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N-Heterocyclic Carbene-Ytterbium Amide as a Recyclable
Homogeneous Precatalyst for Hydrophosphination of Alkenes and

Alkynes

Jia Yuan,” Hongfan Hu,” and Chunming Cui*®™®

/Abstract: The N-heterocyclic carbene-ytterbium(ll) amides
(NHCQ),Yb[N(SiMe;),1, (1: NHC: 1,3,4,5-tetramethylimidazo-2-
ylidene (IMe,); 2: NHC: 1,3-diisopropyl-4,5-dimethylimidazol-
2-ylidene (liPr)) and the NHC-stabilized rare-earth phosphide
(IMe,);Yb(PPh,), (3) have been synthesized and fully charac-
terized. Complexes 1-3 are active precatalysts for the hydro-
phosphination of alkenes, alkynes, and dienes and exhibited
much superior catalytic activity to that of the NHC-free
amide (THF),Yb[N(SiMe),],. Complex 1 is the most active pre-

\

cursor among the three complexes. In particular, complex
1 can be recycled and recovered from the reaction media
after the catalytic reactions. Furthermore, it was found that
complex 3 could catalyze the polymerization of styrene to
yield atactic polystyrenes with low molecular weights. To the
best of our knowledge, complex 1 represents the first rare-
earth complex that can be recovered after catalytic reac-
tions.

/

Introduction

Well-defined lanthanide complexes have received a great deal
of attention as catalysts for catalytic polymerization and addi-
tion of heteroatom-hydrogen bonds to unsaturated organic
substrates."™) Among the various lanthanide catalysts, lantha-
nide amides are one of the most attractive classes because of
their high stability. Thus, various lanthanide amides with differ-
ent types of ligands have been designed for catalytic applica-
tions.? Recent studies have shown that homoleptic Ln[N(Si-
Mes),], (n=2 or 3) complexes can be directly used as catalysts
for some transformations.”’ However, their efficiency and selec-
tivity have to be modified through the development of simple
strategies to extend the applications. We have recently shown
that the efficiency and selectivity for the ytterbium silylamide
catalyzed cross-coupling of amines with hydrosilanes were sig-
nificantly improved by combination with N-heterocyclic car-
benes (NHCs).”! As a large number of NHCs with different
steric and electronic effects are available, it appeared that this
strategy would open some new opportunities for rare-earth
catalysis.®¥ Despite functionalized anionic NHC-lanthanide
complexes that have been extensively studied,” the NHC-rare-
earth amides are few in number, probably because of the in-
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compatibility of the relatively soft NHC ligands with the hard
Lewis acidity of the lanthanide ions.*®!

Metal-catalyzed hydrophosphination of alkenes and alkynes
represents one of the most atom-economic tools to construct
C—P bonds.” However, transition-metal catalysts suffer from
low efficiencies because the resultant phosphines may sup-
press catalytic processes.”*¥ This drawback may be overcome
by the employment of rare-earth catalysts because of the
highly Lewis acidic metal ions. Therefore, a number of rare-
earth catalysts have been developed in the past decades.”®
Herein, we report the synthesis of NHC-ytterbium amides
(NHCQ),Yb[N(SiMe;),]l, (1: NHC: 1,3,4,5-tetramethylimidazol-2-yli-
dene (IMe,); 2: NHC: 1,3-diisopropyl-4,5-dimethylimidazol-2-yli-
dene (liPr)) and their catalytic applications for the hydrophos-
phination of styrene derivatives, alkynes, and dienes. The
results indicate that the catalytic performance of
(THF),Yb[N(SiMe,),], can be significantly improved by the re-
placement of the coordinated THF molecules with the NHCs.
Remarkably, it was found that catalyst 1 could be recycled and
recovered from the reaction medium. To the best of our knowl-
edge, there are no recoverable and recyclable homogeneous
lanthanide catalysts that have been reported so far. In addition,
the isolation of the first NHC-lanthanide phosphide (IM-
e,);Yb(PPh,), (3) provided convincing evidence to enable the
understanding of the catalytic mechanism.

Results and Discussion

The NHC-ytterbium amides 1 and 2 can be easily obtained in
high yields by the reactions of (THF),Yb[N(SiMe;),], with two
equivalents of IMe, and liPr, respectively (Scheme 1). The reac-
tion of complex 1 with two equivalents of HPPh, in toluene
for several hours and subsequent workup resulted in the
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Scheme 1. Synthesis of 1-3.

isolation of the first NHC-lanthanide phosphide complex
(IMe,);Yb(PPh,), (3) in 41% yield. Complex 3 is very likely to be
formed by the ligand redistribution of the possible intermedi-
ate (IMe,),Yb(PPh,), (3’; Scheme 1). Unfortunately, attempts to
isolate the intermediate have been unsuccessful to date, prob-
ably as a result of its instability. Alternatively, the reaction of
(THF),Yb(PPh,), with three equivalents of IMe, resulted in the
isolation of complex 3 in 64% yield, whereas attempts to iso-
late complex 3" by a similar reaction with two equivalents of
IMe, failed. The isolation of 3 from the reaction of 1 with
HPPh, indicated that an exchange of the NHC and phosphine
molecules takes place.

Complexes 1-3 have been fully characterized by multiple
NMR spectroscopy techniques and elemental analysis. The
BCNMR spectrum of 3 displays the Cyyc resonance at
0=201.3 ppm, which is very similar to that found in complex
1. The 3P NMR spectrum of 3 exhibits a broad peak at
0=10.7 ppm at room temperature, which becomes a sharp
one at 6=12.8 ppm at 80°C. However, the '"'Yb satellite could
not be observed in the *'P NMR spectra.”’! Crystals of 1 and 3
suitable for X-ray single-crystal analysis were obtained from tol-
uene at —40°C. The structures are given in Figure 1, together
with selected bond parameters. Complex 3 is monomeric with
a five-coordinate ytterbium atom, with a largest P1-Yb1-P2
angle of 147.350(16)°. The three Yb—Cyy bond lengths of

Figure 1. Ortep drawings of 1 (left) and 3 (right) with 30% ellipsoid probabil-
ity. Hydrogen atoms have been omitted for clarity. Selected bond lengths
[A] and angles [°] for 1: Yb1-N1 2.736(3), Yb1—C7 2.615(3); N1-Yb1-N1*
118.58(12), C7—Yb1-C7* 79.28(13). 3: Yb1—P1 2.9645(7), Yb1—P2 2.8914(8),
Yb1-C25 2.5859(19), Yb1—C32 2.567(2), Yb1—C39 2.591(2); P1-Yb1-P2
147.350(16), C25—Yb1—-C32 111.29(6), C25—Yb(1) —C39 104.63(6), C32—Yb1—
C39 143.70(6).
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2.567(2), 2.5859(19), and 2.591(2) A are slightly short-
er than those observed in complex 1 (2.615(3) A). The
two Yb—P bond lengths of 2.8914(8) and 2.9645(7) A
are comparable to those found in (THF),Yb(PPh,),
(2.991(2) A).”" Complex 3 represents the first example
of an NHC-lanthanide phosphide.'

NHC complexes 1-3 and (IMes)Yb[N(SiMe,),], (4:
IMes:1,3-dimesitylimidazol-2-ylidene)® have been ex-
amined as precatalysts for the hydrophosphination of
styrene with HPPh, in C;Ds on the NMR scale, and
the results are summarized in Table 1. All of the com-
plexes (Table 1, entries 3-7) are active, and the best

results were obtained with 5mol% of 1 (Table 1,

Table 1. Hydrophosphination of styrene with different NHC-ytterbium
amides.

©/\ Catalyst PPh,

+ PhPH ——>
6Dg, 1t

Entry® Cat. (loading [mol %)) t [h] Conv. [%]®
1 none 10 4
2 (THF),YbIN(SiMe,),], (5) 2 10
3 1(5) 2 98 (96'9)
4 1(3) 2 70
5 2 (5) 2 65
6 3(5 2 58
7 4 (5) 2 33
[a] Reaction conditions: Ph,PH (0.25 mmol, 46.6 mg), styrene (0.3 mmol,
31.2 mg), and catalyst in C¢Dg (0.4 mL) at room temperature. [b] Based on
'H and *'P NMR spectroscopy. [c] Yield of isolated product [%].
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entry 3). In contrast, the THF adduct (Table 1, entry 2) only ex-
hibited a very low activity. The catalytic reaction led almost ex-
clusively to the formation of anti-Markovnikov products, with
a trace amount of side products. Notably, amide 1 is more
active than phosphide 3, probably because more reactive in-
termediates, such as low-coordinate phosphide intermediates,
were formed during the catalytic process.

The hydrophosphination of various styrene derivatives has
been examined with 5 mol% of 1 as the precatalyst. Most of
the styrenes yielded the corresponding hydrophosphination
products in high yields (94-100%), but the substrates with pyr-
idine (Table 2, entries 9 and 10) and MeO- and CN-substituted
phenyl groups (Table 2, entries 2 and 7) gave modest conver-
sions. Notably, the reaction is very efficient for the substrates
with Me-, F-, Cl-, Br-, and ester-substituted phenyl groups
(Table 2, entries 1, 3-6), as well as for napthalenyl ethylene
(Table 2, entry 8). The tolerance to heteroatom-containing func-
tional groups observed in the catalytic reactions may be attrib-
uted to the strong electron-donating property of the NHC li-
gands, which render the metal ion less Lewis acidic.®”

The catalytic system can also be applied for the hydrophos-
phination of diphenyl alkenes, alkynes, and dienes (Table 3).
The reaction with 1,1-diphenyl alkene at room temperature
yielded a single hydrophosphination product in almost quanti-
tative yield (Table 3, entry 1). In contrast, cis- and trans-1,2-di-
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Table 2. Hydrophosphination of monoaryl-substituted ethylene with
Ph,PH in C4D.

kenes. The reactions of various terminal alkynes and 1,2-diphe-
nylethyne catalyzed by 5 mol% of complex 1 at room temper-
ature or 60°C yielded the regioselective products as a mixture
of Z and E isomers (Table 3, entries 4-8),®""" whereas the reac-
tion of isoprene and 2,3-dimethylbuta-1,3-diene yielded mix-
tures containing the 1,2- and 1,4-addition isomers (Table 3, en-

0,
Ar/\ + PhyPH M» Ar/\/PPhZ
CeDs
Entry® Ar T[°Cl tthl  Conv.[%]®  Yield [%]“
1 p-MeCH, 60 5 97 94
2 p-MeOCH, 60 20 62 57
3 p-FCH, RT 6 94 93
4 p-CICeH, RT 1 96 94
5 p-BrCeH, RT 1 96 94
6 p-MeO,CCH, RT 4 97 96
7 p-NCCeH, RT 2 69 67
8 2-napthalene 60 20 100 99
9 2-pyridine 60 20 46 40
10 4-pyridine 60 20 61 57

tries 9 and 10).%™

It is well known that the main drawback of homogeneous
catalysts is the difficulty of their recovery from the reaction
medium.'” This hampers their widespread and practical appli-
cations from the viewpoints of catalytic efficiency and cost.
Some efforts have been taken to immoblize rare-earth amides
for catalytic applications.”® However, the direct recovery of
well-defined rare-earth catalysts has no precedent. Interesting-

[a] Reaction conditions: Ph,PH (0.25 mmol), alkene (0.3 mmol), and
1 (0.0125 mmol, 5 mol %) in CsDy (0.4 mL) at the required temperature for
the required time. [b] Based on 'H and *'P NMR spectroscopy. [c] Yield of
isolated product.

ly, catalyst 1 is only sparsely soluble in C;Dy and toluene, and it
could be recovered from the reaction medium after the cata-
lytic reactions (Table 4). In contrast, (THF),Yb[N(SiMej),], is

Table 4. Recovery of 1 after the hydrophosphination reaction.

Table 3. Hydrophosphination of diphenyl alkenes, alkynes, and dienes in
CgDe.

N 5 mol% 1 PPh,
+ PhPH ————»
R toluene R

_N -
6 CIO{ 60 2 94 Z/E=39:61
7 F@{ 60 4 92 Z/E=86:14

8 Ph—=—Ph RT 2 100 Z/E=90:10
9 )\/ RT 5 100 1,4/1,2=40:60
10 )\/ 70 20 25 1,4/1,2=70:30

Ph Ph  PPh
+  Hppp, —mo%1 : Entry R TI°Q) ¢t [min] Recovery [%]"
Ph CeDs PH
1 H 25 25 50
5 mol% 1 A, PPh, A M 2 Me 60 60 74
Ar—==—H + HPPh, ———» N=( o=
CGDG H H H PPh2 3 F 60 60 57
4 a 25 25 56
5 mol% 1 PPhy 5 Br 25 25 50
/J’\/ +  HPPhy — > >=/7 * PPh,
6-6 2 [a] Reaction conditions: Ph,PH (2.5 mmol), alkene (3.0 mmol), and
Entry®  Substrate TlCl tlhl  Conv. [%]®  Selectivity® 1 (0.125 mmol, 5 mol %) in toluene (2 mL) at the required temperature for
o the required time. [b] Catalyst 1 was recovered by filtration and recrystal-
1 >= RT 4 100 (98) lization from toluene.
Ph
Ph
\N— [c] . . .
2 Ph 60 20 25 (229 highly soluble in hydrocarbon solvents, which suggests that
= the electronic factors of the NHCs have pronounced effects on
3 PH Ph 60 20 6 - . . .
the physical properties of the rare-earth amide. Complex 1 can
Ph—= —85- . . ..
4 RT 1100 2/E=85:15 also be recycled at least four times without loss of activity, as
5 ! N= RT > 100 Z/E—36:64 demonstrated in the reaction with styrene (Table 5). The recy-

cling process is simple and straightforward. After one run is
complete, complex 1 could be directly collected by filtration
and used for the next run without further purification. After re-
covery and reuse of complex 1 four times, the conversion only
slightly decreased as a result of the gradual loss of the precata-
lyst during the recovery. However, complex 1 might be decom-

Table 5. Recycling of 1 in the hydrophosphination of styrene.

[a] Reaction conditions: HPPh, (0.3 mmol), alkene or alkyne (0.25 mmol),
and 1 (0.0125 mmol, 5 mol%) in C,Dg (0.4 mL). [b] On the basis of con-
sumption of the phosphine from integration of the 'H and *'P NMR spec-
tra. [c] Yield of isolated product.

PPh;
X 0,
+ HPPh, 5mol% 1

toluene, rt,2 h

Recycle® 1 2 3 4

Conv. [%]®! 98 98 97 95
phenyl alkenes gave only the corresponding products in 6 and [a] Reaction  conditions:  Ph,PH (2.5 mmol), alkene (3.0 mmol),
25% vyields, respectively (Table 3, entries 2 and 3), which indi- 1 (0.13 mmol, 5 mol%), and toluene (2 mL) for 2 h at room temperature.

cated that the reaction is much more efficient for terminal al-
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posed with the some functionalized substrates, such as methyl
4-vinylbenzoate, so that recovery is not possible.

In order to probe the mechanism, hydrophosphination of
styrene with catalyst 1 (5.0 mg) was monitored by NMR spec-
troscopy in C,Ds at room temperature (Figure S1 in the Sup-
porting Information). It was observed that approximately 18%
of the hydrophosphination product was generated, with the
formation of a significant amount of HN(SiMes),, in 5 min. The
amide catalyst was completely consumed after 5 h, which indi-
cates the very slow protonolysis of the Yb—N bonds with
HPPh,. It is noteworthy that the regeneration of complex
1 was observed after Ph,PH was completely consumed (Fig-
ure S1 in the Supporting Information). The reaction of complex
3 with three equivalents of styrene and HN(SiMe;), in C;Dg for
3 h led to the clean regeneration of complex 1 with the forma-
tion of the hydrophosphination product. However, the reaction
of complex 3 with three equivalents of HN(SiMe;), only led to
the formation of approximately 8% of complex 1 in 12h
(Scheme 2).

z
CgDg rt, 31
3 + 3HNGSMes), + 3 68 Y Ph/\/PPh2 .1
100% conv.
CgDg rt, 12 h
3 + 3HN(SIMey), 282 . 1 + HPPh
8% conv.
z
3 + M p0|ymer
25% conv.

Scheme 2. Reactions of 3 with styrene and HN(SiMe,),.

Interestingly, the reaction of 3 with styrene led to the forma-
tion of polymer with approximately 25% conversion of styrene
in 3 h (Scheme 2 and Table 6).2“9 Complex 3 is active for the
polymerization of styrenes in toluene to give atactic polymers
(Table 6, entries 1-3). In particular, the polymerization of sty-
rene occurred more rapidly with 0.05 mol% of 3 in the ab-
sence of solvent (Table 6, entry 1). These results suggested the
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formation of highly reactive intermediates containing an Yb—C
bond by the insertion of styrene into the Yb—P bonds. The
polymerization reaction can be extended with 1-chloro-4-vinyl-
benzene and 1-methoxy-4-vinylbenzene as the monomer,
which gave 43 and 22% yields, respectively (Table 6, entries 4
and 6). However, ethene-1,1-diyldibenzene and 1-fluoro-4-vi-
nylbenzene did not polymerize even at 110°C for 20 h (Table 6,
entries 5 and 7).

It was found that an excess of Ph,PH noticeably suppressed
the hydrophosphination reaction, whereas an increase in the
amount of styrene accelerated the reaction, probably because
of the coordination of the phosphine to the metal. It can be
seen from Table 7 that approximately 7% conversion was ach-

Table 7. The effects of concentrations of substrates.

0,
Ph"Xy + PhPH 5 mol% of 1 Ph/\/PPhZ
C6 6v rt
Entry® Styrene [equiv] Ph,PH [equiv] Conv. [%]"
1 1 2 7
2 1 5 4
3 1 10 1
4 2 1 23
5 5 1 24
6 10 1 63

[a] Reaction conditions: Ph,PH (0.1-1 mmol, 18.6-186 mg), styrene (0.1-
1 mmol, 10.4-104 mg), and catalyst 1 (0.005 mmol, 3.7 mg) in CsD; (1 mL)
at room temperature for 1 h. [b] Based on 'H and *'P NMR spectroscopy.

ieved with two equivalents of Ph,PH and the reaction was
almost completely suppressed with ten equivalents of Ph,PH
(Table 7, entries 1-3). In contrast, approximately 23% conver-
sion was observed with two equivalents of styrene and this
was dramatically increased to 63 % with ten equivalents of sty-
rene (Table 7, entries 4-6).

To obtain mechanistic insights into the reaction, kinetic stud-
ies of the hydrophosphination of ethene-1,1-diyldibenzene
with Ph,PH were conducted by monitoring with *'P NMR spec-
troscopy in CsDg at room temperature with complex 1 as the

Table 6. Polymerization of alkenes with phosphide 3.
0.1-0.2 mol% of 3 PhH0 Ph
I e R . »P=0
Ar  Ar Ph Ar Ar L

Entry® Ar Loading [mol %] Solvent T[°C t [h] Yield [%]® M, My/MS
1 Ph 0.05 neat RT 0.5 100 37167 2.1
2 Ph 0.1 THF RT 0.2 100 182049 2.1
3 Ph 0.2 toluene 110 4 32 8546 1.7
4 4-CICgH, 0.2 toluene 110 20 43 49891 34
5 4-FCHs 0.2 toluene 110 20 trace - -
6 4-MeOCg4Hq 0.2 toluene 110 20 22 33073 24
7 1,1-diyldibenzene 0.2 toluene 110 20 trace - -
[a] Reaction conditions: alkene (10 mmol) and catalyst 3 (0.005-0.02 mmol) in solvent (1 mL). [b] Yield of isolated product. [c] Determined by gel permea-
tion chromatography in THF at 40°C against a polystyrene standard. M,: number average molecular weight; M,;: weight average molecular weight; M;:
higher average molecular weight.
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catalyst. The ethene-1,1-diyldibenzene concentration was

maintained in 15-fold excess over the Ph,PH concentration as
the decrease in [Ph,PH] was monitored. This relationship ap-
proaches zero order (Figure S2 in the Supporting Information).
Studies were then carried out in which the catalyst concentra-
tion was held constant and Ph,PH concentration was moni-
tored while the ethene-1,1-diyldibenzene concentration was
varied from 0.3 to 2.12m. The linear relationship with a slope
of approximately 1.084-0.043 reveals the first order with re-
spect to the alkene (Figure S3 in the Supporting Information).
A series of experiments was conducted in which the catalyst
concentration was varied from 0.0023 to 0.09m with [ethene-
1,1-diyldibenzene] and [Ph,PH] in large excess and held con-
stant. From the plot of —In(k,) (k.us: Observed rate constant)
versus —In([catalyst]), a slope of 1.07 +0.049 was obtained (Fig-
ure S4 in the Supporting Information). Therefore, complex 1 fol-
lows first-order behavior. These results indicated that the reac-
tion of alkenes with the Yb—P bond is the rate-limiting step.
The empirically determined rate law is given in Equation (1), in
which v is the rate for this equation and k is the rate constant.

= k|catalyst]'[alkene]' (M)

Based on the Arrhenius equation and k values determined at
different temperatures (291-353 K; Figure S5 in the Supporting
Information), the activation energy for the hydrosphosphina-
tion of styrene with catalyst 1 was estimated to be
E,=34.2(1.2) kJmol™', which indicated a facile hydrophosphi-
nation reaction. The activation enthalpy and activation entropy
were determined to be AH”=31.6(1.2)kJmol”" and
AS” =—178.9(3.9) Jmol~" K by the Eyring analysis (Figure S6 in
the Supporting Information). These values are substantially
lower than those found in the hydrophosphination of styrene
with an ytterbium amide supported by a bidentate ligand
(E,=60.7(5.4) kkmol ™", AH? =58.0(5.4) kkmol ™", and
AS+# =—115.4(22.3) Jmol ' K).®¢

Based on the results, a plausible mechanism for the catalytic
reaction is shown in Scheme 3. Initially, amide 1 reacted with
Ph,PH to generate the active species with an Yb—P bond and
HN(SiMe;),. The insertion of styrene into the Yb—P bond yield-
ed an ytterbium alkyl intermediate, which subsequently under-

N(SiMe3), [Yb]—PPh,
Ph,PH
A~ FPh catalytic cycle
/ N -

N(SiMe3), [Yb]
PhyPH PPh
2

N/< N(SiMe3), Ar/\/

/K(N— 1

A PP

regeneration

HN(SiMes),

Scheme 3. Proposed mechanism for the hydrophosphination and regenera-
tion of the precatalyst 1.
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went protonolysis in the presence of Ph,PH to liberate the
product and regenerate the Yb—P bond. After the Ph,PH was
completely consumed, the alkyl intermediate reacted with the
HN(SiMe;), formed in the initial step to regenerate catalyst
1. The formation of polystyrene catalyzed by complex 3 in
the absence of HN(SiMe,), strongly supports this mechanism.

Conclusion

In summary, we have shown that complexes 1-3 are much
more efficient precatalysts for the hydrophosphination of al-
kenes, alkynes, and dienes than the THF-solvated ytterbium(ll)
amide. Remarkably, complex 1 can be recovered and recycled
several times without loss of its activity in some cases. Com-
plex 3 is also active for the polymerization of styrenes and
leads to the formation of atactic polystyrenes. The kinetic stud-
ies and the reactions of 3 with styrene and HN(SiMe;), provid-
ed convincing evidence for the mechanism. The present results
demonstrate that NHCs can significantly modulate the reactivi-
ty and physical properties of simple rare-earth silylamides,
which can lead to high efficiency and recoverable precatalysts.
Efforts to discover new features of NHC-lanthanide amides
and to expand their catalytic applications are currently in prog-
ress.

Experimental Section
General

All manipulations involving air-sensitive materials were carried out
under an atmosphere of argon by using modified Schlenk line and
glovebox techniques. Alkenes and alkynes were purchased from
Alfa-Aesar and J&K Scientific Ltd. All liquid alkenes and alkynes
were dried over CaH, and freshly distilled. All solvents were dis-
tilled from appropriate drying agents. The 'H, '°C, and *'P NMR
spectroscopic data were recorded on Bruker Mercury Plus 400 MHz
NMR spectrometers. Chemical shifts (3) for 'H and ">C spectra are
referenced to internal solvent resonances and reported relative to
SiMe,. Chemical shifts for *'P spectra are reported relative to
an external 85% H;PO, standard. Elemental analysis was carried
out on an Elemental Vario EL analyzer. IMe," IliPr,"®
(THF),YbIN(SiMe;),1,,"® IMesYb[N(SiMes),],? and (THF),Yb(PPh,),*
were synthesized by following the literature procedures.

Synthesis of (IMe,),Yb[N(SiMe;).,], (1)

A solution of IMe, (0.49 g, 4.0 mmol) in toluene (10 mL) was added
to a solution of (THF),Yb[N(SiMe,),], (1.28 g, 2.0 mmol) in toluene
(10 mL). The mixture was stirred at room temperature for 2 h. It
was concentrated and stored at —40°C for 12 h to yield black crys-
tals of 1 (1.2, 77%). M.p.: 245°C (decomp.); 'H NMR (400 MHz,
CeDg): 0=3.39 (s, 12H, NCH,), 1.34 (s, 12H, CMe), 0.54 ppm (s, 36H,
SiMes); *CNMR (101 MHz, C¢Dg): 6 =201.5 (s, NCN), 123.8 (s, NC=),
35.1 (s, NMe), 8.1 (s, CMe), 6.1 ppm (s, SiMe;); elemental analysis:
calcd for CygHgoYbNGSI,: C 42.08, H 8.15, N 11.32; found: C 42.01, H
8.18, N 11.29.

Synthesis of (liPr),Yb[N(SiMe,),], (2)

A solution of 1iPr (0.36 g, 2.0 mmol) in toluene (5 mL) was added to
a solution of (THF),Yb[N(SiMe,),], (0.64 g, 1.0 mmol) in toluene

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(5 mL). The mixture was stirred at room temperature for 2 h. It was
concentrated and stored at —40°C for 12 h to yield dark brown
crystals of 2 (0.60g, 70%). M.p.: 111-113°C; 'H NMR (400 MHz,
C¢Dg): 0=4.40 (s, 4H, CHMe,), 1.60 (s, 12H, CMe), 1.30 (s, 24H,
CHMe,), 0.48 ppm (s, 36 H, SiMe,); >*C NMR (101 MHz, [Dg]THF): 6 =
207.7 (s, NCN), 122.2 (s, NG=), 49.1 (s, NMe), 24.8 (s, CHMe), 9.2 (s,
CHMe,), 59 ppm (s, SiMe;); elemental analysis: calcd for
Cs4H56YBNSi,: C 47.80, H 8.97, N 9.84; found: C 47.76, H 8.99, N
9.81.

Synthesis of (IMe,);Yb(PPh,), (3)

Method A: (IMe,),Yb[N(SiMe;),], (1; 0.37 g, 0.5 mmol) was added to
a solution of Ph,PH (0.19 g, 1.0 mmol) in toluene (10 mL). The mix-
ture was stirred at room temperature for 12 h. It was concentrated
and stored at —40°C for 12 h to yield dark green crystals of 3
(0.19. g, 41%).

Method B: (THF),Yb(PPh,), (0.41 g, 0.5 mmol) was added to a solu-
tion of IMe, (0.19 g, 1.5 mmol) in toluene (10 mL). The mixture was
stirred at room temperature for 3 h. It was concentrated and
stored at —40°C for 12 h to yield dark green crystals of 3 (0.29 g,
64 %).

M.p.: 170-173°C; '"HNMR (400 MHz, C,Dy): 6=7.60 (s, 8H, Ar),
6.79-6.95 (m, 12H, Ar), 3.43 (s, 18H, NCH,), 1.41 ppm (s, 18H, CH;);
3C NMR (101 MHz, C,Dy): 6=201.3 (s, NCN), 153.0 (d, J. p=39.0 Hz,
Ar), 1314 (d, Jo »=15.6 Hz, Ar), 127.1 (d, Jc p=5.4 Hz, Ar), 123.7 (s,
Ar), 1205 (s, NC=), 34.3 (s, NMe), 8.2 ppm (s, CMe); 3'P NMR
(162 MHz, C,Ds, 25°C): =10.7 (br); *'P NMR (162 MHz, [D]toluene,
80°C): 0=12.8 (s); elemental analysis: calcd for C,sHsYbNgP,: C
59.01, H 6.16, N 9.18; found: C 58.92, H 6.18, N 9.21.

NMR-scale catalytic reactions

In a glovebox, HPPh, (0.25 mmol), C,Ds (0.4 mL), and an alkene or
alkyne (0.3 mmol) were placed in a Young's tap NMR tube. This
was followed by addition of precatalyst 1 (0.0125 mmol, 5 mol%)
under the conditions given in Table 2. The conversions of HPPh,
were determined by 'H and *'P NMR spectroscopy.

Polymerization reaction

In a glovebox, alkene (10 mmol), solvent (1 mL), and catalyst 3
(0.005-0.02 mmol) were added into a 10 mL flask. A dark brown
mixture was obtained and the polymerization was initiated and
carried out for the required temperature and time. The reaction
mixture was poured into MeOH (30 mL) to precipitate the polymer
product, then 30% H,0, (0.5 mL) was added and the reaction mix-
ture was stirred at room temperature for 1 h. The white polymer
product was collected by filtration and dried under vacuum at
60 °C until a constant weight was achieved.

Phosphine-terminated atactic polystyrene: 'H NMR (400 MHz,
CDCly): 6=7.14 (br, Ar), 6.65 (br, Ar), 1.92-2.28 (m, PhCH), 1.51 ppm
(br, CH,); *'P NMR (162 MHz, CDCl,): 6=31.5 ppm (s).
Phosphine-terminated atactic poly(1-chloro-4-vinylbenzene):
"H NMR (400 MHz, CDCl,): 6 =7.05 (br, Ar), 6.40 (br, Ar), 1.81-2.06
(m, PhCH), 1.33 ppm (br, CH,); *'PNMR (162 MHz, CDCl;): 6=
29.2 ppm (s).

Phosphine-terminated atactic poly(1-methoxy-4-vinylbenzene):
"H NMR (400 MHz, CDCly): 6=7.35 (br, Ar), 6.57 (br, Ar), 3.73 (br,
OMe), 1.73-2.17 (m, PhCH), 1.34 ppm (br, CH,); *'P NMR (162 MHz,
CDCly): 6=31.6 ppm (s).
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Typical procedure for the recycling and recovery of precata-
lyst 1

HPPh, (2.5 mmol), an alkene (3 mmol), precatalyst 1 (0.125 mmol,
5 mmol %), and toluene (2 mL) were added to a round-bottomed
flask. The mixture was stirred under the required conditions. After
the catalytic reaction, precatalyst 1 was collected by filtration and
directly used for the next run. The recovery could be furnished in
50-74% vyields by filtration and recrystallization from toluene.

Preparative-scale catalytic reactions

Diphenylphosphine (1 mmol), an alkene (1.2 mmol), precatalyst
1 (0.05 mmol, 5mmol%), and toluene (1 mL) were added to
a round-bottomed flask. The mixture was stirred. After the reaction
was complete, the product was purified by chromatography on
silica gel (n-hexane/dichloromethane). Alternatively, H,O, (30%,
1 mL) was added to the mixture and it was stirred for 3 h to yield
the corresponding oxidation product. The product was extracted
with CH,Cl, and dried over MgSO,. After the solvent was removed,
the crude product was purified by chromatography on silica gel (n-
hexane/ethyl acetate).

X-ray crystal structure determination

X-ray data were collected on a Rigaku Saturn CCD diffractometer
by using graphite-monochromated Mo Ka radiation (1 =0.71073 A)
at 113 K. The structure was solved by direct methods (SHELXS-
97)" and refined by full-matrix least squares on F°. All non-hydro-
gen atoms were refined anisotropically and hydrogen atoms were
refined with a riding model (SHELXL-97)."® The crystal data and
structure-refinement details are listed in Table S1 in the Supporting
Information. CCDC 1406410 (1) and 1406411 (3) contain the supple-
mentary crystallographic data for this paper. These data are provid-
ed free of charge by The Cambridge Crystallographic Data Centre.

Spectroscopic data for the hydrophosphination products

Phenethyldiphenylphosphine:"® 'HNMR (400 MHz, CDCl): 6=
7.35-7.40 (m, 4H, Ar), 7.09-7.29 (m, 11H, Ar), 2.62-2.68 (m, 2H,
PhCH,), 227-2.31ppm (m, 2H, CH,PPhy); *PNMR (162 MHz,
CDCly): 6 =-15.9 ppm (s).
(4-Methylphenethyl)diphenylphosphine:® 'HNMR (400 MHz,
CeDg): 0=6.96-7.41 (m, 14H, Ar), 2.68 (br, 2H, ArCH,), 2.25 (br, 2H,
CH,PPh,), 2.12 ppm (s, 3H, CHs); *'PNMR (162 MHz, C,Dg): 0=
—16.2 ppm (s).

(4-Methylphenethyl)diphenylphosphine oxide: 'H NMR (400 MHz,
CDCly): 6=7.74-7.79 (m, 4H, Ar), 7.48-7.55 (m, 6H, Ar), 7.06 (s, 4H,
AV), 2.86-2.92 (m, 2H, ArCH,), 2.53-2.60 (m, 2H, CH,PPh,), 2.30 ppm
(s, 3H, CHy); *'P NMR (162 MHz, CDCL,): 6 =31.7 ppm (s).
(4-Methoxyphenethyl)diphenylphosphine:™ 'H NMR (400 MHz,
CDCly): 6=7.32-7.53 (m, 10H, Ar), 7.08 (d, J/=8.3 Hz, 2H, Ar), 6.81
(d, J=8.4Hz, 2H, Ar), 3.77 (s, 3H, OCH,), 2.63-2.69 (m, 2H, ArCH,),
231-2.35 ppm (m, 2H, CH,PPh,); 'P NMR (162 MHz, CDCl,): 6=
—16.2 ppm (s).

(4-Fluorophenethyl)diphenylphosphine:*® 'H NMR (400 MHz,
CDCly): 6=7.26-7.38 (m, 10H, Ar), 7.02-7.05 (m, 2H, Ar), 6.87 (t, J=
8.4 Hz, 2H, Ar), 2.58-2.65 (m, 2H, ArCH,), 2.24-2.28 ppm (m, 2H,
CH,PPh,); *'P NMR (162 MHz, CDC,): 6= —16.3 ppm (s).
(4-Chlorophenethyl)diphenylphosphine:?’ 'HNMR (400 MHz,
CDCly): 6=7.25-7.44 (m, 10H, Ar), 7.14-7.17 (m, 2H, Ar), 7.01 (d,
J=8.4Hz, 2H, Ar), 2.58-2.64 (m, 2H, ArCH,), 2.23-2.27 ppm (m, 2H,
CH,PPh,); 'P NMR (162 MHz, CDC.): 6 = —16.3 ppm (s).
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(4-Bromophenethyl)diphenylphosphine:?" 'H NMR (400 MHz,
CDCly): 6=7.26-7.38 (m, 12H, Ar), 6.96 (d, J=8.2 Hz, 2H, Ar), 2. 65—
263 (m, 2H, ArCH,), 2.23-2.27 ppm (m, 2H, CH,PPh,); *'P NMR
(162 MHz, CDCly): 6 =—16.3 ppm (s).

(2,2-Diphenylethyl)diphenylphosphine:"” 'HNMR (400 MHz,
CDCly): 6=7.30-7.33 (m, 4H, Ar), 7.08-7.23 (m, 16H, Ar), 3.83-3.89
(m, TH, PhCHPh), 2.76 ppm (d, J=7.9 Hz, 2H, CH,PPh,); >'P NMR
(162 MHz, CDCl5): 6 =—21.0 ppm (s).

(1,2-Diphenylethyl)diphenylphosphine:®  'HNMR (400 MHz,
C.Dy): d=7.00-7.77 (m, 20H, Ar), 3.67-3.72 (m, 1H, PhCH,), 3.02—
3.12ppm (m, 2H, PhCHPPh,); *PNMR (162 MHz, C.D,): 0=
—0.8 ppm (s).

(1,2-Diphenylethyl)diphenylphosphine oxide: 'H NMR (400 MHz,
CDCly): 6=7.97-8.02 (m, 2H, Ar), 7.58 (s, 3H, Ar), 7.41-7.46 (m, 2H,
Ar), 7.31 (t, J=7.3 Hz, 1H, Ar), 7.07-7.23 (m, 10H, Ar), 6.81 (d, /=
6.5 Hz, 2H, Ar), 3.62-3.68 (m, 1H, PhCH,), 3.24-3.37 ppm (m, 2H,
PhCHPPh,); *'P NMR (162 MHz, CDCl,): 6 =32.8 ppm (s).

2-(2-(Diphenylphosphino)ethyl)pyridine:"” 'HNMR (400 MHz,
CDCly): 6=8.52 (d, J=4.5Hz, 1H, Ar), 7.55 (t, J=7.6 Hz, TH, Ar),
7.44-7.47 (m, 4H, Ar), 7.32 (d, J=5.5Hz, 5H, Ar), 7.09 (t, J=7.5 Hz,
2H, Ar), 2.87-2.93 (m, 2H, PyCH,), 2.48-2.52 ppm (m, 2H, CH,PPh,);
3P NMR (162 MHz, CDCl,): 6 =—15.5 ppm (s).

4-(2-(Diphenylphosphino)ethyl)pyridine:"” 'HNMR (400 MHz,
CeDg): 0=8.49 (br, 2H, Ar), 6.57-7.38 (m, 12H, Ar), 2.39-2.44 (m,
2H, PyCH,), 2.04-2.08 ppm (m, 2H, CH,PPh,); *'P NMR (162 MHz,
CeDg): 6 =—16.2 ppm (s).

Diphenyl(2-(pyridin-4-yl)ethyl)phosphine oxide: "H NMR
(400 MHz, CDCl): 6=8.40 (d, J=4.8 Hz, 2H, Ar), 7.67-7.72 (m, 4H,
Ar), 7.40-7.50 (m, 6H, Ar), 7.02 (d, J=5.0 Hz, 2H, Ar), 2.83-2.89 (m,
2H, PyCH,), 2.47-2.54 ppm (m, 2H, CH,P(O)Ph,); *'P NMR (162 MHz,
CDCly): 6=31.1 ppm (s).

(2-(Naphthalen-2-yl)ethyl)diphenylphosphine:*" 'H NMR
(400 MHz, CDCly): 6=7.91-7.96 (m, 3H, Ar), 7.46-7.77 (m, 14H, Ar),
3.05-3.09 (m, 2H, PhCH,), 2.62-2.66 ppm (m, 2H, CH,PPh,);
3P NMR (162 MHz, CDCl,): 6 =—15.8 ppm (s).

Methyl 4-(2-(diphenylphosphino)ethyl)benzoate: Colorless oil;
"H NMR (400 MHz, CDCl,): 6=7.98 (d, J=8.2 Hz, 2H, Ar), 7.47-7.51
(m, 4H, Ar), 7.37-7.41 (m, 5H, Ar), 7.26-7.29 (m, 2H, Ar), 3.93 (s,
3H, COOMe), 2.77-2.84 (m, 2H, PhCH,), 2.38-2.43 ppm (m, 2H,
CH,PPh,); *C NMR (101 MHz, C¢Dg): 6 =166.6 (s, COOMe), 148.1 (d,
Jep=130Hz, An, 139.1 (d, Jop=145Hz, Ar), 133.1 (d, Jep=
18.7 Hz, Ar), 130.1 (s, Ar), 128.8 (s, Ar), 128.8 (s, Ar), 128.7 (s, Ar),
1285 (s, An), 515 (s, COOMe), 32.5 (d, Jc»=18.7 Hz, PhCH,),
30.0 ppm (d, Jc p=14.3 Hz, CH,PPh,); *'P NMR (162 MHz, CDCL,):
0=—16.0 ppm (s); elemental analysis: calcd for C;;H,,0,P: C 71.32,
H 6.69; found: C 71.21, H 6.70.

4-(2-(Diphenylphosphino)ethyl)benzonitrile: White solid; '"H NMR
(400 MHz, CDCly): 6=17.58 (d, /=8.2 Hz, 2H, Ar), 7.46-7.50 (m, 4H,
Ar), 7.38-7.40 (m, 6H, Ar), 7.29 (d, J=8.2 Hz, 2H, Ar), 2.78-2.85 (m,
2H, PhCH,), 2.37-2.42 ppm (m, 2H, CH,PPh,); *C NMR (101 MHz,
CDCly): 6=147.9 (d, J=12.3 Hz, Ar), 137.8 (d, J=12.8 Hz, Ar), 132.6
(d, J=18.7 Hz, Ar), 132.1 (s, Ar), 128.9 (s, Ar), 128.8 (s, Ar), 128.5 (d,
J=6.7 Hz, Ar), 1189 (s, CN), 109.8 (s, Ar), 32.3 (d, /=182 Hz,
CH,PPh,), 29.5ppm (d, J=13.7Hz, PhCH,); P NMR (162 MHz,
CDCl;): 6=-16.3 ppm (s); elemental analysis: calcd for C,;H;sNP: C
79.98, H 5.75, N 4.44; found: C 79.81, H 5.73, N 4.47.
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