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Abstract: The asymmetric 1,4-addition reaction of arylboronic acids with cycloalkenones was catalyzed
by 1 mol % of an amidomonophosphine—rhodium(l) catalyst in a 10:1 mixture of 1,4-dioxane and water at
100 °C, affording 3-arylcycloalkanones in reasonably high enantioselectivity and high yields. It was revealed
by NMR, IR, and X-ray spectroscopies that this bidentate amidomonophosphine behaves as a hemilabile
ligand that contains a hard donor site in addition to the soft donor in a molecule. Phosphorus atom strongly
bonds to rhodium(l), and the amide carbonyl oxygen is coordinatively labile. The reaction efficacy of
phenylboronic acid with cyclopent-2-en-1-one was significantly dependent on the possibility of coordination

of the amide carbonyl oxygen to rhodium(l).

Introduction

The discovery and development of new and efficient chiral
catalysts are of fundamental importance for efficient and clean
organic synthesi&? In particular, asymmetric carbercarbon
bond-forming processes have become a focus for advance
materials and pharmaceuticals. Of interest is that a chiral
amidomonophosphinE—copper(l) catalyzes conjugate addition
of alkylzinc and alkyl Grignard reagents to enones, resulting in
production of the corresponding adducts in reasonably high
enantioselectivity:> However, the addition reaction suffers from
unsatisfactory poor efficacy with the addition of aryl groGgs.

In 1997, Miyaura and co-workers discovered a phosphine
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rhodium(l) complex catalyst for 1,4-addition of aryl- and
alkenylboronic acids tax,S-unsaturated ketones, giving the
corresponding-substituted ketones in high yietdn 1998, on
the basis of this finding, Hayashi and Miyaura developed a

O(hodium(l)—catalyzed asymmetric 1,4-addition reaction of or-

ganoboron reagents with enones, enoates, alkenylphosphonates,
nitroalkenes, and alkenamid®¥:11High enantioselectivity and
high yields were achieved only whe8){binag? was used as a
chiral bisphosphine ligand for rhodium(l). The catalysis per-
formance was critically dependent on the structural features of
the phosphine ligands. Some other bisphosphir&§-¢iop,'2
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Scheme 1. Amidomonophosphine—Rhodium(l)-Catalyzed
Asymmetric 1,4-Addition of Arylboronic Acids to Cycloalkenones
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conveyed poor enantioselectivity and poor yielti®® We were
very pleased to find that a high level of catalysis performance
in enantioselectivity and yield was attainable in the asymmetric
1,4-addition of a variety of arylboronic acids to cycloalkenones
using amidomonophosphirfeas a monophosphine ligand for
rhodium(l) (Scheme 13°

Amidomonophosphinel, which we designed, contains a

carbonyl oxygen atom as the hard donor site in addition to the

soft phosphorus atom donor. It is interesting thatay behave
as a bidentate hemilabile ligand. The concept of hemilability
in coordination chemistry was introduced at the end of 19%0s,
and the chemistry of hemilabile ligands, which contain both

subsitutionally inert and labile groups, has received considerable

attention in recent year3.Late-transition-metal complex cata-
lysts often employ phosphines as stabilizing and selectivity-
controlling ligands. In catalytic and stoichometric reactions, the

phosphorus atoms in hemilabile ligands keep them anchored to
transition-metal centers. The hard donor sites are capable of

temporarily holding coordination sites at reactive transition metal

centers in the absence of small molecule substrates and can be

easily displaced by small molecule substrates to form a metal
small molecule comple® Here, we describe that amidomono-
phosphinel behaves as a hemilabile ligand in which the

phosphorus atom strongly bonds to rhodium(l) and the amide

carbonyl oxygen is weakly bonding, and the reaction efficacy
of phenylboronic acid with cyclopent-2-en-1-one significantly

depends on the possibility of coordination of the amide carbonyl
oxygen to rhodium(l).

Results and Discussion

NMR of the Rhodium—Amidomonophosphine Complex
Prepared from Rh(acac)(GH4)> and Amidomonophosphine
1. The benzenek solutions of Rh(l)-1 complex were prepared
in various molar ratios from 1:1 to 1:3 of Rh(acac)z)?4/1.
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Figure 1. 3P NMR spectrum (202 MHz, §D¢) of Rh—1 complex with
the following molar ratio of Rh(acac)¢8ls)/1: (a) 1:1; (b) 1:1.5; (c) 1:2;
(d) 1:3.
Scheme 2
1 1 1
Rh(acac)CzHs)2 —= Rh-1 — +Rh1— 1-Rh-1+ 1

due to large heteronuclear RP coupling at 42.7 ppm (Figure

A representative procedure is given for the preparation of a 1:1 1&). When the molar ratio of Rh(acac)t@)./1 was raised to

Rh—1 complex. In an NMR sample tube were place(.048
mmol) and Rh(acac)(#l4), (0.048 mmol). The tube was filled
with argon, and @Ds (0.6 mL) was added to form a yellow
solution. The3P NMR spectrum of a 1:1 Rhl complex
showed only one doublet signal of 186 Hz coupling constant
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1:1.5, a new doublet signal appeared at 39.9 ppm 194 Hz)
(Figure 1b), and the signal of 42.7 ppm disappeared when the
molar ratio of Rh(acac)(§H4)./1 was 1:2 (Figure 1c). This
revealed that only one RHL complex, in which one molecule
of 1 coordinated to one molecule of Rh, was generated when
the molar ratio of RH{ was 1:1 (Scheme 2). When the molar
ratio of Rh(acac)(gHs)2/1 was 1:3, the singlet signal of free
amidomonophosphinkwas observed at21.7 ppm in addition
to the doublet signal at 39.9 ppm (Figure 1d). The signal at
39.9 ppm corresponds to the Rbh complex in which two
molecules ofl coordinate to one molecule of Rh. This result
meant that the composition of the Rh complex changed as
shown in Scheme 2 when the RR{l) complex was prepared
in molar ratios from 1:1 to 1:3 of Rh(acacyidy)./1.

Then, we analyzed the solution behavior of the amide
carbonyl group of the 1:1 molar ratio complex of Rh(acac)-
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amide carbonyl group to rhodium(l) was observed at 1562cm
% T as a strong band (Figure 2). The wavenumber of the coordinated
carbonyl band ir2 was lowered by ca. 50 cmh compared to
2 601 2 the free amidomonophosphirie The 3C NMR signal of the
carbonyl carbon atom was shifted downfield by 6.9 ppm. This
404 result revealed that most of the amide carbonyl oxygend of
1605 coordinated to rhodium(l) in the cationic complex in solution.
20 Addition of 2 equiv ofn-BuNC to the solution o resulted in
3 1562 complete displacement of the carbonyl groupldfy n-BuNC
e . to give the complexd; only the IR bands of the uncoordinated
25 20 ppm 1650 1600 cm™ amide carbonyl group and coordinated isonitrile were observed
Figure 2. 3'P NMR spectrum (202 MHz, CiZl,) and IR spectrum (Ci at 1620 and 2179 cm, respectively (fre@-BuNC was observed
Cly) of the complex of the cationic Rkl complex2 and3. at 2145 cnr?), and the!3C NMR signal of the carbonyl carbon
Scheme 3. Hemilability of Amidomonophosphine in the Cationic atom was Shlft_ed _baCk Epr'e'd_ (Scheme 3). mE NMR
Rhodium—Amidomonophosphine Complex spectrum of cationic rhodiumamidomonophosphine complex
_|+SbF6’ 3 showed two signals at 20.2 ppm @@= 123 Hz) and 20.8
0.5 eq [RhCl{cod)], % ppm (d,J = 125 Hz) (Figure 2). This result meant that the
N AgSbF . PR amide carbonyl group, which temporarily held coordination sites
,_Bu/% FPh, cHCh h of rhodium(l), was easily displaced by-BuNC to form a
) , ¢ L rhodium(l)-n-BuNC complex, and amidomonophosphite
behaved as a hemilabile ligand in the cationic rhodium
v(CO)= 1609 am ™" ¥(CO)=1605and 1562 cm " amidomonophosphine complex in solution.
8(CO)= 1755 ppm 8(CO)=182.4 ppm o . .
X-ray Structure of the Cationic Rhodium —Amidomono-
—|+SbFG’ phosphine Complex Prepared from [RhCI(cod)}, Ami-
CB\ domonophosphine 1, and AgSbE The structure of the 1:1
2 eq 7-BuNC N . . .
o /§ PPh, molar ratio complex of Rh(l)l was ur_1equwocally d_eterml_ned
CHC Bu” S0 o by the X-ray crystallographical analysis of the cationic rhodium
#BUNC \L amidomonophosphine complex. The cationic rhoditami-
3 domonophosphine complexwas prepared as yellow cubes in
v(CO)=1620cm ™ high yield and was subjected to estimation of the coordination
8(C0)=176.0 and 176.1 ppm behavior of the carbonyl group df Under argon atmosphere,

(CoH4)2/1. To our sorrow, we were not able to confirm by [R @ reaction tube was charged with [RhCl(ce)]08 mmol),

and NMR spectra that the amide carbonyl oxygen lof amidomonophosphing(0.16 mmol), and AgShfH0.16 mmol).
coordinated to rhodium(l), because the IR bands of the carbonyl T0 the mixture was added 2 mL of G&l, at room temperature,
groups of1 and acetylacetonato were observed at almost the and the whole was ultrasonicated for 5 min. After centrifugal
same area. Th&C NMR signal of the carbonyl carbon atom sedimentation, the supernatant was separated and concentrated
was observed at 175.5 ppm and shifted downfield by only 0.1 to remove CHCI, under vacuum. The residue was washed with
ppm (the Carbony| carbon atom of free amidemonophosphine hexane and filtered to give a yeIIOW solid. This yellow solid

1 was observed at 175.4 ppm inl%). Attempted isolation of was recrystallized from a mixture of hexane and,CH, giving
crystals of the 1:1 molar ratio complex of Rh(acac}f)./1 yellow cubes of mp 2368 °C (dec). FAB-MSmz 564 ([Rh-

for X-ray crystallographical analysis was unsuccessful because(cod)®)] ). Anal. Calcd for GoHaoFegNOPRhNSb: C, 45.02; H,

of its air sensitivity. 5.04; N, 1.75. Found: C, 44.74; H, 4.95; N, 1.73. The structural
NMR and IR of the Cationic Rhodium —Aamidomono- information on rhodium species coordinated wiitvas collected
phosphine Complex Prepared from [RhCl(cod)}, Ami- from the X-ray crystal structure &f. As can be seen in Figure

domonophosphine 1, and AgSbi We have employed both 3a, the conformation of the seven-membered heterometallacyclic
NMR and IR to analyze the solution behavior of the amide ring, which is formed by the chelate coordination of the
carbonyl group in the cationic rhodiuramidomonophosphine  phosphorus and the amide carbonyl oxygeri,of boat like.
complex 2 (Scheme 3). The complex was obtained by the This means that the amide carbonyl oxygerigbordinates to
following procedure. Under argon atmosphere, a test tube wasrhodium(l) in the crystalline state aridis a bidentate ligand.
charged with [RhCl(cod}](0.072 mmol),1 (0.144 mmol), and  One of the phenyls of diphenylphosphiono group, Ph(A), is
AgSbF; (0.144 mmol). To the test tube was added 1.8 mL of oriented axially and Ph(B) is oriented equatorially (Figure 3b).
CD,Cl, at room temperature, and the whole was ultrasonicated The axial Ph(A) group extrudes toward the same direction as
for 5 min. After centrifugal sedimentation, the supernatant was the tert-butyl group and the equatorial Ph(B) group extrudes
transferred to an NMR tube via cannula. T#ie NMR spectrum toward the coordination site of the 1,5-cyclooctadiene. The bite
of the cationic comple® showed only one doublet signal due angle oflis 86.2, and the RR-P and the RRO distances are

to large Rh-P coupling (148 Hz) at 25.8 ppm (Figure 2). The 2.277 and 2.106 A, respectively. The dihedral angle of-Rh
coordination of the carbonyl oxygen atom to rhodium(l) caused O—C—N is 4.C. It is important to note that at the coordination
characteristic changes in the IR al€ NMR spectra. The IR site B of the cationic comple®, as shown in Figure 3c, the
band of the uncoordinated amide carbonyl group was observedupper part is blocked by the two phenyl rings bfand the

at 1605 cm! as a weak band and the IR band of the coordinated coordination site A is unblocked.
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Figure 3. Chem3D presentation of X-ray crystal structure of the cationic
rhodium—amidomonophosphine compl@(Sbks~ is omitted for simplic-
ity): (a) the view of the whol&, (b) the viewpoint of Ph(B) side, (c) the
viewpoint of Ph(B) side (1,5-cyclooctadiene is omitted for simplicity).

NMR and IR of the Rhodium—Amidomonophosphine
Complex Prepared from [RhCl(cod)l, and Amidomono-
phosphine 1.The neutral rhodiumamidomonophosphine com-
plex 4 was obtained by the following procedure. Under argon
atmosphere, a test tube was charged with [RhCl(ed@)p24
mmol) andl (0.048 mmol). To the test tube was added 0.6 mL
of CD,CI, to form a yellow solution. Thé!P NMR spectrum

of the neutral complex showed only one doublet signal due to

large RhR-P coupling (150 Hz) at 21.5 ppm (Figure 4). TRE

% T
60+

40

JU““’ 204

1609
_—f—[— - r
22 20 ppm 1650 1600 cm™

Figure 4. 3P NMR spectrum (202 MHz, CEZl,) and IR spectrum (CH
Cly) of the neutral compleA.

Scheme 4. Hemilability of Amidomonophosphine in the Neutral
Rhodium—Amidomonophosphine Complex

N
0.5 eq [RhCKcod )] PPh;
s L, PO

PPh,
f—Bu/gj) CH,Cl, o INY

1 4
v(CO)=1609 cm ‘y
8(C0Oy=175.5ppm _|+C|_
N
PPh,
SN
£Bu O—R
/ /.

v(CO)= 1609 and 1558 cm™ "'

8(CO)= 175.8 ppm

Scheme 5

%Pph [RACICoHa)olo, KOH
2
t—Bu/go aq dioxane

rt, 0.5h

Rh-1

1

complex whose amide carbonyl group has a fluxional process
that involves dissociation and recoordination (Scheme 4).
NMR and IR of the Rhodium—Amidomonophosphine
Complex Prepared from [RhCI(C2H4)2]2, Amidomonophos-
phine 1, and KOH. We examined the hemilability of ami-
domonophosphin& in another neutral complex prepared from
[RhCI(CoHy)2]2, 1, and KOH. This complex was obtained by
the following procedure (Scheme 5). Under argon atmosphere,
a test tube was charged with [RhCHL;)2]> (0.04 mmol) and
1 (0.08 mmol). To the test tube were added successively 1,4-
dioxaneds (1.0 mL) ard 6 M aq KOH(0.67 mL) at 0°C. The
mixture was stirred at room temperature for 0.5 h. The organic
layer of this mixture was transferred to an NMR sample tube
via cannula. ThéP NMR spectrum of the complex showed
two doublet signals at 43.9 pprd € 182 Hz) and 44.1 ppmJ(
= 184 Hz) (Figure 5). The smaller signal at 43.9 ppm
corresponded to the phosphorus atom of the complex whose
amide carbonyl oxygen coordinates to rhodium(l), and the larger

NMR signal of the carbonyl carbon atom was observed at 175.8 gigna| at 44.1 ppm was assignable to the phosphorus atom of

ppm downfield shifted by 0.3 ppm from the peaklofThe IR

the complex whose amide carbonyl oxygen uncoordinated to

band of the uncoordinated amide carbonyl group was observedrhodium(l) based on the relative magnitude of IR absorption
at 1609 cm* as a strong band and the IR band of the coordin- (vide infra). The IR band of the uncoordinated amide carbonyl
ated amide carbonyl group to rhodium(l) was observed at 1558 group was observed at 1609 thas a strong band, and the IR
cm!as a weak band (Figure 4). This result revealed that amido- band of the coordinated amide carbonyl group to rhodium(l)
monophosphind behaves as a hemilabile ligand in the neutral was observed at 1574 cthas a weak band (Figure 5). This

J. AM. CHEM. SOC. = VOL. 124, NO. 30, 2002 8935
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Figure 5. 3P NMR spectrum (202 MHz, 1,4-dioxamig} and IR spectrum
(CHCly) of the complex generated frof) [RhCI(CHa)2]2, and KOH.
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Table 1. Amidomonophosphine—Rhodium-Catalyzed Asymmetric
1,4-Addition of Phenylboronic Acid to Cycloalkenones
Rh(l)
phosphine
+ PhB(OH)y ————————
dioxane-H,0 (10:1)

1 Ph
n-5 100°C n-5
9:n=5 12:n=5
10:n=6 13:n=6
phosphine time,  vyield, ee,
entry n (mol %) Rh(1) (mol %) h % %
1 6 1) Rh(acac)(@Ha4)2 (1) 1 99 97
2 6 1(3) Rh(acac)(@Ha4)2 (1) 1 80 94
3 6 1(1.3) [RhCl(cod)} (0.5)/AgSbk 1 99 0
4 6 1(1.3) [RhCl(cod)} (0.5) 1 98 0
5 6 [RhCl(cod)} (0.5)/AgSbks 1 65
6 6 [RhCl(cod)} (0.5) 1 61
7 6 1(3.9) [RhCI(GHa)2]2 (1.5)/KOH 1 99 94
8 6 1(1.3) [RhCI(GHa)2]2 (0.5) 1 0
9 5 1(1.3) Rh(acac)(eHa4)2 (1) 6 90 83
10 5 5(1.3) Rh(acac)(eHa4)2 (1) 6 21 12
11 5 6(1.3) Rh(acac)(gHa)2 (1) 6 27 4
12 5 7(13) Rh(acac)(gHa4)2 (1) 6 2 0
13 5 8(1.3) Rh(acac)(eHa4)2 (1) 6 16 1

result revealed that amidomonophosphihebehaves as a
hemilabile ligand in the neutral complex prepared from [RhCI-
(CoHa)7]2, 1, and KOH.

Discussion on the Coordination Manner of the Amide
Carbonyl Group to Rhodium(l). It is revealed that the amide
carbonyl group of amidophosphiriecoordinates to rhodium-
(I) and 1 behaves as a hemilabile ligand both in the neutral
complex and in the cationic complex in which the seven-
membered heterometallacyclic ring is formed. The coordination
of the amide carbonyl group to rhodium(l) in the neutral
complex is weaker than in the cationic complex because a
counteranion directly coordinates to rhodium(l) in the neutral
complex. When the coordination of the amide carbonyl group
to rhodium(l) is weak, the!3C NMR signal of the amide
carbonyl carbon atom is shifted downfield only a little, but the
coordination of the amide carbonyl group to rhodium(l) is clearly

confirmed as a weak band by the IR spectrum. Consequently,

there is the high probability that the amide carbonyl group
coordinates to rhodium(l) in the complex prepared from Rh-
(acac)(GHa). and1, even if the'3C NMR signal of the amide
carbonyl carbon atom is shifted downfield only a little.
Asymmetric 1,4-Addition of Phenylboronic Acid to Cy-
cloalkenonesWe examined the reaction of phenylboronic acid
11 with cyclohex-2-en-1-on&0 using amidomonophosphirie
as a chiral ligand for Rh(I) (Table 1). It is important to note
that the phosphinerhodium(l) molar ratio influenced enanti-
oselectivity and yield, and the performance of the 1:1 molar
ratio Rh(I)/1 catalyst was better than those of other molar ratio

8936 J. AM. CHEM. SOC. = VOL. 124, NO. 30, 2002
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conditions. For example, while the 1:1 molar ratio RH(I)/
catalyst gave §-3-phenylcyclohexanon3?>26in 99% vyield
and 97% ee (Table 1, entry 1), the 1:3 molar ratio Ri(l)/
catalyst gave the adduct in 80% yield and 94% ee (Table 1,
entry 2). The enantioselectivity in the asymmetric 1,4-addition
of 11 with 10 using the cationic complef was very poor,
affording the racemic adduct in 99% yield (Table 1, entry 3),
and the catalyst prepared from [RhCl(ceddind 1 gave the
racemic adduct in 98% yield (Table 1, entry 4). The reason
enantioselectivity was extremely poor was that [RhCl(cod)]
catalyzed the reaction withodit(Table 1, entries 5 and 6). The
asymmetric 1,4-addition reaction &fi with 10 was catalyzed
by the catalyst prepared from [RhCWdy),]2, 1, and KOH,
giving the adduct in 99% yield and 94% ee (Table 1, entry 7).
On the other hand, the catalyst generated from [Rh&EI(3] 2
and amidomonophosphidedid not catalyze the reaction (Table
1, entry 8). These results indicated that (hydroxo)rhodium(l)
specieg’ which was generated from [RhCI§84)2]2, 1, and
KOH, was an active species for transmetalation, in which the
basicity of transition-metal hydroxides and the high oxophilicity
of the boron center induced transmetalafib#28
Amidomonophosphind promoted the reaction with cyclo-
pentenon®, giving (9-3-phenylcyclopentanork??52%in 90%
yield and 83% ee (Table 1, entry 9). However, with use of an
amidephosphinB bearing two methyl groups on the pyrrolidine
ring, the reaction was not completed, and afforded the adduct
in 21% yield and 12% ee (Table 1, entry 10). The catalytic
performance 06 bearing two bulkier benzyl groups was poorer,
giving the product in 27% yield and 4% ee (Table 1, entry 11).
Comparison of three amidomonophosphihges, and6, bearing
no substitution, two methyl, and two benzyl groups on the
pyrrolidine ring, indicated that smaller substitution gave better
catalytic performance in yield and enantioselectivity (Table 1,
entries 9-11). Furthermore, the catalytic performance/and
8, whose carbonyl groups and phosphorus atoms point toward
the opposite directions, was very poor, affording the almost
racemic adduct in miserable yield (Table 1, entries 12 and 13).
Coordination of both phosphorus and amide carbonyl oxygen
atoms to rhodium(l) forms a chelate, which is available only
when the carbonyl group and phophorous atom point to the same
direction as shown in structufienot 7 or 8. The possibility of
coordination of the amide carbonyl oxygen atom to rhodium(l)
in forming a chelate is one of the critical factors affecting the
reaction efficacy ofL1 with 9.

(25) Larock, R. C.; Yum, E. K.; Yang, Hletrahedron1994 50, 305-321.

(26) Schults, A. G.; Harrington, R. E. Am. Chem. Sod 991, 113 4926~
4931.

(27) (a) Brune, H.-A.; Unsin, J.; Hemmer, R.; Reichhardt, MOrganomet.
Chem.1989 369 335-342. (b) Uson, R.; Oro, L. A.; Cabeza, J. horg.
Synth.1985 23, 126-130. (c) Grushin, V. V.; Kuznetsov, V. F.; Bensimon,
C.; Alper, H.Organometallics1995 14, 3927-3932.

(28) Itooka, R.; lguchi, Y.; Miyaura, NChem. Lett2001, 722—-723.

(29) Barnhart, R. W.; Wang, X.; Noheda, P.; Bergens, S. H.; Whelan, J.; Bosnich,
B. J. Am. Chem. S0d.994 116 1821-1830.
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Figure 7. IR spectrum of the cationic rhodiuramidomonophosphine
complexesl4 in CHCls.
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Scheme 6. A Plausible Model of Enantioselection?

B(OH)s 7» Q

o)
O\ P‘@
R
PH”
a
PhB(OH), \Q
[Rh(OH)(1)L] {
. 73 b
/\ Q% /Ph,le
o \C}o
H,0 b
P
dph B S

aThe pyrrolidine ring inl is omitted for simplicity. (a) PRRh(I)—1
species, (b) PhRh(l)—1 species coordinated by cyclohex-2-en-1-one, (c)
Rh(l)-1 species after migratory insertion, (d) (hydroxo)rhodium(l) species.

Substituent Influence of the Pyrrolidine Ring on Coor-
dination of the Amide Carbonyl Group to Rhodium(l). The
cationic rhodium-amidomonophosphine compléxX was pre-
pared by following the synthetic procedure&nd estimated
the influence of substitution of the pyrrolidine ring on coordina-
tion behavior of the carbonyl group (Figure 7). In the cationic
rhodium—amidomonophosphine compl@xthe IR band of the
uncoordinated amide carbonyl group was observed at 1605 cm

ARTICLES
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o Ph/RMZj/O L Pr/R 50

coordination site and influenced by the trans effect of phosphine
(a shown in Scheme 6). Amidomonophosphitteodium
intermediatea should have an open space in the bottom part of
the vacant coordination site, the upper part being blocked by
the two phenyl rings of. The olefinic double bond of cyclohex-
2-en-1-one coordinates to rhodium(l) with itsPface forming

b rather than its Ze face, which undergoes migratory insertion
to form a stereogenic carbon center én whose absolute
configuration isS. In this time, cyclohex-2-en-1-one would
coordinate to rhodium(l) smoothly, because the amide carbonyl
oxygen atom, which is capable of temporarily holding coordina-
tion site at rhodium(l), can be readily displaced by cyclohex-
2-en-1-one (Figure 8). Then, the amide carbonyl oxygen atom
recoodinates to the other coordination site at rhodium(l) (Figure
8), and migratory insertion would be induced.

In previous reports, binap, amidomonophosphiheand
diphosphonites progressed the rhodium(l)-catalyzed asymmetric
1,4-addition of arylboronic acids m,3-unsaturated compounds
in high efficacy, but monodentate phosphines and most bis-
phosphines conveyed poor yiek#s11920The electron-donating
ability of monodentate phosphines to rhodium(l) would be too
poor, such as meo-mop and ip-phox, and the reaction hardly
takes place. On the other hand, the high electron-donating ability
of electron-rich bisphosphines, such as diop, whose phosphorus
is substituted by alkyl groups, would prevent the reaction and
give 10-45% yields, with the exception of me-duphos and
chiraphos. The steric hindrance of the coordination site sur-
mounts the electron-donating ability of me-duphos and chiraphos
to prevent the efficient coordination of phosphorus atom to
rhodium(l). Binaps, whose phosphorus is substituted only by
aryl groups, diphosphonites, whose phosphorus is substituted

Figure 8.

as a weak band and the IR band of the coordinated amidePY Pinaphthols, and amidomonophosphinexert the moderate

carbonyl group to rhodium(l) was observed at 1562 tas a

electron-donating abilitiy by the coordination of phosphorus to

strong band (Figure 2). This means that the greater part of theCatalyze the reaction in the high efficiency. The reason the

amide carbonyl group coordinates to rhodium(l) in the cationic
complex2. On the contrary, compared to Figure 2, the cationic
rhodium—amidomonophosphine complé4 showed a band at
1605 cn1? corresponding to the uncoordinated carbonyl group
larger than the 1605 cm band of2. This clearly demonstrated
that the influence of the substituent on the pyrrolidine ring
prevented coordination of the carbonyl group to rhodium(l).
Because the strength of the amide carbonyl oxyg&odium-
(I) bond, even in the cationic compledd, is weak, the amide
carbonyl oxygen ob hardly coordinates to rhodium(l) in the
neutral complex that is generated in the actual asymmetric
reaction.

Mechanism and Plausible Stereochemical Pathwagcheme
6 shows the stereochemical pathway in forming ®)epfoducts
in the reaction of cyclohex-2-en-1-one. According to the X-ray
structure shown in Figure 3, the PRh(I) specie¥is formed
by transmetalation between rhodium(l) and phenylboronic acid
at the trans side to phosphorus, which is the most vacant

catalytic performance was very poor in case of amidomono-
phosphines and6 is that the amide carbonyl group would not
be able to donate an electron to rhodium(l) because t#eH}
bond rotates away by the steric repulsion of substituents on the
pyrrolidine ring and phenyl groups on the phosphorus atom
(Figure 9).

Conclusion

We found that a high level of catalysis performance for
enantioselectivity and yield is attainable in the asymmetric 1,4-
addition of arylboronic acids to cycloalkenones using an
amidomonophosphing as a hemilabile phosphine ligand for
rhodium(l). The structural features of the RR{I) complex were

(30) The arylrhodium(l) complexes are key intermediates for carrying out various
coupling reactions with organic halides and additions to alkenes and alkynes.
(a) Michman, M.; Balog, M.J. Organomet. Chenil971 31, 395-402.
(b) Semmelhack, M. F.; Ryono,.LTetrahedron Lett1973 14, 2967~
2970. (c) Hegedus, L. S.; Kendall, P. MLo, S. M.; Sheats, JJ.RAm.
Chem. Soc1975 97, 5448-5452.
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NMR of the 1:2 Molar Ratio Complex of Rh(acac)(GHa)./1
(Figure 1c). In an NMR sample tube were placéd33.9 mg, 0.096
mmol) and Rh(acac)@l.), (12.4 mg, 0.048 mmol). The tube was filled
with argon, and €Ds (0.6 mL) was addedH NMR (CsDg): 1.19 (18H,
s), 1.32-1.35 (2H, m), 1.66 (6H, s), 1.691.77 (4H, m), 2.13-2.18
(2H, m), 2.76-2.82 (2H, m), 3.15-3.27 (6H, m), 5.05-5.13 (2H, m),
5.45 (1H, s), 6.937.05 (12H, m), 8.068.06 (8H, m).*3C NMR
(CsDe): 25.4, 27.4, 27.9, 29:729.9 (m), 30.1, 39.3, 47.7, 58.3, 99.8,

. . 127.35-127.42 (m), 127.6127.7 (m), 128.3, 128.5, 133-233.3 (M),
clarified by NMR, IR, and X-ray analyses. And it was revealed 1339 1340 (m), 138.3138.7 (M), 138.9139.2 (M), 175.0, 184.0.

that amidomonophosphing behaves as a hemilabile ligand sip NMR (CDg): 39.9 (d,d = 194).

whose phosphorus atom strongly bonds to rhodium(l), the amide  NMR of the 1:3 Molar Ratio Complex of Rh(acac)(GHz)/1
carbonyl oxygen atom has a fluxional process involving (Figure 1d). In an NMR sample tube were plac&d50.8 mg, 0.144
dissociation and recoordination, and the reaction efficacy of mmol) and Rh(acac)@ls). (12.4 mg, 0.048 mmol). The tube was filled
phenylboronic acid with cyclopent-2-en-1-one was significantly with argon, and €Ds (0.6 mL) was added'P NMR (GsDe): —21.7

>
SR,
Qﬁf Q&Yg

Figure 9.

N Rh
o

dependent on the capability of coordination of the amide
carbonyl oxygen atom to rhodium(l), giving a chelate.

Experimental Section

General. All melting points are uncorrected. IR spectra were
expressed in crt. H, 13C, and®'P NMR spectra were taken at 500,

(1P, s), 39.9 (2P, d] = 194).

NMR and IR of [Rh(cod)(1)] "SbF6™ (2). Under argon atmosphere,
a test tube was charged with [RhCl(cad(35.5 mg, 0.072 mmol)1
(50.8 mg, 0.144 mmol), and AgShF49.5 mg, 0.144 mmol). To the
test tube was added 1.8 mL of methylene chlodgeat room
temperature, and the whole was ultrasonicated for 5 min. After

125, and 202 MHz, respectively. Chemical shift values are expressed centrifugal sedimentation, the supernatant was transferred to an NMR

in ppm relative to internal or external TMS or to external 85% 8.
Abbreviations are as follows: s, singlet; d, doublet; t, triplet; g, quartet;
m, multiplet; br, broad.

Preparation Procedure of [Rh(cod)(1)]'SbFs~ (2). Under argon
atmosphere, a test tube was charged with [RhCl(e¢d@4.4 mg, 0.08
mmol), 1 (56.5 mg, 0.16 mmol), and AgSbi55.0 mg, 0.16 mmol).
To the mixture was added 2.0 mL of methylene chloride at room
temperature, and the whole was ultrasonicated for 5 min. After

centrifugal sedimentation, the supernatant was separated and concen-

tube via cannula!H NMR (CD.Cly): 0.79 (9H, s), 1.861.90 (1H,
m), 2.01-2.27 (7H, m), 2.382.45 (2H, m), 2.622.73 (2H, m), 2.77
2.81 (2H, m), 3.07 (1H, m), 3.233.28 (2H, m), 3.66-3.71 (1H, m),
5.29-5.35 (1H, m), 5.39-5.44 (2H, m), 6.99-7.03 (2H, m), 7.33
7.40 (3H, m), 7.66-7.66 (3H, m), 8.03-8.07 (2H, m)3C NMR (CD.-
Cly): 23.3, 26.3, 26.7, 28.3, 31.2, 31.4, 34.3Jdx 3.1),34.8 (dJ =
22.7), 39.9, 47.9, 58.9 (d, = 5.2), 68.0 (dJ = 15.5), 68.4 (dJ =
15.5), 108.8 (ddJ = 3.0, 10.3), 109.5 (dd] = 3.0, 10.3), 127.2 (d]
45.5), 128.5 (dJ = 9.3), 129.3 (dJ = 13.4), 129.5 (d,) = 45.5)

trated to remove methylene chloride under vacuum. The residue was130-2 (d,J = 2.0), 130.7 (dJ = 9.3), 132.1 (dJ = 2.0), 134.2 (dJ

washed with hexane and filtered to give a yellow solid (127 mg, 99%
yield). The yellow solid (30 mg) was recrystallized from a mixture of
hexane and methylene chloride (Hex/&H, = 8:5), giving yellow
cubes of mp 2368 °C (dec) (23 mg). ¢]%p: —22.1 € 0.96, CH-
Clp). 'H NMR (CD,Cly): 0.79 (9H, s), 1.86:1.90 (1H, m), 2.0+2.27
(7H, m), 2.38-2.45 (2H, m), 2.622.73 (2H, m), 2.772.81 (2H, m),
3.07 (1H, m), 3.23-3.28 (2H, m), 3.66-3.71 (1H, m), 5.29-5.35 (1H,
m), 5.39-5.44 (2H, m), 6.99-7.03 (2H, m), 7.33-7.40 (3H, m), 7.66-
7.66 (3H, m), 8.03-8.07 (2H, m).13*C NMR (CD.Cly): 23.3, 26.3,
26.7,28.3,31.2,31.4,34.3 (d=3.1), 34.8 (dJ = 22.7), 39.9, 47.9,
58.9 (d,J =5.2), 68.0 (dJ = 15.5), 68.4 (dJ = 15.5), 108.8 (ddJ

= 3.0, 10.3), 109.5 (ddJ, 3.0, 10.3), 127.2 (dJ = 45.5), 128.5 (d,

= 9.3), 129.3 (dJ = 13.4), 129.5 (dJ = 45.5) 130.2 (dJ = 2.0),
130.7 (d,J = 9.3), 132.1 (dJ = 2.0), 134.2 (d,J = 13.4), 182.431P
NMR (CD.Cly): 25.8 (d,J = 148). IR (CHCIy): 1605 (shoulder),
1562 cntl. FAB-MS mVz 564 ([Rh(cod)()]"). Anal. Calcd for
CsoHaoFsNOPRISb: C, 45.02; H, 5.04; N, 1.75. Found: C, 44.74; H,
4.95; N, 1.73.

NMR of the 1:1 Molar Ratio Complex of Rh(acac)(GHa)./1
(Figure 1a). In an NMR sample tube were placéd16.9 mg, 0.048
mmol) and Rh(acac)(ls)2 (12.4 mg, 0.048 mmol). The tube was filled
with argon, and €Ds (0.6 mL) was addedH NMR (CsDg): 1.19 (9H,

s), 1.27-1.34 (1H, m), 1.541.59 (1H, m), 1.80 (6H, s), 1.92.03

(1H, m), 2.26-2.26 (1H, m), 2.82-3.00 (1H, m), 3.10 (2H, m), 3.41
(1H, m), 4.91 (1H, m), 5.30 (1H, s), 6.99.11 (6H, m), 7.7#8.05

(4H, m).3C NMR (CsDe): 25.4, 27.2, 27.8, 27.99, 28.03, 31.1, 31.6
(d,J=23.7),39.3,47.7,57.7,99.4, 128.09, 128.14, 128.3, 128.5, 129.7,
133.5 (d,J = 43.3), 133.9, 135.5 (d] = 43.3), 175.5, 184.0, 187.4.
3P NMR (GDe): 42.7 (d,J = 186).

NMR of the 1:1.5 Molar Ratio Complex of Rh(acac)(GHa)./1
(Figure 1b). In an NMR sample tube were plac&d25.4 mg, 0.072
mmol) and Rh(acac)(Els), (12.4 mg, 0.048 mmol). The tube was filled
with argon, and €Ds (0.6 mL) was added®'P NMR (GDe): 39.9
(AP, d,J = 194), 42.7 (2P, dJ = 186).
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= 13.4), 182.43P NMR (CD,Cl,): 25.8 (d,J = 148).

Under argon atmosphere, a test tube was charged with [RhCl{cod)]
(11.8 mg, 0.024 mmol)1 (16.9 mg, 0.048 mmol), and AgSkFL6.5
mg, 0.048 mmol). To the test tube was added 2.4 mL of methylene
chloride at room temperature, and the whole was ultrasonicated for 5
min. After the centrifugal sedimentation, the supernatant was transferred
to an IR cell via cannula. IR (Ci€l,): 1605 (shoulder), 1562 crh

NMR and IR of the Complex Prepared from [Rh(cod)(1)["SbFs™
and n-BuNC (3). Under argon atmosphere, a test tube was charged
with [RhCl(cod)} (23.7 mg, 0.048 mmol)] (33.9 mg, 0.096 mmol),
and AgSbk (33.0 mg, 0.096 mmol). To the test tube was added 1.2
mL of methylene chloridek, at room temperature, and the whole was
ultrasonicated for 5 min. After centrifugal sedimentation, the supernatant
was transferred to a flask via cannuteBuNC (15.9 mg, 0.192 mmol)
was added at room temperature, and the whole was stirred for 10 min.
The reaction mixture was transferred to an NMR tube via canftia.
NMR (CD.Cl,): 20.2 (d,J = 123), 20.8 (dJ = 125).

Under argon atmosphere, a test tube was charged with [RhCl{cod)]
(11.8 mg, 0.024 mmol)] (16.9 mg, 0.048 mmol), and AgSbEL6.5
mg, 0.048 mmol). To the test tube was added 2.4 mL of methylene
chloride at room temperature, and the whole was ultrasonicated for 5
min. After centrifugal sedimentation, the supernatant was transferred
to a flask via cannulan-BuNC (8.0 mg, 0.096 mmol) was added at
room temperature, and the whole was stirred for 10 min. The reaction
mixture was transferred to an IR cell via cannula. IR ¢CH): 2179,
1620 cm™.

NMR and IR of [RhCl(cod)(1)] (4). In an NMR sample tube were
placedl (16.9 mg, 0.048 mmol) and [RhCl(cog){11.8 mg, 0.024
mmol). The tube was filled with argon, and methylene chlowié9.6
mL) was added*H NMR (CD,Cl,): 1.26 (9H, s), 1.882.14 (7H, m),
2.33-2.57 (5H, m), 3.043.18 (4H, m), 3.65-3.68 (2H, m), 4.75 (1H,

m), 5.42 (2H, m), 7.327.44 (6H, m), 7.66-7.68 (2H, m), 7.96-7.94
(2H, m).13C NMR (CDCly): 24.7,27.1, 28.2, 28.6, 29.9, 30.0 (=
20.6), 32.2, 32.9, 38.8, 47.3, 56.7, 69.5 Jo= 14.4), 70.4 (dJ =
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14.4), 103.4, 104.0, 127.56 (@= 9.3), 127.62 (dJ = 9.3), 129.3 (d,
J=2.0), 129.8, 131.9 (d] = 44.4), 132.7 (dJ = 11.3), 133.2 (dJ
=44.4), 134.4 (dJ = 11.3), 175.83'P NMR (CD,Cl,): 21.5 (d,J =
150).

Under argon atmosphere, a test tube was charged with [RhCl{cod)]
(11.8 mg, 0.024 mmol)1 (16.9 mg, 0.048 mmol), and AgSbFL6.5
mg, 0.048 mmol). To the test tube was added 2.4 mL of methylene
chloride. The reaction mixture was transferred to an IR cell via cannula.
IR (CH.CI,): 1609, 1558 (shoulder) cmi

NMR and IR of the Complex Prepared from [RhCI(C2H4)J]2, 1,
and KOH (Scheme 5).Under argon atmosphere, a test tube was
charged with [RhCI(@H,)2]2 (15.6 mg, 0.04 mmol) and (28.2 mg,
0.08 mmol). To the test tube were added successively 1,4-dickane-
(1.0 mL) ard 6 M ag KOH(0.67 mL) at 0°C. The mixture was stirred
at room temperature for 0.5 h. The organic layer of this mixture was
transferred to an NMR sample tube via canndt® NMR (dioxane-
ds): 43.9 (d,J = 182), 44.1 (dJ = 184).

Under argon atmosphere, a test tube was charged with [REGKD
(18.7 mg, 0.048 mmol) antl (33.9 mg, 0.096 mmol). To the test tube
were added successively 1,4-dioxane (4.8 mlg &M aq KOH(1.5
mL) at 0°C. The mixture was stirred at room temperature for 0.5 h.
The organic layer of this mixture was transferred to the flask via

(9)-3-Phenylcyclohexanon (Table 1, entry 1).[0]?% —21.4 €
1.22, CHCY). 97% ee (HPLC, Daicel Chiralpak AD, hexanrfOH
= 50/1, 0.5 mL/min, 254 nm, major 20.0 min and minor 23.6 mikl.
NMR (CDClg): 1.75-1.90 (2H, m), 2.0#2.11 (1H, m), 2.13-2.18
(1H, m), 2.35-2.42 (1H, m), 2.442.49 (1H, m), 2.56-2.56 (1H, m),
2.58-2.63 (1H, m), 3.01 (1H, ttJ = 4.0, 11.9) 7.227.35 (5H, m).
3C NMR (CDCk): 25.5, 32.7, 41.1, 44.7, 48.9, 126.5, 126.6, 128.6,
144.3, 211.0. IR (neat): 1710 ch EIMSm/z. 174 (M*). The absolute
configuration was determined to I&by comparison of the specific
rotation with reported d]*% +20.5 ¢ 0.58, CHC}) for (R)-3-
phenylcyclohexanone (98.7% €86).

(9)-3-Phenylcyclopentanon® (Table 1, entry 9).[a]?% —80.7 €
1.23, CHCY). 83% ee (HPLC, Shiseido RU-1, MeOH only, 0.5 mL/
min, 250 nm, major 12.5 min and minor 15.9 mifj. NMR (CDCl):
1.95-2.04 (1H, m), 2.2%2.38 (2H, m), 2.42-2.58 (2H, m), 2.67 (1H,
dd,J = 7.3, 18.0), 3.393.46 (1H, m), 7.23-7.37 (5H, m).:3C NMR
(CDCly): 31.2,38.8,42.2,45.8,126.7, 128.6, 143.0, 218.4. IR (neat):
1735 cntl. EIMS mVz 160 (M"). The absolute configuration was
determined to b&by comparison of the specific rotation with reported
[o]RT, —67.7 € 1.0, CHC}) for (9-3-phenylcyclopentanone (70% é@).

Procedure for the Amidomonophosphine-Rhodium(l)-Catalyzed
Asymmetric 1,4-Addition of Phenylboronic Acid to Cyclohex-2-en-

cannula, and the whole was concentrated under vacuum. The residuel-one Using the Complex Prepared from [RhCI(GH4)2]2, 1, and

was dissolved with 12 mL of methylene chloride, and this sample was
transferred to an IR cell via cannula. IR (gF;): 1609, 1574
(shoulder) cm™.

NMR and IR of [Rh(cod)(6)] *SbFs~ (14). Under argon atmosphere,
a test tube was charged with [RhCl(cad)]15.8 mg, 0.032 mmol)6
(34.2 mg, 0.064 mmol), and AgSbk22.0 mg, 0.064 mmol). To the
test tube was added 0.8 mL of methylene chloddeat room
temperature, and the whole was ultrasonicated for 5 min. After

KOH (Table 1, entry 7). Under argon atmosphere, a test tube was
charged with [RhCI(@H4)2]2 (5.8 mg, 0.015 mmol) and (13.8 mg,
0.039 mmol). To the test tube were added successively 1,4-dioxane
(0.5 mL) ard 6 M ag KOH(0.25 mL) at 0°C. The mixture was stirred

at room temperature for 0.5 h. This mixture was transferred to the
reaction flask (washed with 2 mL of 1,4-dioxane), which was charged
with PhB(OH}) (610 mg, 5.0 mmol) under argon atmosphere. After
addition of cyclohex-2-en-1-one (96 mg, 1.0 mmol), the mixture was

centrifugal sedimentation, the supernatant was transferred to an NMR heated to 100C and then stirred at 10 for 1 h. After dilution with

sample tube via cannul&d NMR (CD.Cl,): 0.84 (9H, s), 1.631.68
(1H, m), 1.88-1.93 (1H, m), 1.98-2.05 (1H, m), 2.222.33 (3H, m),
2.38-2.44 (2H, m), 2.53-2.58 (1H, m), 2.54 (1H, d] = 13.4), 2.64
2.73 (3H, m), 2.77 (1H, dJ = 13.4), 2.82 (1H, dJ = 13.8), 2.88 (1H,
d,J = 13.8), 3.14-3.16 (1H, m), 3.2£3.23 (1H, m), 3.36 (1H, dJ
=11.3), 3.70 (1H, dJ = 11.3), 5.18-5.21 (1H, m), 5.375.40 (1H,
m), 5.44-5.50 (1H, m), 6.977.01 (2H, m), 7.147.15 (2H, m), 7.25
7.45 (11H, m), 7.557.63 (3H, m), 7.877.91 (2H, m)X*C NMR (CD.-
Cly): 26.7,28.7, 31.2, 34.32, 34.34, 37.7 (&= 22.6), 38.7 (dJ =
13.4),39.9,41.1, 42.8, 46.2, 57.3, 57.8]¢; 6.2), 68.4 (d) = 16.5),
68.9 (d,J = 16.5), 108.0 (ddJ = 6.2, 10.3), 109.4 (dd] = 6.2, 10.3),
126.6, 126.8, 127.6 (d] = 44.4), 128.2, 128.3, 128.6 (d,= 9.3),
129.1 (d,J = 12.4), 129.3 (dJ = 44.4), 130.2, 130.3 (d] = 2.0),
130.4, 130.6 (dJ = 9.3), 132.0 (dJ = 2.0), 134.4 (dJ = 12.4),
136.4, 136.5, 182.5P NMR (CD,Cl,): 27.5 (d,J = 150).

Under argon atmosphere, a test tube was charged with [RhCl{cod)]
(7.4 mg, 0.015 mmol)6 (16.0 mg, 0.03 mmol), and AgSkK10.3
mg, 0.03 mmol). To the test tube was added 1.5 mL of methylene

AcOEt, the mixture was washed with 10% NaOH and brine and then
dried over NaSQO,. Concentration and purification through silica gel
column chromatography gav&){3-phenylcyclohexane.

Procedure for the Amidomonophosphine-Rhodium(l)-Catalyzed
Asymmetric 1,4-Addition of Phenylboronic Acid to Cyclohex-2-en-
1-one Using the Complex Prepared from [RhCl(cod), 1, and
AgSbF; (Table 1, entry 3). Under argon atmosphere, a test tube was
charged with [RhCI(cod}](2.5 mg, 0.005 mmol)1 (4.6 mg, 0.013
mmol), and AgSbk (3.4 mg, 0.01 mmol). To the test tube was added
0.5 mL of 1,4-dioxane at room temperature, and the whole was
ultrasonicated for 5 min. After centrifugal sedimentation, the supernatant
was was transferred to the flask. This mixture was transferred to the
reaction flask (washed with 2 mL of 1,4-dioxane), which was charged
with PhB(OH} (610 mg, 5.0 mmol) under argon atmosphere. After
addition of cyclohex-2-en-1-one (96 mg, 1.0 mmol) and water (0.25
mL), the mixture was heated to 10C and then stirred at 10TC for
1 h. After dilution with AcOEt, the mixture was washed with 10%
NaOH and brine and then dried over 48&;. Concentration and

Ch|0l’|de at I’00m tempera?ure, and the whole was ultrasonicated for 5 puriﬁcation through silica gel column Chromatography gave S_phenyl_
min. After centrifugal sedimentation, the supernatant was transferred cyclohexane.

to an IR cell via cannula. IR (Ci€l,): 1605, 1566 cm.

General Procedure for the Amidomonophosphine-Rhodium(l)-
Catalyzed Asymmetric 1,4-Addition of Phenylboronic Acid to
Cycloalkenones Using the Complex Prepared from Rh(acac)¢€ ).
and 1 (Table 1, entries 1, 2, and 913). Under argon atmosphere, a
reaction flask was charged with Rh(acac}G). (2.6 mg, 0.01 mmol),
amiodomonophosphine (0.60.03 mmol), and PhB(OH)(610 mg,

5.0 mmol). To the flask were added successively 1,4-dioxane (2.5 mL),

water (0.25 mL), and cycloalkenone (1.0 mmol). The mixture was
heated to 100C and then stirred at 100 for 1 or 6 h. After dilution
with AcOEt, the mixture was washed with 10% NaOH and brine and
then dried over Ns&8Oy. Concentration and purification through silica
gel column chromatography gave the desired product.
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