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Summary: 2,6-Bis(2-phosphaethenyl)pyridine (PNP) complexes
of Rh(l), Cu(l), and Ag(l) hae been prepared and examined
by NMR and X-ray diffraction analyses. The PNP ligand adopts
«3(P,N,P) coordination for Rh(I) and Cu(l) and?(P,P)
coordination for Ag(l). The rhodium complex [RhCI(PNP)] in
combination with AgOTf catalyzes conjugate addition of benzyl
carbamate to enones.

Electronic and steric properties of ancillary ligands are crucial
factors for designing functional transition-metal complexes. Our
recent effort in this area has focused on development of
transition-metal complexes coordinated with phosphaalkenes
as low-coordinated phosphorus compouh@i®Phosphaalkenes
with P=C double bond(s) possess extremely low lyint
orbitals mainly located around phosphorus and exhibit a marked
tendency to engage in strongback-bonding with transition
metals? We have demonstrated with diphosphinidenecy-
clobutene ligands (DPCB-Y) that this property is useful for
catalysis, leading to highly efficient organic transformations with
hitherto unknown reactivity and selectivity.

In this study, we turn our research interest to 2,6-bis(2-
phosphaethenyl)pyridine as a tridentate ligand (PNP; Chart 1),
which consists of as-donative pyridine core and twar-
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accepting phosphaethenyl arms. This compound is a phos-
phaalkene analogue of bis(imino)pyridines (NNN) and was
first synthesized by Geoffroy et al. in 1992n contrast to
thorough studies on NNN complexe$,however, its utility
in transition-metal chemistry has been scarcely explored.
We herein describe the synthesis and structures of PNP
complexes of group 9 and 11 metél¥he complex [RhCI-
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Figure 1. Molecular structure of [RhCI(PNP)](2ED) (La-2ELO) Figure 2. Molecular structure of [Cu(MeCN)(PNP)](BF3) with

with thermal ellipsoids at the 50% probability level. Hydrogen thermal ellipsoids at the 50% probability level. Hydrogen atoms
atoms and two molecules of £ are omitted for clarity. Selected  and the counteranion are omitted for clarity. Selected bond distances
bond distances (A) and angles (deg): -l = 2.233(1), Rh-P2 (A) and angles (deg): CtP1=2.313(1), Ca-P2=2.303(1), Ct+

= 2.231(1), RA-N = 2.053(3), RR-Cl = 2.311(1), P+-C19 = N1 = 2.071(4), Cu-N2 = 1.939(4), P+ C22 = 1.672(6), P2
1.662(4), P2-C25 = 1.664(4); N-Rh—P1 = 81.23(8), N-Rh— C28=1.674(6), N2-C47= 1.130(6); N--Cu—P1= 81.8(1), Nt
P2 = 80.78(8), P+Rh—Cl = 99.29(4), P2-Rh—Cl| = 98.93(4), Cu—P2 = 81.9(1), P+Cu—N2 = 109.3(1), P2Cu—N2 =
P1-Rh—P2= 161.58(4), Nt-Rh—Cl = 175.82(9). 108.5(1), P+ Cu—P2= 141.43(5), N+ Cu—N2 = 126.5(2), Cu-

N2—C47 = 175.6(4).
(PNP)] in combination with AgOTf exhibits catalytic perfor-
mance in the conjugate addition of benzyl carbamate to reaction oflawith AgOTf (1 equiv) in CHCI, in the presence
enones. of MeCN, ethylene, or CO. Complexc was formed from2a
and CO as well.

The MeCN complexX2a was isolated as a dark blue powder
in 74% vyield. On the other hand, since the ethylene ligand in
2b is labile, this complex was obtained as a mixture with [Rh-
(OTH)(PNP)] (Lb; 2b:1b = 82:18) even by precipitation from
an ethylene-saturated solution using@&gs a poor solvent. The
CO complex2c was obtained in pure form, as confirmed by
NMR spectroscopy, but this product did not give satisfactory
elemental analysis data. This is probably due to the occurrence

Results and Discussion

Synthesis of Rhodium(l) Complexes.The PNP ligand
readily reacted with [Rh(-CI)(CzHa4)2]2 in toluene at room
temperature to give [RhCI(PNP)1§), which was isolated as a
green crystalline solid in 68% yield (eq 1). Complgéa was

| of partial dissociation of the CO ligand upon isolation.
172 [Rh(u-CH(C2Ha)l2 room temp H Nk Complex2c exhibited a strongco band at 2022 cm, the
+ W Mes*’P\F('h/P‘MeS* (1 value of which is much higher than that of [Rh(CO)(pnp)]CI
PNP | (1980 cnt1).10 Thus, it is likely that the strongr-accepting
X ability of PNP ligand forms an electron-deficient metal center
1a: X =Cl in 2¢, making the CO coordination unstable.
1b: X = OTf<——| AgOTI Synthesis of Copper(l) and Silver(l) Complexes.The

complex [Cu(MeCNj]PFs smoothly reacted with PNP in £
converted to the rhodium triflateb in 90% yield by treatment ~ at room temperature to give [Cu(MeCN)(PNP){P@) as a
with AgOTf (1 equiv) in toluene. reddish brown solid in 61% yield, which showed a singled at

Figure 1 depicts the X-ray structure b8, which adopts a 2690 in the*!P{*H} NMR spectrum (eq 2).

slightly distorted square planar geometry; the sum of the four

+

bond angles around rhodium is 360023 he Rh-P lengths X —| _
(2.233(1), 2.231(1) A) are shorter than those of [RhCl(pnp)] [Cu(MeCN),4](PFg) H | _ PFe
(2.260(13), 2.263(2) A) bearing a phosphine-based 2,6-bis- room temp. N
(diphenylphosphinomethyl)pyridine ligand (pnp; Charf The * Et,0 Mes*‘P\clu/P‘Mes* @
Rh—P, Rh-N, and RR-CI distances are unexceptiorfal. PNP |

Complex1b reacted with MeCN (10 equiv), ethylene (1 atm), ';CMe

or CO (1 atm) in CHCI; to afford cationic complexes of the
formula [Rh(L)(PNP)](OTf) (L= MeCN (2a), C;H4 (2b), CO

(20)), respectively. The same complexes were prepared by the Figure 2 shows the X-ray structure 6f which adopts a

distorted-tetrahedral geometry surrounded by a PNP ligand in
«3(P,N,P) fashion, together with a MeCN ligand. The-Nid

+

X ] Tio- (2.071(4) A), Cu-N2 (1.939(4) A), and CuP (2.313(1), 2.303-
H | ~ H (1) A) lengths are typical for single bonés.
N Treatment of AgOTf with PNP in CyCl, afforded the aqua
Mes*~P~—~Rp—P~Mes* complex4, having PNP and OTf ligands (eq 3). Compléx

l was isolated as an orange solid in 74% yield when the reaction
2a: L = MeCN was carried out in the presence of water, while the same complex
2b: L= C2H4
2¢:L=CO (9) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D.

G.; Taylor, R.J. Chem. Soc., Dalton Tran%989 S1.
(10) Vasapollo, G.; Giannoccaro, P.; Nobile, C. F.; Sacco)nbrg.
(8) Hahn, C.; Sieler, J.; Taube, Rolyhedron1998 17, 1183. Chim. Actal981, 48, 125.
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H = H
room temp. N
AgOTf + PNP ———— —~ P p 3)
CH.Clo/H,O  Mes™~ \Ag/ ~Mes*
/\
H,0 OTf
4

was generated without added water, as confirmed by NMR
spectroscopy. Thus, the residual water in,CH after drying
over Cah was sufficient for formation o#, showing high
oxophilicity of the PNP-coordinated silver atom.

Two phosphorus atoms of PNP were observed to be chemi-

cally equivalent in thé’P{*H} NMR spectrum, showing a signal
at o 250.1 with1%%Ag (J = 507 Hz) and%’Ag (J = 433 Hz)
couplings. The IR spectrum (KBr) exhibited a strom@0Os)
band at 1395 cm, which is assignable to a coordinated, rather
than ionic, triflatet!

Figure 3 illustrates the crystal structurebfThe silver atom

Notes

G

Figure 3. The molecular structure of [Ag(OTf)(OHPNP)](OTT)

(4) with thermal ellipsoids at the 50% probability level. Hydrogen
atoms are omitted for clarity. Selected bond distances (A) and angles
(deg): Ag-P1=2.5006(9), Ag-P2=2.5229(9), Ag-O1 = 2.495-

(2), Ag—04 = 2.389(3), Ag:*N = 2.680(2), P+ C19 = 1.658-

is connected with two phosphorus atoms of the PNP ligand and (3), P2-C25= 1.659(3); P+Ag—P2 = 136.27(3), P+Ag—01

two oxygen atoms of the OHand OTf ligands. The AgP
(2.5006(9), 2.5229(9) A) and AgO lengths (2.495(2), 2.389-
(3) A) are in a typical rang® On the other hand, the nitrogen
atom of the PNP ligand is notably distant from the silver atom
(2.680(2) A); a covalent bond is normally within 2:2.4 A.
Since the complex has an 18e configuration without coordination
of nitrogen, no specific bonding interaction should be expected
between the nitrogen and silver atoms. Consequently, it is
concluded tha# has a distorted-tetrahedral structure.

The difference in the PNP coordination modes betw8en
and4 is probably due to the sizes of Cu(l) (0.74 A) and Ag(l)
(1.16 A). Thus, the long MP bonds ird (2.5006(9), 2.5229-
(9) A) compared with those i8 (2.313(1), 2.303(1) A) put the
nitrogen atom in a remote position where direct coordination
to silver is not possible.

Complex4 served as a good precursor for rhodium complexes
with PNP and OTf. For example, treatment of [RHCI)-
(CoH4)2]2 with a stoichiometric amount af in the presence of
MeCN in CHCI, at room temperature resulted in quantitative
formation of2a (eq 4). This observation indicates the coordina-
tion ability of PNP is higher toward Rh(l) than toward Ag(l).

+

[ om-
1/2 [Rh(u-Cl)(C2Hq)l2 = H
room temp. N
+ e e Meer P Pproee 4
CH,Cl,/MeCN Mes* " ——Rp— " “Mes
|
NCMe
2a

Catalytic Hydroamidation of Enones. Finally, the catalytic
activity of the PNP rhodium complexdsiand1b was evaluated
in the conjugate addition of benzyl carbamate (CbzNtd
2-cyclohexenone (eq 5). Highly Lewis acidic metal complexes
have been shown to catalyze this reacfidn.

Table 1 gives the results. All reactions were carried out using
a 1:1 ratio of substrates without solvent. Rhodium chlofide

(11) Lawrance, G. AChem. Re. 1986 86, 17.

(12) (a) Gaunt, M. J.; Spencer, J.Brg. Lett.2001, 3, 25. (b) Kobayashi,
S.; Kakumoto, K.; Sugiura, MOrg. Lett.2002 4, 1319. (c) Wabnitz, T.
C.; Spencer, J. BTetrahedron Lett2002 43, 3891. (d) Srivastava, N.;
Banik, B. K.J. Org. Chem2003 68, 2109. (e) Xu, L.-W.; Xia, C.-G.; Hu,
X.-X. Chem. CommurR003 2570. (f) Palomo, C.; Oiarbide, M.; Halder,
R.; Kelso, M.; Ganez-Bengoa, E.; Gai@) J. M.J. Am. Chem. So2004
126, 9188. (g) Wabnitz, T. C.; Yu, J.-Q.; Spencer, J. @Gem. Eur. J.
2004 10, 484.

='110.64(7), PXAg—04 = 104.73(8), P2Ag—01 = 95.82(7),
P2-Ag—04 = 112.34(8), O+ Ag—04 = 84.03(8).

Table 1. Conjugate Addition of Benzyl Carbamate to
2-Cyclohexanoné

Rh complex  amt of AgOTf
runno.  (amt (mol %)) (mol %) time (h) yield (%)

1 la(2) 4 3 94
2 1la(2) 10 2 >99

3* 1a(0.5) 1 55 98
4 4 9 39
5 1b(2) 0 12 49
6 1b(2) 4 4.5 99

a Reactions were run at room temperature using 2-cyclohexanone (1
mmol) and CbzNH (1 mmol) without solvent unless otherwise noted.
b Determined by!H NMR using anisole as an internal stande&@he
reaction was run at 50C.

0 o}
laor1b
+ CbzNH, ij\ 5)
1:1) AgoTt NHCbz
’ >98% yield
O  NHCbz O  NHCbz
Ph

99% 95%
itself was inactive but successfully catalyzed the reaction in the
presence of AgOTf (run 1). The catalytic activity increased with
an increasing amount of AgOTTf (run 2), while the reaction also
proceeded smoothly with a smaller amount of catalyst upon
heating (run 3). Since AgOTf alone was not as effective (run
4), the highly active species must be generated fi@mand
AgOTf. Although the rhodium triflatelb is a very probable
species, the isolated one was modestly reactive (run 5) and high
catalytic activity developed when excess AgOTf was added (run
6).

The combination oflaand AgOTf was sufficiently effective
for conjugate addition of CbzNHto 4-hexen-3-one and
1-phenyl-2-butenone, giving the corresponding 1,4-addition
products in 99 and 95% yields, respectively, under the conditions
of run 3 in Table 1 (eq 5). On the other hand, the reaction of
4-methyl-3-penten-2-one was very slow (10% yield for 24 h at
50°C), and methyl cyclohexenyl ketone as a trisubstituted olefin
was unreactive.
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was removed by filtration through a Celite pad. The filtrate was
concentrated on bubbling with ethylene. Addition of@&tesulted

We have confirmed that 2,6-bis(2-phosphaethenyl)pyridine i, precipitation of a dark red powder, which was washed witlOEt
(PNP) successfully forms neutral and cationic complexes with ynder an ethylene atmosphere-at8 °C and dried under reduced
Rh(1), Cu(l), and Ag(l) centers. The Rh(l) center forms square- pressure to give a mixture (25 mg) @b (82%) and [Rh(OTf)-

planar complexes having3(P,N,P) coordination of PNP,

whereas Cu(l) and Ag(l) centers adopt a distorted-tetrahedral

geometry with the PNP ligand ir?(P,N,P) and«?(P,P) fashion,
respectively. It is noteworthy that th€CO) band of [Rh(CO)-

(PNP)] (Lb; 18%), as confirmed by NMR spectroscopy.
Synthesis of [Rh(CO)(PNP)](OTf) (2¢).A dark blue solution

of 2a(45.9 mg, 0.0484 mmol) in CKI, (1.5 mL) was degassed

by freeze-pump—thaw cycles. Carbon monoxide was introduced

(PNP)J" (2¢) appears at a significantly high wavenumber (2022 into the degassed solution from a CO balloon, and the solution
cm1) as compared with the case for the phosphine analoguewas stirred at room temperature for 1 h. The solution gradually

[Rh(CO)(pnp)t (1980 cntl). This observation indicates a
strong sr-accepting ability of PNP ligand to afford a highly

turned dark green. Volatiles were removed under reduced pressure.
The residue was washed with,Btat 0°C and dried under vacuum

electron-deficient metal center, consistent with the catalytic 0 give a dark bluish green powder €. Yield: 39.8 mg (88%).

activity of 1a in combination with AgOTf toward conjugate
addition of benzyl carbamate to enones.

Experimental Section
Synthesis of [RhCI(PNP)] (1a).To a light yellow solution of

PNP (207.2 mg, 0.316 mmol) in toluene (5.0 mL) was added [Rh-

(u-CI)(CzH4)] 212 (61.9 mg, 0.159 mmol) at room temperature, and

Mp: 140°C dec. IR (KBr, cml): 2022 (QD), 1275 (SQ).
Synthesis of [Cu(MeCN)(PNP)](Pk) (3). To a yellow solution

of PNP (97.5 mg, 0.149 mmol) in # (2.0 mL) was added [Cu-
(MeCN)](PFe)* (54.8 mg, 0.147 mmol) at room temperature.
Stirring the solution fo1 h produced a red precipitate, which was
collected by filtration, washed with D, and dried under vacuum
to give 3 as a reddish brown powder. Yield: 82.2 mg (61%). A
single crystal for X-ray diffraction study was obtained by recrys-

the solution was stirred for 1 h. The solution gradually turned dark tallization from CHCI, and EtO. Mp: 190°C. IR (KBr, cnrt):
brown. Insoluble materials were removed by filtration through a 2310, 2279 (CN). Anal. Calcd for £HeeCuRsN2Ps: C, 59.69; H,
Celite pad, and the filtrate was concentrated to dryness. The residue’-35; N, 3.09. Found: C, 59.99; H, 7.69, N, 3.09.

was washed with EO at—78 °C and dried under reduced pressure

Synthesis of [Ag(OTf)(OH,)(PNP)] (4). To a yellow solution

to give laas a green powder. Yield: 169.4 mg (68%). Recrystal- Oof PNP (98.7 mg, 0.150 mmol) in GBI, (3.0 mL) was added

lization from EO at —70 °C formed single crystals suitable for
X-ray diffraction study. Mp: 195C dec. Anal. Calcd for GHez
CINP,Rh: C, 65.02; H, 7.99; N, 1.76. Found: C, 64.65; H, 7.89;
N, 1.59.

Synthesis of [Rh(OTf)(PNP)] (1b).To a dark green solution
of 1a (39.8 mg, 0.0501 mmol) in toluene (2.0 mL) was added
AgOTf (13.1 mg, 0.0510 mmol) at @C. The solution immediately

AgOTf (39.5 mg, 0.154 mmol) and J@ (54 ulL) at room
temperature. The solution immediately turned reddish orange. The
reaction vessel was wrapped with aluminum foil to protect it from
light, and the solution was stirred for 1 h. Volatiles were removed
under vacuum, and the residue was washed wig® &t 0°C and
dried under vacuum to give an orange powdedoYield: 104.1

mg (74%). A single crystal for X-ray diffraction analysis was

turned deep green. After the mixture was stirred for 1 h, a precipitate obtained by slow diffusion of a Ci€l, solution into pentane. Mp:

of AgCl was removed by filtration through a Celite pad, and

219°C. IR (KBr, cnTl): 3452 (OH), 1395 (SQ). Anal. Calcd

volatiles were removed under reduced pressure. The residue wador CaHesAgFsNO4P,S: C, 56.77; H, 7.04; N, 1.50. Found: C,

washed with BE{O at 0°C and dried under vacuum to give a green
powder oflb. Yield: 41.1 mg (90%). Mp: 170C dec. IR (KBr,
cm1): 1397 (SQ). Anal. Calcd for G4HesFsNOsP,.RhS: C, 58.21;
H, 6.99; N, 1.54. Found: C, 58.60; H, 7.10; N, 1.61.

Synthesis of [Rh(MeCN)(PNP)](OTf) (2a).To a dark green
solution of 1a (76.8 mg, 0.0967 mmol) in C}l, were added
MeCN (51uL, 0.977 mmol) and AgOTf (25.5 mg, 0.0992 mmol)

56.57; H, 7.03; N, 1.46.

Conjugate Addition of Benzyl Carbamate to EnonesA 10
mL Schlenk tube was charged with benzyl carbamate (CbhzNH
151 mg, 1 mmol), 2-cyclohexenone (96 mg, 1 mmol), and anisole
(30 uL). The mixture was stirred for 5 min, and then the catalyst
(1a or 1b and AgOTf) was added. The reaction progress was
followed at intervals by GLC, and the product yield was determined

in this order at room temperature, and the solution was stirred for by *H NMR spectroscopy using anisole as an internal standard.

2 h. A precipitate of AgCl was removed by filtration through a

The addition products are known compou#ds.

Celite pad. Volatiles were removed under reduced pressure, and

the residue was washed with,Btat 0°C and dried under reduced
pressure to givRaas a dark blue powder. Yield: 68.4 mg (74%).
Mp: 188°C dec. IR (KBr, cn?): 1269 (SQ). Anal. Calcd for
CueHeeFsN20sP:RNS: C, 58.22; H, 7.01; N, 2.95. Found: C, 58.31,;
H, 7.20; N, 2.84.

Synthesis of [Rh(GH4)(PNP)](OTf) (2b). To a dark green
solution of 1a (49.8 mg, 0.0627 mmol) in C}l, (2.0 mL) was

added AgOTT (17.2 mg, 0.0669 mmol) at room temperature under
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After the mixture was stirred for 30 min, a precipitate of AgCl
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