CHEMISTRY

AN ASIAN JOURNAL

DOI: 10.1002/asia.200800042

Rhodium-Catalyzed Asymmetric Addition of Terminal Alkynes to
Diarylphosphinylallenes

Takahiro Nishimura,* Xun-Xiang Guo, and Tamio Hayashi*!*!

Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday

Abstract: The presence of an acid was found to be essential in the rhodium-cata-

lyzed asymmetric addition of terminal alkynes to diarylphosphinylallenes giving
exo-enynes in high yields with high regio- and enantioselectivity. The stereochemi-
cal outcome is determined at the protonolysis of the m-allylthodium(I) intermedi-

ate involved in the catalytic cycle.

Introduction

Addition of terminal alkynes to allenes is a straightforward
method of preparing conjugate enynes, which are important
units found in biologically active compounds.! Although
several transition-metal complexes (Ru,” Rh,"! and Pd™)
have been reported to catalyze the addition of terminal al-
kynes to allenes, to the best of our knowledge, there have
been no reports on the asymmetric version of this catalytic
reaction.P! If the addition to a 1,1-disubstituted allene pro-
ceeds with exo-selectivity giving an exo-enyne (I) rather
than an endo-enyne (II), it will provide the opportunity for
asymmetric synthesis (Scheme 1). Herein, we report that
phosphinylallenes are good substrates for the rhodium-cata-
lyzed asymmetric addition of terminal alkynes, which pro-
ceeds with high regio- and enantioselectivity in the presence
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Scheme 1. Addition of terminal alkynes to allenes.
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of a chiral rhodium(I) catalyst®” and a proton donor. Mech-
anistic studies indicate that the reaction proceeds via a
chiral m-allylrthodium(I) intermediate and its protonolysis
step determines the absolute configuration of the product.

Results and Discussion

First, we examined the reaction of diphenylphosphinylallene
1a with (triphenylsilyl)acetylene (2m) under one of the
standard reaction conditions for the rhodium-catalyzed alky-
nylation™ using [{Rh(OH)((R)-binap)},]¥ (5) as a catalyst,
but the reaction did not give any hydroalkynylation products
(Table 1, entry 1). In contrast, it was found that the presence
of a catalytic amount of an acid dramatically promotes the
reaction. Thus, adding benzoic acid (5 mol%) to a solution
of allene 1a, alkyne 2m, and Rh/(R)-binap complex 35
(5 mol % of Rh) in toluene and heating the mixture at 80°C
for 12h gave 81 % yield of the hydroalkynylation product,
which consists of exo-enyne 3am as a major isomer (93 %)
and endo-(E)-enyne 4am (7%, Table 1, entry 2; Scheme 2).
It should be noted that the enantiomeric purity of 3am is
high (90 % ee). Its absolute configuration was determined to
be R by X-ray crystallographic analysis of (4-bromophenyl)-
substituted enyne 6, which was derived from 3am
(Scheme 3, Figure 1). Acetic acid (Table 1, entry 3) and di-
phenylphosphinic acid (Table 1, entry 4) also promoted the
reaction to give 3am with high R selectivity (73% yield,
91 % ee for acetic acid; 70% yield, 93% ee for diphenyl-
phosphinic acid). Meanwhile, the use of HBF, (5 mol %) as
a proton donor reversed the absolute configuration of 3am
(84 % ee (S), Table 1, entry 5). The S selectivity was also ob-
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Table 1. Rhodium-catalyzed asymmetric addition of 2m to 1a.[!

Entry Catalyst Acid Yield [% ™ ee [%]'*
1 [{Rh(OH)((R)-binap)},] - 0 -

2 [{Rh(OH)((R)-binap)},] PhCO,H 81 (93:7) 90 (R)
3 [{Rh(OH)((R)-binap)},] CH,CO,H 73 (92:8) 91 (R)
4 [{Rh(OH)((R)-binap)},] Ph,P(O)OH 70 (91:9) 93 (R)
5 [{Rh(OH)((R)-binap)},] HBFE,Y 86 (50:50)¢1 84 (S)
6l [Rh(cod),]BF, - 99 (37:63)1 92 ()
7t [Rh(cod),]PF, - 91 (37:63)1 92 (S)
glel [{RhCI((R)-binap)},] - 67 (53:47)€1 97 ()
olfl [Rh(acac)(C,H,),] Ph,P(O)OH 77 (95:5) 94 (R)
10 [Rh(acac)(C,H,),] Ph,P(O)OH 90 (97:3) 94 (R)

[a] Reaction conditions: allene 1a (0.20 mmol), (triphenylsilyl)acetylene
(2m) (0.20 mmol), Rh catalyst (5mol% Rh), acid (5mol%), toluene
(0.4 mL) at 80°C for 12 h. [b] The total yield of 3am and 4am was deter-
mined by '"H NMR. The value in parentheses is the ratio of 3am to 4am.
[c] The ee of 3am was determined by HPLC analysis with a chiral sta-
tionary phase column (Chiralpak AD-H). The absolute configuration of
(R)-3am was determined by X-ray crystallographic analysis of 6.
[d] HBF, in Et,0 was used. [e] E and Z isomers of 4am were formed.
[f] Performed with (R)-binap (6 mol%). [g] Performed with NaBAr",
(ArF=C4H;-3,5-(CF;),; 7.5mol%). [h] Performed with allene 1a
(0.40 mmol) and Ph,P(O)OH (2.5 mol %) for 24 h.

X ..
x
1a R/(R)-binap

SiPh; SiPhy
X=P(O)Ph; (5 mol % Rh) = Z
—_— *
+ toluene X XTS
__ . 80°C, 12h
H—==—SiPh; 3am 4am
2m

Scheme 2. Asymmetric addition of alkyne 2m to allene 1a.

1) TBAF, THF, 0 °C

3
am 2) 1-bromo-4-iodobenzene,  pp,(O)P
94%ee  [PdCly(PPha)],
Cul, Et;N, DMF

. 0,
48% (2 steps) 6: 94% ee (R)

Scheme 3. Transformation of 3am into 6.

Figure 1. ORTEP illustration of compound 6 with thermal ellipsoids
drawn at 50 % probability.

served in reactions with cationic rhodium complexes gener-
ated from [Rh(cod),|BF,*! and (R)-binap (Table 1, entry 6),
[Rh(cod),]PF{!” and (R)-binap (Table1, entry7), and
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[{RhCI((R)-binap)},] and NaBAr",' (Table 1, entry8).
These reactions gave 3am of S configuration with high enan-
tioselectivity (92-97 % ee), although the regioselectivity was
low. The rhodium complex [Rh(acac)(C,H,),]"? can be used
as a catalyst precursor combined with (R)-binap in the pres-
ence of diphenylphosphinic acid leading to the selective for-
mation of (R)-3am with 94 % ee (Table 1, entry 9). The high-
est yield (90 %) with the highest regio- and enantioselectivi-
ty (3am/4am=97:3, 94 % ee) was obtained from the reac-
tion with two equivalents of allene 1a in the presence of di-
phenylphosphinic acid (2.5 mol %, Table 1, entry 10).

The results of the asymmetric addition of terminal alkynes
to phosphinylallenes in the presence of diphenylphosphinic
acid (Scheme 4) are summarized in Table 2. The reaction of
1-substituted phosphinylallenes 1a-1e with (triphenylsilyl)-
acetylene (2m) gave the corresponding enynes 3 in good
yields (75-85 %) with high regio- and enantioselectivity (76—
94 % ee, Table 2, entries 1-5). The enantioselectivity is also
high for the addition of propargylic ethers 2n and 20 to 1a
(88-91% ee, Table 2, entries 6 and 7). The asymmetric addi-
tion proceeded with simple terminal alkynes, 1-octyne (2p)
and phenylacetylene (2q), although the yields of the enynes
are somewhat lower (Table 2, entries 8 and 9).

To gain information about the catalytic cycle and the role
of acids, which greatly affect the absolute configuration of
the product, we carried out stoichiometric reactions starting
with alkynylrhodium(I) complexes. Alkynylrhodium(I) com-

[Rh(acac)(CaH,)2]
R (5 mol %) R’ R2
(R)-binap (6 mol %) B Z
X/l\. + H——R? = Z
AN Ph,P(O)OH (2.5 mol %) X
1 2 toluene, 80 °C, 24 h 3

2m: R? = SiPh;

2n: R? = C(CH3),0CH,0CH;
20: R? = CPh,OCH,0CH;
2p: R2 = CgHy3

2q: R? =Ph

1a: R! = Me, X = P(O)Ph,
1b: R" = Et, X = P(O)Ph,
1c: R! = Bu, X = P(O)Ph,
1d: R" = Ph, X = P(O)Ph,
1e: R' = Me, X = P(O)(4-CICgH4)»

Scheme 4. Asymmetric addition of terminal alkynes to phosphinylallenes.

Table 2. Rhodium-catalyzed asymmetric addition of terminal alkynes to
phosphinylallenes.”!

Entry 1 2 Yield [%]™ 3 ee [%]
1 1a 2m 88 (97:3) 3am 94 (R)
2 1b 2m 81 (95:5) 3bm 92 (R)
3 1c 2m 80 (93:7) 3cm 90 (R)
4 1d 2m 75 (97:3) 3dm 76 (R)
5 le 2m 85 (99:1) 3em 93 (R)
6 1a 2n 81 (98:2) 3an 91 (R)
7 1a 20 75 (94:6) 3ao 88 (R)
8 1la 2p 70 (98:2) 3ap 82 (R)
9 1la 2q 50 (98:2) 3aq 84 (R)
[a] Reaction conditions: allene 1a (0.40 mmol), alkyne 2 (0.20 mmol),
[Rh(acac)(C,H,),]  (S5mol%), (R)-binap (6 mol%), Ph,P(O)OH

(2.5 mol %), toluene (0.4 mL) at 80°C for 24 h. [b] Yield of the two iso-
lated isomers. The value in parentheses is the ratio of isomers (exo-
enyne/endo-enyne). [c] Determined by HPLC analysis with chiral station-
ary phase columns: Chiralpak AD-H for 3am-3em and 3an-3ap; Chiral-
cel OJ-H for 3aq.
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plexes 7m™ and 70 coordinated with (R)-binap and PPh;
were prepared in high vyields by the reaction of
[{(Rh(OH)((R)-binap)},] (5) with silylacetylene 2m and
propargyl ether 2o, respectively (Scheme 5).* Treatment of

*

2m or 20 P P
N PPh, R
) toluene N\
1/2 {Rh(OH)((R)-binap)}] 80 °C, 1h PhsP \
5 TmR=SPh; 86%
70: R = CPh,0OCH,OCH; 80%
R
p X /*\
th(O)P/K'\ | F\"h:\P P P
1a D (R)-binap
toluene
80°C, 15h Phy(0)P
8m: R = SiPh; 78%

80: R = CPh,OCH,OCH; 61%

Scheme 5. Synthesis of m-allylrhodium(I) intermediates.

complex 7m with allene 1a in toluene at 80°C brought
about selective formation of the m-allylrhodium(I) complex
8m, which was isolated in 78 % yield. The structure of m-al-
lylrhodium(I) complex 80, which was prepared from 70 and
allene 1a, was determined by X-ray crystallographic analy-
sis. As shown in Figure 2, two phosphorus atoms (P(2) and
P(3)) of (R)-binap and m-allyl carbon atoms (C(1)and C(3))
constitute a distorted square-planar orientation around the
Rh center. The diphenylphosphinyl substituent on the -
allyl unit is located anti with respect to the alkynyl group on
the central carbon atom C(2). The absolute configuration of
the m-allyl moiety in complex 8o is 2R,3R.

Stoichiometric reaction of the s-allylrhodium(I) complex
8m with acids gave us significant information on the origin
of the difference in the absolute configuration of enyne 3am
depending on the nature of the proton donors (Scheme 6,

Figure 2. ORTEP illustration of complex 8o with thermal ellipsoids
drawn at 50 % probability (hydrogen atoms are omitted for clarity).
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+ HY
(1.2 equiv)

3am + 4am

toluene
Ph,(O)P
8m

Scheme 6. Protonolysis of wt-allylrhodium(I) complex 8m.

Table 3. Protonolysis of w-allylrhodium(I) complex §m.["!

Entry  Acid Temp. [°C]/time [min]  3am/4am  ee [%]
1 PhCO,H 80/60 98:2 91 (R)
2 CH,CO,H 80/60 94:6 91 (R)
3 Ph,P(O)OH 80/60 98:2 95 (R)
4 HBF, in Et,0O  25/10 89:11 99 (S)

[a] Reaction conditions: 8 m (0.010 mmol), an acid (0.012 mmol), toluene
(0.5mL).

Table 3). Protonolysis of 8m with benzoic acid (1.2 equiv) in
toluene at 80°C for 1 h gave (R)-3am with 91 % ee (Table 3,
entry 1), the stereochemical outcome being essentially the
same as that observed in the catalytic reaction (90% ee
(R)). The use of acetic acid or diphenylphosphinic acid also
gave the R isomer (Table 3, entries 2 and 3). In contrast, the
protonolysis with HBF, gave (S)-3am with 99 % ee (Table 3,
entry 4). The S configuration is also the same as that ob-
served in the catalytic reaction in the presence of HBF,
(84 % ee (S)). These results clearly indicate that the catalytic
cycle involves the m-allylrhodium(I) species and its protonol-
ysis with the acid. Furthermore, this protonolysis step is
shown to determine the absolute configuration of the prod-
uct.

Scheme 7 illustrates the catalytic cycle proposed for the
present rhodium-catalyzed hydroalkynylation involving an
alkynylrhodium(I) complex AU and a m-allylrhodium(I)
complex B as key intermediates. Insertion of allene 1a into
the rhodium—carbon bond in A forms m-allylrhodium(I) B,
which is identical to the complex 8m obtained in Scheme 5.
Protonolysis of B with an acid (HY) furnishes enyne 3am!*!
and the rhodium(I) species (C, [Rh]Y) bearing the anionic
ligand resulting from the acid.™® The reaction of C with
alkyne 2m regenerates the alkynylrhodium A and acid
(HY). In the reactions catalyzed by cationic rhodium com-

[Rh]-—=—SsiPh; —
A (e}
He——siPh, HY Phy(OF 4,
2m
[Rh] = [Rh{(R)-binap)] [Rh]
[Rh]Y N
H i B
é 3 HY
Phy(O)P
3am

Scheme 7. Proposed catalytic cycle.
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plexes (entries 6-8 in Table 1), HY corresponds to HBF,,
HPF,, or HBAr",.['%]

The R configuration of 3am observed in the catalytic and
stoichiometric reactions with PhCO,H, CH;CO,H, and
Ph,P(O)OH demonstrates that the m-allyl complex under-
goes the protonation at C(3) from the opposite side of rho-
dium (Scheme 8, route a), while the S configuration ob-

SiPh; SiPhy SiPhg
wo |l e
route a ‘\3 2/ J[Rh] routeb
H P(O)Ph, Ph,(O)P ! Phy(O)P H
(R)-3am 8m (S)-3am
SiPhs SiPh,
W[RA]® JRN®
on AN R Ave R
Ph,(O)P Y Ph,y(O)P H
Y@
Y = PhCOzY CHg(-.;OQY _ F
or Ph,P(0)0 Y =BF, PFg or BAr,
D E

Scheme 8. Pathway of the protonolysis of m-allylrhodium(I) complex 8m.

served in the reactions with HBF,, HPF,, and HBAr", dem-
onstrates the protonation from the same side as rhodium
(Scheme 8, route b). In the protonation with the acids (HY),
where Y~ is a coordinating anion (CH;CO,”, PhCO,", or
Ph,P(O)O"), it is likely that the coordination of Y~ to m-al-
lylrhodium 8m takes place to form ate complex D and sub-
sequent attack of the C(3) carbon atom to the proton from
the side opposite to rhodium results in the formation of (R)-
3am. On the other hand, the protonation on rhodium to
form cationic rhodium(IIT) hydride E takes place with the
acids bearing noncoordinating anions (BF,”, PF,~, and
BAr","), and the reductive elimination produces (S)-3am.

Conclusions

Asymmetric addition of terminal alkynes to allenes to form
chiral conjugate enynes was realized for the first time by use
of a Rh/(R)-binap catalyst and a catalytic amount of proton
acids for addition to phosphinylallenes. Studies on the reac-
tions of a m-allylrhodium(I) complex revealed that the ste-
reochemical outcome of the conjugated enyne is determined
at the protonolysis of the m-allylrhodium(I) intermediate in-
volved in the catalytic cycle.

Experimental Section

General

All anaerobic and moisture-sensitive manipulations were carried out with
either standard Schlenk techniques under predried nitrogen or glovebox
techniques under argon. NMR spectra were recorded on a JEOL JNM
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LA-500 spectrometer (500 MHz for 'H, 125 MHz for C, and 202 MHz
for *'P). Chemical shifts are reported in 6 (ppm) referenced to an inter-
nal SiMe, standard for 'HNMR, [D]chloroform (6=77.00 ppm) for
BC NMR, and external H;PO, standard for *'P NMR. Optical rotations
were measured on a JASCO DIP-370 polarimeter. Elemental analyses
were performed at the Microanalytical Center, Kyoto University. High-
resolution mass spectra were obtained with a Bruker micrOTOF spec-
trometer.

Materials

Toluene was purified by passing through a neutral alumina column under
nitrogen. Rhodium complexes, [{Rh(OH)((R)-binap)},]*! (5), [{RhCI((R)-
binap)},].*! [Rh(cod),]BE,.”"! [Rh(cod),]PF,," " and [Rh(acac)(C,H,),] "
were prepared according to the reported procedures. Diarylphosphinylal-
lenes were prepared according to the reported procedures. ™!’ Allene
le, alkyne 20, and all the hydroalkynylation products are new com-
pounds.

Typical Procedure for Rhodium-Catalyzed Asymmetric Addition of
(Triphenylsilyl)acetylene (2m) to Diphenylphosphinylallene 1a

To a mixture of [Rh(acac)(C,H,),] (2.6 mg, 0.010 mmol) and (R)-binap
(7.5mg, 0.012mmol) in a screw cap test tube was added toluene
(0.40 mL) under N, and the mixture was stirred at room temperature.
After 10 min diphenylphosphinylallene 1a (101.7 mg, 0.40 mmol), (tri-
phenylsilyl)acetylene 2m (56.9 mg, 0.20 mmol), and diphenylphosphinic
acid (1.1 mg, 0.005 mmol) were added and the tube was capped tightly.
Then, the mixture was stirred at 80°C (bath temp.) for 24 h. The reaction
mixture was concentrated under vacuum and the residue was subjected
to column chromatography on silica gel with EtOAc/hexane (2:1) as
eluent to give enynes (3am and 4am) as a white solid (94.6 mg,
0.176 mmol; 88 % yield).

3am: White solid; [a]y=+20 (c=1.00, CHCl;, 94% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5mLmin"!, hexane/2-propanol=9:1, 254 nm, #=20.6min (R), t,=
23.7 min (S)); '"HNMR (CDCl;): 6=1.46 (dd, Jp;=15.8 Hz, J=7.4 Hz,
3H), 3.35 (dq, Jp.4u=9.3 Hz, J=7.4Hz, 1H), 5.76 (d, Jp.u=3.6 Hz, 1H),
5.77 (d, Jpy=3.3 Hz, 1H), 7.16-7.20 (m, 2H), 7.25-7.32 (m, 1H), 7.34-
7.46 (m, 12H), 7.50-7.60 (m, 6H), 7.78-7.87 ppm (m, 4H); *C NMR
(CDCL,): 6=14.4 (d, Jp.c=3.1 Hz), 40.2 (d, Jp..=66.6 Hz), 89.8, 109.4 (d,
Jpc=5.6 Hz), 127.8 (d, Jp.c=6.3 Hz), 127.8, 128.0 (d, Jp..=6.8 Hz), 128.1
(d, Jp.c=11.8 Hz), 128.4 (d, Jp.c=11.4 Hz), 129.8, 131.2 (d, Jp..=8.3 Hz),
131.3 (d, Jp.c=98.1 Hz), 131.45 (d, Jp..=8.8 Hz), 131.54 (d, Jp..=2.5 Hz),
131.6 (d, Jpc=2.5Hz), 1319 (d, Jpc=957Hz), 133.2, 135.5 ppm;
SlPNMR (CDCly): 6=33.1 ppm; elemental analysis caled (%) for
C36H;,OPSi: C 80.27, H 5.80; found: C 80.04, H 5.83.

4am: White solid. The stereochemistry of (E)-4am was determined by
NOE experiments. 'HNMR (CDCLy): 6=1.97 (dq, Jpy=13.5Hz, J=
1.4 Hz, 3H), 2.27 (dq, Jp;=2.7 Hz, J=1.4 Hz, 3H), 7.32-7.55 (m, 15H),
7.61-7.72 ppm (m, 10H); *CNMR (CDCL): 6=21.9 (d, Jp.c=6.6 Hz),
223 (d, Jpc=12.4 Hz), 98.0 (d, Jp.c=1.5Hz), 109.2 (d, Jpc=21.7 Hz),
128.0, 128.6 (d, Jp.c=11.8 Hz), 130.0, 131.5 (d, Jp.c=9.8 Hz), 131.8 (d, Jp.
c=2.6Hz), 132.8 (d, Jpc=1033 Hz), 133.1, 1344 (d, Jpc=12.9 Hz),
135.5, 136.3 ppm; *'P NMR (CDCl;): 6=31.2 ppm; elemental analysis:
caled (%) for C3H;; OPSi: C 80.27, H 5.80; found: C 80.17, H 5.81.

3bm: White solid; [a]¥=+11 (¢=0.99, CHCl;, 92% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5mLmin"!, hexane/2-propanol=9:1, 254nm, =178 min (R), t,=
25.5min (S)); '"HNMR (CDCL): 6=1.03 (t, J=7.3 Hz, 3H), 1.83-2.02
(m, 2H), 3.07-3.13 (m, 1H), 5.75 (d, Jpu=3.9Hz, 1H), 5.78 (d, Jpu=
3.9 Hz, 1H), 7.23-7.48 (m, 15H), 7.55-7.60 (m, 6 H), 7.75-7.86 ppm (m,
4H); "CNMR (CDCL): 6=12.6 (d, Jpc=140Hz), 222 (d, Jpc=
1.6 Hz), 48.5 (d, Jp.c=66.7 Hz), 89.7, 109.8 (d, Jp.c=5.7 Hz), 126.1, (d, Jp.
«=62Hz), 127.9, 1282 (d, Jp.c=11.9 Hz), 128.5 (d, Jp.c=11.4 Hz), 128.7
(d, Jp.c=7.7Hz), 129.9, 131.2 (d, Jp.=8.8 Hz), 1314 (d, Jp.c=9.3 Hz),
131.5 (d, Jp.c=2.6 Hz), 131.6 (d, Jp.c=3.1 Hz), 131.7 (d, Jp..=97.7 Hz),
132.0 (d, Jp.c=96.6Hz), 133.4, 1355ppm; *PNMR (CDClL): 6=
32.8 ppm; elemental analysis: calcd (%) for C;;H;;OPSi: C 80.40, H 6.02;
found: C 79.89, H 5.97.
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3em: White solid; [a]¥ =46 (¢=0.99, CHCl,;, 90 % ee (R)). The enantio-
meric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin~!, hexane/2-propanol=9:1, 254 nm, £, =193 min (R), t,=
28.3 min (S)); '"HNMR (CDCly): 6=0.80 (t, J=7.2 Hz, 3H), 1.13-1.38
(m, 3H), 1.48-1.59 (m, 1H), 1.62-1.84 (m, 1H), 1.91-2.03 (m, 1H), 3.14—
3.24 (m, 1H), 5.74 (d, Jpy=4.0 Hz, 1H), 5.76 (d, Jo.y=4.1 Hz, 1 H), 7.17-
7.23 (m, 2H), 7.29-7.47 (m, 13H), 7.54-7.60 (m, 6H), 7.74-7.84 ppm (m,
4H); "*CNMR (CDClL): 6=13.8, 22.2, 28.4, 29.9 (d, Jp.c=12.9 Hz), 46.4
(d, Jp.c=66.7Hz), 89.8, 109.8 (d, Jp.c=5.6 Hz), 126.4 (d, Jp.c=6.1 Hz),
127.9, 1282 (d, Jp.c=11.9 Hz), 1285 (d, Jp.c=11.4 Hz), 128.6 (d, Jpc=
8.3 Hz), 129.9, 131.2 (d, Jp.c=8.3 Hz), 131.4 (d, Jpc=7.9 Hz), 131.5 (d,
Je.c=3.1Hz), 131.6 (d, Jp.c=2.6 Hz), 131.7 (d, Jp..=98.9 Hz), 132.0 (d,
Jp.c=95.6 Hz), 133.4, 135.5 ppm; *P NMR (CDCl;): 6=32.9 ppm: ele-
mental analysis: caled (%) for C;H;OPSi: C80.65, H 6.42; found:
C80.36, H 6.15.

3dm: White solid; [a]d=—113 (¢=0.93, CHCl;, 76 % ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin~!, hexane/2-propanol=9:1, 254 nm, t;,=27.4min (R), ,=
48.6 min (S)); '"HNMR (CDCly): 6=4.34 (d, Jp.4=8.9 Hz, 1H), 5.77 (d,
Jen=14Hz, 1H), 6.27 (d, Jpy=2.3 Hz, 1H), 7.14-7.24 (m, 6H), 7.28-
7.55 (m, 22H), 7.89-7.93 ppm (m, 2H); “C NMR (CDCl): 0=52.6 (d,
Jo.c=64.7Hz), 89.7, 109.9 (d, Jp..=9.8 Hz), 127.3 (d, Jp.-=3.1 Hz), 127.4
(d, Jp.c=2.0Hz), 127.9, 1280 (d, Jp.c=11.9 Hz), 1283 (d, Jp.c=1.5 Hz),
128.5 (d, Jp.c=11.9 Hz), 128.6 (d, Jp.c=6.0 Hz), 129.8, 130.1 (d, Jpc=
6.1 Hz), 131.0 (d, Jp.c=9.4Hz), 131.3 (d, Jpc=2.6 Hz), 131.4 (d, Jpc=
8.8 Hz), 131.7 (d, Jp.c=2.5Hz), 132.1 (d, Jp.c=97.1 Hz), 132.4 (d, Jp.c=
100.2 Hz), 133.3, 134.4 (d, Jp.c=4.6 Hz), 135.5 ppm; *'P NMR (CDClL,):
0=31.1 ppm; elemental analysis: caled (%) for C,H;OPSi: C81.97,
H 5.54; found: C 81.72, H 5.53.

3em: White solid; [a]y =430 (c=1.00, CHClL;, 93% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5 mLmin~!, hexane/2-propanol=9:1, 254nm, #,=28.8min (R), t,=
38.1 min (S)); "HNMR (CDCL): 6=1.45 (dd, Jp;;=16.1 Hz, J=7.4 Hz,
3H), 3.30 (dq, Jpx=9.9Hz, J=7.4Hz, 1H), 5.73 (d, Jpz=4.2 Hz, 1H),
5.78 (d, Jpy=4.4Hz, 1H), 7.12 (dd, J=8.5 Hz, J,.y=2.2 Hz, 2H), 7.32—
7.48 (m, 11H), 7.50-7.60 (m, 6H), 7.64-7.76 ppm (m, 4H); “C NMR
(CDCL): 6=14.3 (d, Jp.c=3.1 Hz), 40.4 (d, Jp.c=67.2 Hz), 90.7, 109.1 (d,
Jo.c=5.6 Hz), 127.3 (d, Jp.c=6.6 Hz), 128.0, 128.3 (d, Jp..=8.3 Hz), 128.7
(d, Jp.c=11.8 Hz), 129.0 (d, Jp.c=11.8 Hz), 129.4 (d, Jp.c=99.6 Hz), 130.0,
130.1 (d, Jp.c=96.6 Hz), 132.5 (d, Jp.c=9.3 Hz), 132.9 (d, Jp.c=9.9 Hz),
133.0, 1355, 1385 (d, Jpc=3.0Hz), 1386 ppm (d, Jpc=3.1Hz);
S'PNMR (CDCly): 6=32.2ppm; elemental analysis: caled (%) for
C;H,CLOPSi: C 71.17, H 4.81; Found: C 70.99, H 4.86.

3an: Colorless oil; [a]3 =453 (c=0.89, CHCL;, 90% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5mLmin"'!, hexane/2-propanol=9:1, 254 nm, #,=332min (R), t,=
35.9 min (S)); "H NMR (CDCL,): 6=1.40 (s, 3H), 1.41 (s, 3H), 1.42 (dd,
Jey=158 Hz, /=73 Hz, 3H), 325 (dq, Jo.y=9.3 Hz, /=73 Hz, 1H),
3.36 (s, 3H), 4.77 (s, 2H), 5.51 (d, Jp.uy=39Hz, 1H), 554 (d, Jpu=
3.7Hz, 1H), 7.38-7.57 (m, 6H), 7.77-7.89 ppm (m, 4H); “C NMR
(CDCL): 6=14.2 (d, Jp.c=3.1 Hz), 29.90, 29.92, 40.8 (d, Jp.c=66.7 Hz),
55.4,71.1, 84.7 (d, Jp.c=5.8 Hz), 91.8, 93.2, 125.8 (d, Jp..=8.3 Hz), 1274
(d, Jp.c=6.1Hz), 1282 (d, Jp.c=11.3 Hz), 128.5 (d, Jp..=10.9 Hz), 131.3
(d, Jp.c=8.8 Hz), 131.5 (d, Jp.c=9.3 Hz), 131.6 (d, Jp..=3.1 Hz), 131.7 (d,
Jo.c=2.6Hz), 131.8 (d, Jpc=97.6 Hz), 1319 ppm (d, Jp-=98.7 Hz);
S'PNMR (CDCly): 0=32.7 ppm; elemental analysis: caled (%) for
C,;H,,0,P: C72.23, H 7.12; found: C 72.03, H 7.04.

3a0: White solid; [¢]¥ =427 (c=1.00, CHCl,;, 88 % ee (R)). The enantio-
meric excess was measured by HPLC (Chiralpak AD-H column,
0.5mLmin~!, hexane/2-propanol=9:1, 254 nm, #;,=422min (S), t,=
51.9 min (R)); '"HNMR (CDCL,): 6=1.45 (dd, Jp.y=15.9 Hz, J=7.3 Hz,
3H), 3.31 (dq, Jp.u=8.6Hz, J=73Hz, 1H), 3.35 (s, 3H), 477 (d, J=
5.8 Hz, 1H), 4.78 (d, J=5.8 Hz, 1H), 5.61 (d, Jo.4;=3.9 Hz, 1H), 5.65 (d,
Jeu=3.9Hz, 1H), 7.22-7.34 (m, 8H), 7.37-7.57 (m, 8H), 7.76-7.87 ppm
(m, 4H); "CNMR (CDCL): 6=14.3 (d, Jp.c=3.1Hz), 40.4 (d, Jpc=
67.2Hz), 56.3, 79.1, 89.4 (d, Jp.c=5.8 Hz), 89.6, 93.4, 126.50 (d, Jp.c=
8.7 Hz), 126.54, 126.6, 127.4 (d, Jp.=6.3 Hz), 127.51, 127.53, 128.0 (4C),
1282 (d, Jpc=11.4 Hz), 128.5 (d, Jp..=10.9 Hz), 131.1 (d, Jp..=8.3 Hz),
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131.3 (d, Jp.c=8.8 Hz), 131.52 (d, Jp..=2.6 Hz), 131.56 (d, Jp..=98.2 Hz),
131.63 (d, Jpc=2.6Hz), 1319 (d, Jp.c=95.1Hz), 143.5, 143.6 ppm;
P NMR (CDCly): =332 ppm; HRMS (ESI) caled for Cy;HjNaO,P
[M+Na]*: 529.1903; found: 529.1908.

3ap: Colorless oil; [a]y=+59 (c=0.86, CHCL,;, 82% ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralpak AD-H column,
0.5mLmin"!, hexane/2-propanol=9:1, 254 nm, #=202min (R), ,=
23.1 min (S)); '"HNMR (CDCl;): §=0.89 (t, J=7.2 Hz, 3H), 1.20-1.42
(m, 8H), 1.41 (dd, Jp.y=16.0 Hz, J=7.3 Hz, 3H), 2.10 (t, /=7.2 Hz, 2H),
3.25 (dq, Jpy=10.0 Hz, J=7.2 Hz, 1H), 5.40 (d, Jp.4=3.9 Hz, 2H), 7.38-
7.55 (m, 6H), 7.79-7.91 ppm (m, 4H); *C NMR (CDCl,): 6=14.01, 14.03
(d, Jpc=2.1Hz), 19.2, 22.5, 28.4, 28.5, 31.3, 41.2 (d, Jp..=67.1 Hz), 80.6
(d, Jp.c=5.1Hz), 91.8, 123.8 (d, Jp.c=8.3 Hz), 128.0 (d, Jp-=11.3 Hz),
128.39 (d, Jp.c=11.3 Hz), 128.40 (d, Jp.c.=5.9 Hz), 131.3 (d, Jp.c=8.3 Hz),
131.4 (d, Jp.c=3.1Hz), 131.5 (d, Jpc=2.6 Hz), 131.6 (d, Jp.c=8.8 Hz),
131.8 (d, Jp.c=97.6 Hz), 132.2 ppm (d, Jp.c=95.1 Hz); *'P NMR (CDCl,):
0=33.0ppm; HRMS (ESI) caled for C,H;OP [M+H]": 365.2029;
found: 365.2025.

3aq: Colorless oil; [a]y =450 (c=0.71, CHCL, 84 % ee (R)). The enan-
tiomeric excess was measured by HPLC (Chiralcel OJ-H column,
0.3 mLmin!, hexane/2-propanol=95:5, 254 nm, #,=532min (R), t,=
61.6 min (S)); '"HNMR (CDCL): 6=1.49 (dd, Jpy_159 Hz, J=7.3 Hz,
3H), 3.37 (dq, Jp.u=9.8 Hz, J=7.3 Hz, 1H), 5.58 (d, Jp.y=4.0 Hz, 1H),
5.60 (dd, Jp.y=3.7 Hz, J=0.8 Hz, 1H), 7.25-7.30 (m, SH), 7.36-7.56 (m,
6H), 7.84-7.92ppm (m, 4H); "CNMR (CDCL): 6=142 (d, Jpc=
2.6 Hz), 41.2 (d, Jp.c=66.6 Hz), 89.4 (d, Jp.c=5.1Hz), 904 (d, Jpc=
1.0 Hz), 122.9, 1254 (d, Jp-=8.3 Hz), 128.11 (d, Jp..=7.3 Hz), 128.14,
128.2 (d, Jp.c=11.9 Hz), 128.3, 128.6 (d, Jpc=11.3 Hz), 131.4 (d, Jpc=
8.3 Hz), 131.55, 131.60 (d, Jp.c=2.1 Hz), 131.65 (d, Jp.c=8.8 Hz), 131.69
(d, Jp.c=1.5Hz), 131.74 (d, Jp.c=97.7 Hz), 132.1 ppm (d, Jp..=98.9 Hz);
'P NMR (CDCly): 6=32.9; HRMS (ESI) caled for C,H, NaOP [M+
Na]*: 379.1222; found: 379.1225.

Transformation of Compound 3 am into 6

To a solution of enyne 3am (269 mg, 0.50 mmol, 94% ee) in THF
(10 mL) was added tetrabutylammonium fluoride solution (1.0m in THF,
0.50 mL) at 0°C and the mixture was stirred for 0.5 h. The mixture was
quenched with 10% aq HCI and extracted with CH,Cl,. The organic
layer was washed with brine and dried over MgSO,. Evaporation of the
solvent followed by silica gel column chromatography (hexane/ethyl ace-
tate=1:4) gave (R)-(3-methylene-4-pentyn-2-yl)diphenylphosphine oxide
(3am’, 130 mg, 0.47 mmol, 93% yield). 3am": White solid; [a]*, =459
(¢=0.97, CHCl;, 94 % ee (R)). The enantiomeric excess was measured by
HPLC (Chiralcel OJ-H column, 0.3 mLmin~', hexane/2-propanol =95:5,
254 nm, t;=54.1 min (S), L, =58.4min (R)); '"HNMR (CDCl;): 6=1.43
(dd, Jpy=15.9 Hz, J=7.3 Hz, 3H), 2.80 (s, 1H), 3.26 (dq, Jpz=8.5 Hz,
J=73Hz, 1H), 557 (dd, Jpy=4.0Hz, J=0.5Hz, 1H), 558 (d, Jpu=
3.8Hz, 1H), 7.40-7.56 (m, 6H), 7.79-7.91 ppm (m, 4H); “CNMR
(CDCL): 6=13.9 (d, Jp.c=2.6 Hz), 40.6 (d, Jp.c=67.2 Hz), 782 (d, Jp.c=
1.0 Hz), 83.2 (d, Jp.c=5.1Hz), 1271 (d, Jp-=83Hz), 1272 (d, Jpc=
6.8 Hz), 1282 (d, Jp.c=11.3 Hz), 128.5 (d, Jp.c=11.3 Hz), 131.2 (d, Jp.c=
8.3 Hz), 131.5 (d, Jp.c=8.8 Hz), 131.60 (d, Jp.c=2.6 Hz), 131.61 (d, Jp.c=
98.2 Hz), 131.7 (d, Jp.c=2.5 Hz), 131.8 ppm (d, Jp.c=94.6 Hz); *'P NMR
(CDCl;): 6=33.0 ppm; elemental analysis: caled (%) for C;H;;OP:
C77.13, H6.11; found: C76.86, H 6.08. To a mixture of [PdCl,(PPh;),]
(9.1 mg, 0.013 mmol), Cul (2.5 mg, 0.013 mmol), 1-bromo-4-iodobenzene
(82.0 mg, 0.29 mmol), and triethylamine (52.6 mg, 0.52 mmol) in DMF
(1.0 mL) was added compound 3am’ (72.5 mg, 0.26 mmol) and the mix-
ture was stirred at 50°C for 6 h. The resulting mixture was quenched
with saturated aqueous NH,Cl and extracted with ethyl acetate. The or-
ganic layer was washed with brine and dried over MgSO,. Evaporation
of the solvent followed by silica gel column chromatography on silica gel
with EtOAc/hexane (2:1) as eluent to give compound 6 as a white solid
(58.6 mg, 0.13 mmol; 52% yield). 6: White solid; [a]3=465 (¢=0.90,
CHCl;, 94 % ee (R)). The enantiomeric excess was measured by HPLC
(Chiralcel OJ column, 0.5mLmin"!, hexane/2-propanol=9:1, 254 nm,
t,=18.1 min (R), t,=24.7 min (S)); '"H NMR (CDCl,): 6=1.48 (dd, Jp.u=
15.8 Hz, J=7.3 Hz, 3H), 3.37 (dq, Jp.;y=7.3 Hz, J=7.3 Hz, 1H), 5.57 (d,
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Jou=4.0Hz, 1H), 5.60 (d, Jpy=3.6 Hz, 1H), 7.12 (d, /=82 Hz, 2H),
7.32-7.59 (m, 8H), 7.78-7.96 ppm (m, 4H); "CNMR (CDCL;): 6 =14.0
(d, Jpc=3.1Hz), 41.0 (d, Jp.c=66.7Hz), 89.4, 90.3 (d, Jp.c=4.7 Hz),
121.8, 122.4, 125.7 (d, Jp.c=8.3 Hz), 127.8 (d, Jp.c=6.7 Hz), 128.1 (d, Jp.
c=11.9 Hz), 128.5 (d, Jp..=11.4 Hz), 131.3 (d, Jp..=8.8 Hz), 131.3, 131.5
(d, Jp.c=8.8 Hz), 131.57 (d, Jp.c=2.6 Hz), 131.60 (d, Jp..=98.1 Hz), 131.7
(d, Jp.c=2.6 Hz), 131.8 (d, Jp.c=95.1 Hz), 132.9 ppm; *'P NMR (CDCl,):
0=329 ppm; HRMS (ESI) caled for C,H,BrNaOP [M+Na]*:
457.0327; found: 457.0316. Colorless crystals of compound 6 suitable for
X-ray crystallographic analysis were obtained by recrystallization from
CH,Cl,-hexane. CCDC-668409 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Preparation of Rh Complexes 7m and 7 o

Complexes 7m'” and 70 were prepared by according to the reported
procedures. 70: Red crystals (80% yield); "H NMR (C¢Dg): 6=2.89 (s,
3H), 423 (d, J=5.5 Hz, 1H), 4.33 (d, /J=5.5 Hz, 1H), 6.00-8.20 ppm (ar-
omatics, 57H); *'P NMR (C4Dg): 6=32.7 (ddd, YJp_pans =339 Hz, Ygpp=
153 Hz, “Jppu=44Hz), 34.8 (ddd, *Jpp,us=339 Hz, 'Jg,p=149 Hz,
2Jppey =32 Hz), 39.1 ppm (ddd, Yp,p=133 Hz, YJpp; =44 Hz, Jppu=
32 Hz); elemental analysis: calced (%) for C,0H,O,P;Rh: C 76.57; H 5.04;
found: C 76.35, H 4.91.

Stoichiometric Reaction of Alkynylrhodium Complex 7m with Allene 1a

A mixture of complex 7m (108.9 mg, 0.086 mmol) and allene 1a
(26.0 mg, 0.103 mmol) in degassed toluene (2.0 mL) was heated at 80°C
for 15 h under argon with stirring. After cooling to room temperature,
the solvent was removed under reduced pressure. The resulting orange
solid was washed with degassed hexane (2mLx3) and dried under
vacuum. Dissolution of the crude mixture in CH,Cl, (2 mL) and layering
with hexane (10 mL) gave red crystals of 8m. The crystals were washed
with hexane and dried under vacuum. The yield of 8m was 78%
(84.9 mg, 0.067 mmol). "HNMR (C,D;): 6=1.41 (br d, J=14.3 Hz, 3H),
295 (br s, 1H), 323 (br s, 1H), 5.90-8.00 ppm (aromatics, 57H);
MPNMR (CDg): 0=343 (dd, *Jpp=13Hz, *Jp,p=3Hz), 37.5 (ddd,
Upnp=196 Hz, “Jpp=38Hz, Jpp=13Hz), 408ppm (dd, Jp,p=
199 Hz, *Jppu=38Hz): elemental analysis: caled (%) for
CyoHg,OP;RNSi: C 76.06, H 4.95; found: C 75.78, H 4.94.

Complex 80 was prepared by a similar procedure to that for complex
8m. Orange crystals (61% yield); *'P NMR (C¢Dy): 6=34.2 (dd, *Jpp=
13 Hz, Jpyp=3Hz), 374 (ddd, Yp,p=197 Hz, *Jpp=38 Hz, *Jpp=
13 Hz), 41.4 ppm (dd, Jgyp=199 Hz, %/} ;=38 Hz); elemental analysis:
caled (%) for C,;Hg,O5P;Rh: C75.12, H5.08; found: C74.83, H 5.04.
Orange crystals of complex 8o suitable for X-ray crystallographic analy-
sis were obtained by recrystallization from CH,Cl-hexane. CCDC-
668410 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

General Procedure for Protonolysis of Rh Complex 8 m with an acid

To a solution of Rh complex 8m (12.6 mg, 0.010 mmol) in toluene
(0.50 mL) was added an acid (0.012 mmol) at room temperature under
argon. The reactions were carried out at 80°C for 1h with acids,
PhCO,H, CH;CO,H, and Ph,P(O)OH, and at room temperature for
10 min with HBF, in Et,0. The reaction mixture was concentrated under
vacuum and the residue was purified by preparative thin-layer chroma-
tography on silica gel with EtOAc/hexane (2:1) as eluent.
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