 (aryl), 128.74 (aryl), 129.16 (aryl), 127.76 (aryl), 127.14 (aryl),
62.21 (CH>), 49.62 (CHz), 0.85 (SiCHs). Some carbons are obscured
by residual solvent signal *'P{'H} NMR (202 MHz, C¢Ds) & 86.74 (s).
IR (KBr): 3247.82 (w), 3066.14 (w), 3051.34 (w), 3010.45 (w),
2943.40 (w), 2893.44 (w), 2860.01 (w), 1587.99 (m), 1479.44 (m),
1446.21 (m), 790.15 (s), 744.37 (s), 691.82 (s). Anal. Calcd for
C2sHsoNsPSisTi: C, 54.26; H, 8.13; N, 11.30. Found: C, 53.93; H,
8.964; N, 11.52.

Synthesis of (N;N)TiOCH(tBu)PHPh (7). To a Teflon-capped
NMR tube was added 83.5 mg (N3N)TiPHPh (0.162 mmol), ca. 1 mL
benzene-ds, and 18 pL of pivaladehyde (0.1656 mmol, 1.02 eq), to be
monitored by NMR over time. The solution immediately lightened to a
clear brown, and NMR indicated complete conversion. The tube was
transferred back into the glovebox, and the solution was lyophilized,
dissolved into pentane and stuck in the freezer to yield 74.5 mg (74.7%)
of yellow crystals. '"H NMR (500 MHz, CsDs) 6 7.66 (dd, |J| = 10.1, 4.0
Hz, 2 H, aryl), 7.15-7.11 (m, 2H, aryl), 7.05 (t, |J| = 7.4 Hz, 1 H, aryl),
5.45(dd, |J| =4.4,2.9 Hz, 1 H, CH), 4.76 (dd, |J] = 203.6, 4.5 Hz, 1H,
PH), 3.18 (qdd, |J] = 13.5, 6.2, 4.8 Hz, 6H, CH2), 2.50 (m, 6 H, CH>),
1.22 (s, 9 H, CH3), 0.38 (s, 27 H, SiCH3). 3C NMR (126 MHz, C¢Ds):
8 137.06 (aryl), 134.58 (aryl), 127.94 (aryl), 97.79 (OC), 62.88 (CH>),
49.44 (CH2), 39.40 (CCHs3), 28.28 (CCHs), 1.75 (SiCH3). 3'P NMR
(202 MHz, CsDs) 6 —51.85 (s). IR (KBr): 3068.92 (w), 3052.17 (w),
2949.30 (m), 2889.47 (m), 2849.38 (m), 2310.22 (m), 1294.49 (s),
870.55 (s), 825.89 (s), 781.03 (s), 734.07 (s), 712.06 (m). Anal. Calcd
for C26HssN4OPSisTi: C, 51.80; H, 9.20; N, 9.29. Found: C, 51.05; H,
9.203; N, 9.56.

Synthesis of a-cyclopropyl styrene (8)*' Prepared by a modifica-
tion of literature procedure.”® To a 50 mL round bottom flask in the
glovebox was added 4.110 g of methyl triphenylphosphonium bromide
(11.51 mmol), 1.286 g of potassium tert-butoxide (11.48 mmol), and
ca. 30 mL of tetrahydrofuran. The yellow reaction mixture was capped
and stirred for 30 min, after which 1.33 g of cyclopropyl phenyl ketone
(9.11 mmol, 0.8 equiv.) was added slowly. After stirring for ~16 h, the
reaction was removed from the glovebox and quenched by pouring into
a separatory funnel with 50 mL distilled water. The reaction was ex-
tracted 4 x 25 mL diethyl ether. Organic extracts were combined and
dried over sodium sulfate, and concentrated to yield a crude oil and
solids. The crude product was purified by flash chromatography (silica,
9:1 hex:EtOAc, Re=0.81) to yield 1.19 g (91%) of light yellow liquid.
Spectra of the product matched literature values.?

Synthesis of phenyl(2-phenylpent-2-en-1-yl)phosphine (9) In the
glovebox, to a 2 dram shell vial was added 213 pL phenylphosphine
(1.94 mmol), 139 mg 8 (0.969 mmol), 40.8 mg 2 ( 10 mol %), and ca.
0.5 mL benzene-d6. The reaction was transferred into an NMR tube
and was monitored by 'H and 3'P{'"H} NMR. The reaction was placed
into a blue LED photoreactor, and after 1 hour all of the reactant alkene
was consumed by 'H NMR. Attempted purification by adding metha-
nol and 30% hydrogen peroxide yielded violent foaming and decom-
position. Partial characterization is as follows: 'H NMR (500 MHz,
CsDs) 6 5.56 (t, J= 6.2 Hz, 1H), 4.11 (dt, J=207.7, 7.4 Hz, P-H), 2.88
(m, 2H), 1.84 (m, 3H), 0.80 (t, J = 7.5 Hz, 3H). *'P{'H} NMR (202
MHz, CsDs) 6 -55.26 (s). HRMS caled for C17H19P: 255.1292 [MH]+,
found 255.1296

General Protocol for Catalytic Runs

To a two-dram shell vial was added 35 pL of styrene, 0.5 mL ben-
zene-ds spiked with 1,3,5-trimethoxybenzene, 67 pL phenylphosphine,
and 6 mg 2. The mixture was transferred to an NMR tube and subject
to reaction conditions, irradiation, dark, or ambient lighting, and mon-
itored by 'H and *'P{'H} NMR spectroscopy. Completion was meas-
ured by the disappearance of styrene resonances, and converstion to
hydrophosphination products were determined by integrating the phos-
phine signals. Thermal trials were done in a J-Young style NMR tube.

General Protocol for EPR Experiment

Prepared according to general procedure with the exception that the
reaction mixture was in an EPR tube, the solvent was pentane, and the

reaction mixture was irradiated with a Bruker ER 203V lamp accessory
and monitored by EPR spectroscopy.
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Supporting Information

Representative spectra of compounds and crystallographic data ta-
ble (PDF). Full crystallographic data for compounds 4, 5, and 6 as
CCDC 2237685-2237687, respectively (CIF). The Supporting In-
formation is available free of charge on the ACS Publications web-
site.
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