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Abstract

The reaction of dilithionaphthalene with R2NPCl2 (R = iPr and Et) gave diisopropylamino-naphtho[1,8-bc]phosphete 3a and its
diethyl analog 3b (phosphorus versions of single-atom peri-bridged naphthalene). The nature of the strained four-membered ring thus
formed was examined by treating 3a with four types of electrophiles, BH3, elemental sulfur, methyltriflate, and a metal fragment
W(CO)5, all of which gave the corresponding electrophile adducts with the strained ring retained. X-ray analysis was performed for
3b and all of the above adducts, showing that the trigonal plane of the amino group was commonly oriented almost perpendicular to
the naphthalene plane, which was rationally understood on the basis of the favorable overlap between the lone pair orbital of the sp2

nitrogen center and the r* orbital(s) of the two P–C bonds. In addition, when the W(CO)5 adduct, W(3a)(CO)5, was treated with
Pt(PPh3)4 and then with a CO gas, its four-membered ring was expanded to give a tungsten–platinum heterodinuclear complex having
a five-membered platina–phospha heterocycle.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Single-atom peri-bridged naphthalenes (1) possess a fas-
cinating four-membered ring potentially useful for the
preparation of naphthalene derivatives because it readily
undergoes a ring-opening reaction. The first example of 1

was reported for E = SO2 in 1965 [1], and since then, some
analogs bridged by group 13 (BR, BR�2 ) [2], group 14 (CR2,
SiR2, and GeR2) [3], and group 16 (S, SO, and SO2) [4]
moieties have been reported. However, to the best of our
knowledge, no group 15 analogs have been prepared nor
fully characterized so far [5]. On the other hand, the
strained phosphorus heterocycles have attracted consider-
able interest owing not only to their peculiar structures
and reactivities, but also to their utilities as a ligand toward
a variety of transition metal fragments [6]. Recently, we
have successfully prepared a phosphorus version of sin-
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gle-atom peri-bridged naphthalene (naphtho[1,8-bc]phos-
phete), as communicated briefly [7]. Here, details of the
preparation, structural properties, and some reactivities
are reported for R2NP peri-bridged naphthalenes and their
adducts with some Lewis acids.
2. Results and discussion

2.1. Preparation and reactivity

1,8-Dilithionaphthalene (2) is a useful starting material
for the preparation of 1, as demonstrated by a successful
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Scheme 1.
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preparation of R2Si-bridged analogs [3]. In addition, the
dilithio compound 2 is readily obtained by a double lithia-
tion of 1,8-dibromonaphthalene [8a] or by stepwise
lithiations starting from commercially available
1-bromonaphthalene [8b]. Although the former method
led to a better yield of 2, the latter was suitable for the
large-scale preparation. The reaction of 2 with iPr2NPCl2
successfully gave the expected product 3a (Scheme 1).
The 31P{1H} NMR signal of 3a was observed at
94.9 ppm, which is considerably shifted to lower field than
36.7 ppm of its acyclic counterpart P(NiPr2)Ph2 [9]. Such a
low-field shift has been characteristically observed for the
phosphorus atoms in a four-membered ring [6,10]. A
13C{1H} NMR spectrum of 3a exhibited six signals in an
aromatic region, 122.5–147.2 ppm, which is consistent with
a symmetrically substituted naphthalene ring. A similar
reaction of 2 with Et2NPCl2 also gave the corresponding
peri-bridged product 3b in a much lower yield, the reason
Fig. 1. Molecular structures of phosphorus peri-bridged naphthalenes 3a (a), 3

eliminated for clarity.
for which is not clear. On the other hand, the reaction with
PhPCl2 gave not a desired single-atom-bridged species, but
(PhP)2-brigded naphthalene having a five-membered ring
as reported previously [7,11].

To explore the nature of the strained four-membered
ring in 3, reactivity of 3a toward electrophiles was exam-
ined using BH3, elemental sulfur, methyltriflate (MeOTf),
and a metal fragment W(CO)5 (Scheme 1). In all cases,
the reaction proceeded smoothly to give the corresponding
electrophile adducts 4, 5, 6, and 7 respectively, which had
31P{1H} NMR signals at 104.4, 78.0, 69.3, and 95.0 ppm,
respectively. Six 13C{1H} NMR signals assigned to the aro-
matic carbons were observed as before for all the adducts
4–7 at positions almost comparable to those of the starting
3a, indicating that the symmetry of the naphthalene moiety
was retained. The molecular structures of 4–7 were finally
determined by the X-ray analysis as described in the fol-
lowing section, which confirmed that the strained four-
membered ring was retained upon the reaction with the
above electrophiles.

2.2. Molecular structures

X-ray structures of 3a [7], 3b, and 4–6, and 7 were illus-
trated in Figs. 1 and 2, respectively, with numbering
schemes adopted. Their crystallographic data and selected
bond distances and angles were summarized in Tables 1
and 2, respectively. In the crystal of 3b, two molecules were
b (b and c), 4 (d), 5 (e), 6 (f). Hydrogen atoms and a triflate anion of 6 were



Fig. 2. A molecular structure of the W(CO)5 adduct 7. Hydrogen atoms
were eliminated for clarity.
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found to be crystallographically independent, and in 4 and
5, the crystallographic mirror plane present made a half of
each molecule unique. The structures of the free phos-
phines 3a and 3b and the adducts 4–7 confirm the common
existence of the strained four-membered ring containing a
severely distorted tri- or tetra-coordinate phosphorus cen-
ter. The C–P–C angle of 72.69(7)� observed for 3b is the
most acute among the corresponding angles of the single-
atom peri-bridged naphthalenes (1; E = BRn, CRn, SiR2)
reported so far [2–4]. The C–P–C angles of other molecules
in Figs. 1 and 2 are almost comparable but are somewhat
enlarged with the P–C bond distances reduced, particularly
in 6, which is not surprising from a geometrical viewpoint,
since three corners of the quadrangle are fixed in the rigid
naphthalene framework. Thus, 3b having the longer P–C
bonds should have the more acute C–P–C angle.

To examine the strain of the four-membered ring in 3a

or 3b, a less strained analog, diisopropylamino-dibenzo-
phosphole 8, was newly prepared and its molecular struc-
ture determined by X-ray analysis is shown in Fig. 3,
where another sp2-carbon center has been incorporated
into the heterocycle to form a five-membered ring. The geo-
metrical parameters given in Table 2 demonstrate that the
internal bond angles of the five-membered ring in the two
crystallographically independent 8 molecules are much
greater than those of the four-membered ring in 3a and
3b, reflecting the reduced strain in 8. In conformity with
this reduction, the P–C bond distances of 1.8277(5)–
1.8347(17) Å in 8 are significantly smaller than 1.885(7)–
1.8968(18) Å in the free phosphines 3a and 3b. Thus, the
greater angle distortion in 3a and 3b than in 8 is obviously
responsible for the longer P–C bonds in the four-membered
ring.

The P–C bonds of 3a were shortened by 0.010–0.069 Å
upon the formation of the adducts with Lewis acids,
BH3, sulfur, Me+, and W(CO)5. A reduction in electron
density at the phosphorus center is probably responsible
for the shortening; for example, the adduct with the stron-
gest Lewis acid, Me+, possesses the shortest P–C bonds
among the four Lewis acid adducts.

A noteworthy structural property of 3–7 is a conforma-
tion adopted by their amino groups. The summations of
the bond angles around each nitrogen center are all close
to 360� as listed in Table 2, indicating that all amino groups
of 3–7 have a trigonal-planar geometry. In addition, the
nitrogen planes are oriented almost perpendicular to the
naphthalene plane (Figs. 1 and 2), as can be confirmed
by the dihedral angles between these two planes; they are
almost 90 � for 3a, 3b, 4, and 5, though those for 6 and 7

are somewhat deviated from 90� by 15.28(4)� and
8.89(12)�, respectively. It is a general phenomenon in an
amino-phosphorus moiety that a nitrogen atom of the
amino group adopts the sp2 hybridization so as to donate
its p-electrons to r* orbital(s) of other bonds around the
phosphorus center [12]. In 3–7 as well as in 8, the r* orbi-
tals of the two P–C bonds are symmetrically located at
both sides of the phosphorus center as depicted in Fig. 4.
Thus, the perpendicular orientation of the nitrogen plane
is rationally understood, since the overlap between the lone
pair orbital and the r* orbital(s) becomes the greatest at
the conformation observed. This p-bond interaction is
responsible for the significantly shorter P–N bonds
(1.6139–1.6793 Å) in Table 2 than the ‘‘ideal’’ P–N single
bond (1.800(4) Å) reported for H3N+–PO3

2� [13].
To examine this p-donation phenomenon further, low-

temperature NMR spectra of 3a were measured with an
expectation that a rotation of the NiPr2 group around
the P–N bond would be frozen with the orientation close
to that found in solid state. A 1H NMR spectrum of 3a

at room temperature showed a single methyl signal at
1.18 ppm and a single methine signal at 3.29 ppm. Upon
cooling down to �90 �C, each signal was separated into
two signals as shown in Fig. 5, indicating that the two
iPr groups on the nitrogen are exposed to nonequivalent
environments due to their slow exchange. Although dispo-
sitions of the two iPr groups could not be established from
the NMR data only, it is highly plausible that 3a adopts the
same orientation at �90 �C as found in crystal.

2.3. Ring-opening reaction

The strained four-membered ring of 3a was retained
upon the reaction with a range of electrophiles as described
above. On the other hand, several research groups and we



Table 1
Crystallographic data

3b 4 5 6

Formula C14H16NP C16H23BNP C16H20NPS C18H23F3NO3PS
Crystal color Colorless Colorless Colorless Colorless
Crystal system Orthorhombic Orthorhombic Orthorhombic Monoclinic
Space group Pca21 (# 29) Pnma (# 52) Pnma (# 52) P21/n (# 14)
a (Å) 14.8080(2) 7.7320(2) 7.4500(1) 8.4060(1)
b (Å) 7.8830(1) 12.6260(4) 12.4890(2) 17.3590(3)
c (Å) 21.5610(3) 16.5690(6) 16.6470(4) 13.9300(3)
a (�) 90 90 90 90
b (�) 90 90 90 93.993(1)
c (�) 90 90 90 90
V (Å3) 2516.85(6) 1617.54(9) 1548.89(5) 2027.73(6)
Z 8 4 4 4
Temperature (K) 200 200 200 200
l (Mo Ka) (mm�1) 0.19 0.16 0.30 0.28

No. of reflections

Measured 3078 1987 1865 4523
Observed (I > 2r(I), 2h < 55�) 3073 1964 1836 4342
No. variables 294 147 140 337
R1 [I > 2r(I)] 0.036 0.046 0.033 0.033
wR2

a 0.099 0.113 0.083 0.089
Highest peak (e/Å3) 0.38 (0.87 Å from P1) 0.37 (1.15 Å from H8) 0.76 (1.20 Å from C1) 0.32 (0.68 Å from C8)
Goodness of fit on F 1.214 1.149 1.061 1.073
a/ba 0.0501/0.57 0.0433/0.96 0.0389/0.93 0.0457/0.76

7 8 9

Formula C21H20NO5PW C18H22NP C40H35NO6P2WPt
Crystal color Colorless Colorless Colorless
Crystal system Monoclinic Triclinic Triclinic
Space group P21/n (# 14) P�1 (# 2) P�1 (# 2)
a (Å) 25.369(8) 7.5300(2) 15.3970(1)
b (Å) 9.791(2) 13.8810(4) 16.1550(2)
c (Å) 9.084(4) 15.7610(3) 18.0190(2)
a (�) 90 94.398(2) 82.256(1)
b (�) 94.52(3) 94.866(2) 68.636(1)
c (�) 90 90.776(10) 75.434(1)
V (Å3) 2249.3(14) 1636.30(7) 4035.25(7)
Z 4 4 4
Temperature (K) 295 200 200
l (Mo Ka) (mm�1) 5.24 0.16 6.44

No. of reflections

Measured 6556 7199 15,855
Observed (I > 2r(I), 2h < 55�) 4943 6586 14,275
No. variables 267 536 928
R1 [I > 2r(I)] 0.030 0.044 0.057
wR2

a 0.078 0.104 0.160
Highest peak (e/Å3) 1.22 (0.57 Å from W) 0.30 (0.67 Å from C25) 3.90 (1.10 Å from Pt1)
Goodness of fit on F 1.018 1.117 1.058
a/ba 0.0450/0.03 0.0329/0.95 0.1175/7.56

a wR2 ¼
P

wðF 2
o � F 2

cÞ
2�

h .P
½wðF 2

oÞ
2

n io1=2
; w ¼ 1=½r2ðF 2

oÞ þ ðapÞ2 þ bp�; p ¼ ðF 2
o þ 2F 2

cÞ=3.
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reported that a low valent transition metal such as a zero-
valent platinum complex reacts with a strained phospha-
heterocyle coordinating to a metal fragment to give a
ring-expanded product with a platinum fragment inserted
into a P–C bond [14,15]. Thus, 7 in which 3a is coordinat-
ing to a W(CO)5 fragment was allowed to react with
Pt(PPh3)4 [7]. 31P{1H} NMR spectra of the reaction mix-
ture indicated the formation of several species, the major
one of which had signals at 21 ppm (d, JPP = 222 Hz,
JPPt = 1952 Hz), 29 ppm (d, JPP = 51 Hz, JPW = 280 Hz),
and 88 ppm (dd, JPP = 51 and 225 Hz, JPPt = 1676 Hz).
The two signals at 21 and 29 ppm could be assigned to
PPh3 ligands coordinating to the platinum and tungsten
centers, respectively, whereas the signal at 88 ppm was
assigned to the phosphorus moiety derived from 7. This
species gradually decomposed upon prolonged heating.
On the other hand, when a CO gas was bubbled into the
reaction mixture, the 31P{1H} NMR spectrum of the solu-
tion showed only two major signals due to a single product
9, which were observed as doublets coupled to each other



Table 2
Selected bond distances and angles

Crystal 3a 3b (1) 3b (2) 4 (E = BH3)

Distances (Å)

P–N 1.654(5) 1.6642(10) 1.6655(10) 1.6420(14)
P–C1 1.885(7) 1.8890(11) 1.8867(11) 1.8599(10)
P–C8 1.885(7) 1.8925(11) 1.8973(11)
P–E 1.9211(19)

Angles (�)

C1–P–C8 73.1(3) 72.60(5) 73.01(5) 74.50(6)
C1–P–N1 109.8(3) 108.92(5) 108.88(5) 112.31(5)
C8–P–N1 108.3(3) 108.78(5) 109.24(5)
P1–C1–C9 89.7(4) 90.41(7) 90.40(7) 89.40(7)
P1–C8–C9 90.4(5) 90.32(7) 89.84(7)
C1–C9–C8 106.1(6) 106.18(9) 106.23(9) 106.55(12)
Sum of anglesa 359.6 359.9 360.0 360.0
Dihedral angle (�)b 87.60(16) 88.49(3) 88.44(3) 90

Crystal 5 (E = S) 6 (E = Me) 7 (E = W(CO)5) 8 (1) 8 (2)

Distances (Å)

P–N 1.6380(16) 1.6139(10) 1.658(3) 1.6753(12) 1.6793(13)
P–C1 1.8555(12) 1.8159(12) 1.865(4) 1.8285(15) 1.8277(15)
P–C8 1.8264(12) 1.874(3) 1.8285(17) 1.8347(17)
P–E 1.9407(6) 1.7824(12) 2.5227(10)

Angles (�)

C1–P–C8 74.77(7) 76.65(5) 73.11(15) 88.89(7) 88.79(7)
C1–P–N1 111.81(6) 119.05(5) 111.15(16) 106.96(6) 106.28(7)
C8–P–N1 122.25(6) 114.31(16) 106.28(7) 108.06(7)
P1–C1–C9 89.42(8) 88.35(8) 89.8(2) 112.18(11) 112.09(12)
P1–C8–C9 87.93(8) 90.1(2) 112.29(12) 112.04(12)
C1–C9–C8 106.30(14) 106.97(10) 106.5(3)
Sum of anglesa 360.0 358.3 358.8 360.0 359.5
Dihedral angle (�)b 90 74.72(4) 81.11(12) 88.50(4) 89.00(5)

a The summation of the bond angles around the nitrogen center.
b The dihedral angle between the naphthalene plane and the nitrogen plane having the trigonal-planar geometry.

Fig. 3. Molecular structures of two independent dibenzophospholes 8.
Hydrogen atoms were eliminated for clarity.
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at 75 and 22 ppm [7]. The former signal accompanied by
the satellite signals due to 183W and 195Pt could be assigned
to the phosphorus atom bridging tungsten and platinum
centers. The latter having the 195Pt satellite signals only
was assigned to PPh3 coordinating to a Pt(II) center. The
molecular structure of the product 9 was finally determined
by X-ray analysis as shown in Fig. 6. All spectroscopic data
as well as microanalytical data are consistent with the
structure in Fig. 6, in which a platinum fragment has been
inserted into the P–C bond of the strained four-membered
ring of 7 to form a five-membered platina–phospha hetero-
cycle. The two remaining coordination sites are occupied
with CO and original PPh3. It is generally accepted that a
CO ligand coordinating to a Pt(II) center is readily
replaced with other ligands [16]. However, the CO group
in 9 was not replaced in the reaction with an excess amount
of PEt3; PPh3 on the platinum center was instead replaced
with PEt3 as shown in Scheme 2. The significant steric
demands of W(CO)5 and NiPr2 moieties are the most prob-
able reason for the unusual selectivity observed in above
substitution reaction. On the other hand, a bidentale ligand
such as dppe could replace not only PPh3 but also CO,
when heated in toluene at 55 �C for 4 h, indicating that ste-
ric demands exerted by the monodentate phosphines, PEt3

and/or PPh3, is crucial for the substitution of the CO group
at the sterically hindered position.
3. Experimental

3.1. General remarks

All reactions were carried out under an atmosphere of
dry nitrogen using Schlenk tube techniques. All solvents



Fig. 4. Schematic drawing of a p-orbital on the nitrogen atom and two r* orbitals on the phosphorus atom.

Fig. 5. 1H NMR (300.4 MHz, CD2Cl2) spectra of the two iPr groups in 3a

at �90 �C. The spectra superimposed are those recorded at room
temperature.

Fig. 6. Molecular structure of one of the two independent W–Pt complexes 9.
atoms were eliminated for clarity. Selected bond distances (Å) and angles (�):
W1–P1 2.5908(17), P1–N1 1.703(6), P1–C1 1.827(7), C8–Pt1–P1 84.6(2), C1
121.2(6).
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were dried and distilled from sodium (hexane), sodium/
benzophenone (toluene, ether, and THF), or P2O5

(CH2Cl2). These purified solvents were stored under an
N2 atmosphere. 2,2 0-Dibromobiphenyl [17] and 9 [7] were
prepared according to previously described methods. Other
reagents were used as received.

NMR spectra were recorded on a JEOL LA-300 and
-500 spectrometers. 1H and 13C NMR chemical shifts were
reported relative to Me4Si and were determined by refer-
ence to the residual solvent peaks. 31P NMR chemical
shifts were reported relative to H3PO4 (85%) used as an
external reference. Elemental analyses were performed with
a Perkin–Elmer 2400CHN elemental analyzer.

Photolysis was carried out with Pyrex-glass-filtered
emission from a 400 W mercury arc lamp (Riko-Kagaku
Sangyo UVL-400P). The emission-lines used and their rel-
ative intensities (in parenthesis) were as follows: 577.0 (69),
546.1 (82), 435.8 (69), 404.7 (42), 365.0 (100), 334.1 (7),
312.6 (38), and 302.2 (9). Preparative-scale GPC was per-
formed with a recycling HPLC system (Japan Analytical
The other one has a structure almost similar to the above one. Hydrogen
Pt1–C17 1.934(7), Pt1–C8 2.073(6), Pt1–P1 2.3371(15), Pt1–P2 2.3706(16),
–P1–Pt1 100.0(2), C9–C1–P1 115.5(5), C9–C8–Pt1 118.5(5), C1–C9–C8



Scheme 2.
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Industry Model LC-908) with JAIGEL-1H (20 mm
i.d. · 600 mm; exclusion limit 1.0 · 103) and JAIGEL-2H
(20 mm i.d. · 600 mm; exclusion limit 5.0 · 103) columns
using CHCl3 as an eluent.

3.2. iPr2NP-bridged naphthalene (3a)

nBuLi (10.9 mL, 17.33 mmol, 1.59 M hexane solution)
and ether (11 mL) in a Pyrex Schlenk tube were cooled to
�78 �C, and then 1-bromonaphthalene (2.0 ml, 14.4 mmol)
was added. After the solution was stirred for 10 min, the
solution was gradually warmed to room temperature over
an hour. A precipitate of 1-lithionaphthalene formed was
washed three times with hexane (50 mL), and then nBuLi
(11.8 mL, 18.8 mmol) and tmeda (3.0 mL, 19.9 mmol) were
added to the precipitate. The mixture was refluxed for 3 h,
and cooled down to room temperature. A precipitate of
1,8-dilithionaphthalene was washed with hexane (50 mL,
four times). After hexane (25 mL) was added to the residue,
the mixture had been cooled to �78 �C, and then
PCl2NiPr2 (2.7 mL, 14.3 mmol) was added. The mixture
was gradually warmed to room temperature with stirring
overnight. A dark red solution thus obtained was filtered
with celite, and the residue on the celite was washed with
hexane (50 mL, four times). The washings were added to
the filtrate, and all volatiles were removed under a reduced
pressure. The residue dissolved in hexane was passed
through an Al2O3 column to give 2.57 g of a crude product
after workup. Further purification with a preparative-scale
GPC equipment gave 3a (2.05 g, 55%) as a white powder.
1H NMR (300.4 MHz, CDCl3): d = 1.18 (d, 3JHH =
6.6 Hz, 12H, CHMe2), 3.29 (m, 2H, CHMe2), 7.42 (d,
3JHH = 6.6 Hz, 2H, Naph), 7.52 (m, 2H, Naph), 7.70 (d,
3JHH = 8.2 Hz, 2H, Naph). 13C{1H} NMR (75.45 MHz,
CDCl3): d = 23.8 (d, JCP = 8 Hz, CHMe2), 47.6 (d,
JCP = 7 Hz, CHMe2), 122.5 (d, JCP = 4 Hz, Naph), 123.8
(s, Naph), 127.5 (d, JCP = 2 Hz, Naph), 129.4 (d, JCP =
2 Hz, Naph), 147.16 (d, JCP = 17 Hz, Naph), 147.17 (d,
JCP = 16 Hz, Naph). 31P{1H} NMR (121.45 MHz,
CDCl3): d = 94.9. Anal. Calc. for C16H20NP: C, 74.68;
H, 7.83; N, 5.44. Found: C, 74.50; H, 7.86; N, 5.39%.

3.3. Et2NP-bridged naphthalene (3b)

To 1,8-dilithionaphthalene prepared from nBuLi
(5.5 mL, 8.7 mmol, 1.59 M hexane solution) and 1-bromo-
naphthalene (1.0 mL, 7.2 mmol) was added hexane
(30 mL). After the mixture had been cooled to �78 �C,
PCl2NEt2 (1.0 mL, 6.9 mmol) was added. The mixture
was gradually warmed to room temperature with stirring
overnight. A dark red solution thus obtained was filtered
with celite, and the residue on the celite was washed with
hexane (20 mL, three times). The washings were combined
with the filtrate, and all volatiles were removed under a
reduced pressure. The residual dark orange oil dissolved
in hexane was passed through an Al2O3 column to give
an air-sensitive white powder 3 b (0.394 g, 25%). 1H
NMR (300.4 MHz, CDCl3): d = 1.06 (t, 3JHH = 7.0 Hz,
6H, CH2CH3), 3.05 (dq, 3JHH = 7.1 Hz, 3JHP = 9.3 Hz,
4H, CH2CH3), 7.46 (d, 3JHH = 6.4 Hz, 2H, Naph), 7.53
(dq, 3JHH = 6.4 Hz, 3JHH = 8.1 Hz, JHH = 2.9 Hz, 2H,
Naph), 7.73 (d, 3JHH = 8.1 Hz, 2H, Naph). 13C{1H}
NMR (75.45 MHz, CDCl3): d = 15.1 (d, JCP = 4 Hz,
CH2CH3), 44.5 (d, JCP = 14 Hz, CH2CH3), 122.8 (d,
JCP = 5 Hz, Naph), 124.1 (s, Naph), 127.8 (d, JCP = 2 Hz,
Naph), 129.3 (d, JCP = 3 Hz, Naph), 146.7 (d, JCP = 16 Hz,
Naph), 147.0 (d, JCP = 16 Hz, Naph). 31P{1H} NMR
(121.45 MHz, CDCl3): d = 113.4. Anal. Calc. for
C14H16NP: C, 73.35; H, 7.03; N, 6.11. Found: C, 72.94;
H, 7.06; N, 6.09%.

3.4. BH3 adduct of iPr2NP-bridged naphthalene (4)

Compound 3a (0.093 g, 0.36 mmol) was dissolved in
THF (5 mL), and then BH3 (0.48 mL, 0.54 mmol, 1.13 M
THF solution) was added. After stirring for 2 h, all vola-
tiles were removed under a reduced pressure to give the
product 4 (0.095 g, 97%). 1H NMR (300.4 MHz, CDCl3):
d = 0.50–1.70 (br, BH3), 1.20 (d, 3JHH = 6.9 Hz, 12H,
CHMe2), 3.78 (dsep, 3JHP = 14.4 Hz, 3JHH = 6.9 Hz, 2H,
CHMe2), 7.55–7.66 (m, 4H, Naph), 7.84 (ddd,
J = 1.3 Hz, J = 3.1 Hz, J = 7.7 Hz, 2H, Naph). 13C{1H}
NMR (75.45 MHz, CDCl3): d = 23.0 (d, JCP = 3 Hz,
CHMe2), 49.7 (d, JCP = 5 Hz, CHMe2), 122.8 (d,
JCP = 1 Hz, Naph), 125.9 (d, JCP = 3 Hz, Naph), 128.2
(d, JCP = 12 Hz, Naph), 130.1 (d, JCP = 10 Hz, Naph),
145.5 (d, JCP = 59 Hz, Naph), 145.7 (d, JCP = 7 Hz, Naph).
31P{1H} NMR (121.45 MHz, CDCl3): d = 104.4.

3.5. Sulfur adduct of iPr2NP-bridged naphthalene (5)

Compound 3a (0.127 g, 0.49 mmol) was dissolved in
CH2Cl2 (10 mL), and then S8 (0.040 g, 0.16 mmol) was
added. After stirring for 3 h, the solution was passed
through a silica gel column, and the solvent was removed
under a reduced pressure. The crude product (0.082 g,
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57%) thus obtained was further purified with a preparative-
scale GPC equipment. 1H NMR (300.4 MHz, CDCl3):
d = 1.29 (d, 3JHH = 6.9 Hz, 12H, CHMe2), 3.80 (dsep,
3JHP = 18.2 Hz, 3JHH = 6.9 Hz, 2H, CHMe2), 7.50–7.68
(m, 4H, Naph), 7.83 (ddd, J = 0.8 Hz, J = 4.7 Hz,
J = 7.9 Hz, 2H, Naph). 13C{1H} NMR (75.45 MHz,
CDCl3): d = 22.9 (d, JCP = 3 Hz, CHMe2), 48.7 (d,
JCP = 5 Hz, CHMe2), 120.4 (s, Naph), 125.9 (d,
JCP = 4 Hz, Naph), 129.0 (d, JCP = 20 Hz, Naph), 130.2
(d, JCP = 14 Hz, Naph), 145.6 (d, JCP = 11 Hz, Naph),
150.9 (d, JCP = 95 Hz, Naph). 31P{1H} NMR
(121.45 MHz, CDCl3): d = 78.0.

3.6. Methyltriflate adduct of iPr2NP-bridged naphthalene
(6)

Compound 3a (0.354 g, 1.38 mmol) was dissolved in tol-
uene (5 mL), and then methyltriflate (0.20 mL, 1.77 mmol)
was added. After stirring for 1 h, all volatiles were removed
under a reduced pressure to give the product (0.588 g,
quant.). 1H NMR (300.4 MHz, CDCl3): d = 1.30 (d,
3JHH = 6.8 Hz, 12H, CHMe2), 2.70 (d, 3JHP = 13.5 Hz,
3H, PMe), 3.97 (dsep, 3JHP = 17.5 Hz, 3JHH = 6.8 Hz,
2H, CHMe2), 7.83 (dt, J = 6.9 Hz, J = 8.4 Hz, 2H, Naph),
8.08 (dd, J = 5.0 Hz, J = 6.8 Hz, 2H, Naph), 8.11 (d,
J = 6.2 Hz, 2H, Naph). 13C{1H} NMR (75.45 MHz,
CDCl3): d = 14.5 (d, JCP = 55 Hz, PMe), 22.6 (d,
JCP = 3 Hz, CHMe2), 50.6 (d, JCP = 3 Hz, CHMe2),
126.6 (s, Naph), 128.0 (d, JCP = 19 Hz, Naph), 129.1 (d,
JCP = 4 Hz, Naph), 131.7 (d, JCP = 14 Hz, Naph), 137.8
(d, JCP = 96 Hz, Naph), 146.8 (d, JCP = 10 Hz, Naph).
31P{1H} NMR (121.45 MHz, CDCl3): d = 69.3.

3.7. W(CO)5 adduct of iPr2NP-bridged naphthalene (7)

W(CO)6 (0.517 g, 1.47 mmol) and THF (100 mL) in a
Pyrex Schlenk tube were irradiated with a 400 W mercury
arc lamp at 0 �C for 3 h, and then 3a (0.338 g,
1.31 mmol) was added. After stirring for 2 h, THF was
removed under a reduced pressure, and then the residue
dissolved in hexane was passed through an Al2O3 col-
umn. The effluent was dried under a reduced pressure
to give 7 as a white powder (0.711 g, 93%). 1H NMR
(300.4 MHz, CDCl3): d = 1.19 (d, 3JHH = 6.8 Hz, 12H,
CHMe2), 4.13 (sep, 3JHH = 6.8 Hz, 2H, CHMe2), 7.52–
7.64 (m, 4H, Naph), 7.80 (m, 2H, Naph). 13C{1H}
NMR (75.45 MHz, CDCl3): d = 23.3 (d, JCP = 4 Hz,
CHMe2), 52.2 (d, JCP = 7 Hz, CHMe2), 121.3 (d,
JCP = 2 Hz, Naph), 125.6 (d, JCP = 3 Hz, Naph), 128.9
(d, JCP = 10 Hz, Naph), 129.5 (d, JCP = 9 Hz, Naph),
142.2 (d, JCP = 9 Hz, Naph), 150.7 (d, JCP = 42 Hz,
Naph), 196.7 (d, JCP = 6 Hz, JCW = 126 Hz, cis-CO),
200.1 (d, JCP = 26 Hz, JCW = 144 Hz, trans-CO).
31P{1H} NMR (121.45 MHz, CDCl3): d = 95.9 (JPW =
254 Hz). IR (THF) mCO 1941 cm�1. Anal. Calc. for
C21H20NO5PW: C, 43.40; H, 3.47; N, 2.41. Found: C,
43.26; H, 3.24; N, 2.22%.
3.8. iPr2N-dibenzophosphole (8)

A powder of 2,2 0-dibromobiphenyl (0.346 g, 1.11
mmol) was put in a Pyrex Schlenk tube, to which ether
(3 mL) and nBuLi (1.6 mL, 2.53 mmol, 1.59 M hexane
solution) were added. After the solution was stirred for
45 min, it was transferred to an ether (3 mL) solution
of PCl2NiPr2 (0.20 mL, 1.09 mmol) in another Schlenk
tube at �10 �C. After the solution was gradually warmed
to room temperature with stirring overnight, it was fil-
tered, and the residue on the filter was washed twice with
ether (25 mL). The washings were combined with the fil-
trate, and the volume was reduced under a reduced pres-
sure to give a precipitate, which was washed with ether
(5 mL). After workup, crude 8 (0.290 g, 94%) was
obtained as a white powder, which was recrystallized
from CH2Cl2/hexane at �10 �C. 1H NMR (300.4 MHz,
CDCl3): d = 0.83 (br, 6H, CHMe2), 1.42 (br, 62H,
CHMe2), 2.55 (br, 1H, CHMe2), 3.32 (br, 1H, CHMe2),
7.30 (ddt, J = 1.1 Hz, J = 2.8 Hz, J = 7.4 Hz, 2H, biph),
7.40 (tt, J = 1.0 Hz, J = 7.3 Hz, 2H, biph), 7.69 (dddd,
J = 0.7 Hz, J = 1.2 Hz, J = 4.4 Hz, J = 7.2 Hz, 2H, biph),
7.84 (qd, J = 1.0 Hz, J = 7.7 Hz, 2H, biph). 13C{1H}
NMR (75.45 MHz, CDCl3): d = 22.5 (br, CHMe2), 26.4
(br, CHMe2), 43.2 (br, CHMe2), 51.7 (br, CHMe2),
120.9 (s, biph), 127.0 (ds, JCP = 6 Hz, biph), 128.6 (s,
biph), 130.0 (d, JCP = 7 Hz, biph), 142.1 (d, JCP = 7 Hz,
biph), 143.5 (d, JCP = 3 Hz, biph). 31P{1H} NMR
(121.45 MHz, CDCl3): d = 32.2. Anal. Calc. for C18H22-
NP: C, 74.30; H, 7.83; N, 4.94. Found: C, 76.03; H,
8.10; N, 4.96%.

3.9. (OC)5W(l-iPr2NPnaph)Pt(CO)(PPh3) (9)

The complex 9 was prepared according to our previ-
ous report [7]. 1H NMR (300.4 MHz, CDCl3): d = 1.20
(d, 3JHH = 6.6 Hz, 6H, CHMe2), 1.35 (d, 3JHH = 6.8 Hz,
6H, CHMe2), 4.25 (m, 2H, CHMe2), 6.77 (m, 1H, Naph),
7.30–7.60 (m, 13H, Naph and Ph), 7.73 (m, 6H, Naph
and Ph), 7.87 (m, 1H, Naph). 13C{1H} NMR
(125.4 MHz, CDCl3): d = 24.3 (br, CHMe2), 24.8 (br,
CHMe2), 53.5 (br, CHMe2), 125.4 (d, JCP = 9 Hz, Naph),
125.5 (d, JCP = 4 Hz, Naph), 126.6 (s, Naph), 128.5 (s,
Naph), 128.8 (d, JCP = 10 Hz, Ph), 128.9 (m, Naph),
131.3 (d, JCP = 2 Hz, Ph), 131.6 (d, JCP = 45 Hz, Ph),
133.0 (d, JCP = 11 Hz, Naph), 133.1 (d, JCP = 6 Hz,
Naph), 134.7 (d, JCP = 12 Hz, Ph), 142.2 (d, JCP = 16 Hz,
Naph), 154.6 (d, JCP = 8 Hz, Naph), 157.2 (d,
JCP = 28 Hz, Naph), 181.2 (t, JCP = 7 Hz, Pt–CO),
198.3 (d, JCP = 7 Hz, JCW = 127 Hz, cis-W–CO), 201.8
(d, JCP = 19 Hz, trans-W–CO). 31P{1H} NMR (121.45
MHz, CDCl3): d = 22.3 (d, 2JPP = 225 Hz, 1JPPt = 1736
Hz, PPh3), 75.2 (d, 2JPP = 225 Hz, 1JPPt = 1660 Hz,
1JPW = 225 Hz). IR (CH2Cl2) m CO 1926, 1972, 2060,
2074 cm�1. Anal. Calc. for C40H35NO6P2PtW Æ Et2O: C,
46.33; H, 3.98; N, 1.23. Found: C, 46.12; H, 3.77; N,
1.22%.
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3.10. (OC)5W(l-iPr2NPnaph)Pt(CO)(PEt3) (10)

Compound 9 (480 mg, 0.45 mmol) was dissolved in
CH2Cl2 (5 mL). An excess amount of PEt3 (0.78 mL,
5.2 mmol) was added to the solution. After stirring for
0.5 h, all volatiles were removed under reduced pressure,
and then the residue was loaded to an Al2O3 column fol-
lowed by elution with CH2Cl2/hexane (1/2). The complex
thus separated from PPh3 was recrystallized from
CH2Cl2/hexane to give a pale yellow powder (380 mg,
92%). 1H NMR (300.4 MHz, CDCl3): d = 1.09 (d,
3JHH = 6.7 Hz, 6H, CHMe2), 1.18 (d, 3JHH = 7.6 Hz,
3JHP = 16.9 Hz, 9H, CH2Me), 1.31 (d, 3JHH = 6.7 Hz,
6H, CHMe2), 2.18 (m, 6H, CH2Me), 4.19 (m, 2H, CHMe2),
7.29 (m, 1H, Naph), 7.48 (dt, J = 2.3 Hz, J = 7.6 Hz, 1H,
Naph), 7.59 (d, J = 8.0 Hz, 1H, Naph), 7.66 (d,
J = 8.1 Hz, 1H, Naph), 7.75 (d, J = 7.0 Hz, 1H, Naph),
7.80 (d, J = 6.9 Hz, J = 10.2 Hz, 1H, Naph). 13C{1H}
NMR (75.45 MHz, CDCl3): d = 8.7 (s, JCPt = 17 Hz,
CH2Me), 17.6 (d, JCP = 26 Hz, JCPt = 17 Hz, CH2Me),
24.2 (s, CHMe2), 24.9 (d, JCP = 3 Hz, CHMe2), 53.4 (br,
CHMe2), 125.6 (d, JCP = 3 Hz, JCPt = 62 Hz, Naph),
125.7 (d, JCP = 9 Hz, Naph), 127.0 (s, Naph), 128.3 (s,
JCPt = 11 Hz, Naph), 129.0 (dd, JCP = 9 Hz, JCP = 4 Hz,
Naph), 133.2 (d, JCP = 11 Hz, Naph), 133.7 (d,
JCP = 19 Hz, Naph), 137.5 (d, JCP = 14 Hz, JCPt = 38 Hz,
Naph), 156.1 (d, JCP = 8 Hz, Naph), 157.7 (d, JCP = 25 Hz,
Naph), 182.0 (dd, JCP = 7 Hz, JCP = 9 Hz, Pt–CO), 198.4
(d, JCP = 5 Hz, JCPt = 16 Hz, JCW = 127 Hz, cis-W–CO),
202.0 (d, JCP = 18 Hz, trans-W–CO). 31P{1H} NMR
(121.45 MHz, CDCl3): d = 13.5 (d, 2JPP = 227 Hz, 1JPPt =
1708 Hz, PEt3), 72.0 (d, 2JPP = 227 Hz, 1JPPt = 1627 Hz,
1JPW = 221 Hz). IR (THF) mCO 1920, 1932, 2055,
2064 cm�1. Anal. Calc. for C28H35NO6P2PtW: C, 36.46;
H, 3.82; N, 1.52. Found: C, 36.49; H, 3.67; N, 1.50%.

3.11. (OC)5W(l-iPr2NPnaph)Pt(dppe) (11)

Compound 9 (80 mg, 0.075 mmol), dppe (35 mg,
0.087 mmol) and toluene (10 mL) were put in a Schlenk
tube, and then the solution was heated at 55 �C for 4 h.
After the solvent was removed under a reduced pressure,
the residue was recrystallized from CH2Cl2/hexane. The
precipitate was washed with hexane (30 mL) three times
and dried to give a white powder (70 mg, 80%). 1H NMR
(300.4 MHz, CDCl3): d = 0.85 (d, 3JHH = 7.1 Hz, 6H,
CHMe2), 1.17 (br, 6H, CHMe2), 1.27 (m, 1H, CH2),
2.30–2.90 (m, 3H, CH2), 4.42 (m, 2H, CHMe2), 6.76 (m,
1H, Naph), 7.10–8.10 (m, 20H, Naph and Ph). 13C{1H}
NMR (75.45 MHz, CDCl3): d = 25.3 (d, JCP = 3 Hz,
CHMe2), 25.7 (d, JCP = 2 Hz, CHMe2), 26.6 (dd,
JCP = 21 Hz, JCP = 32 Hz, CH2), 31.0 (dd, JCP = 20 Hz,
JCP = 32 Hz, CH2), 57.7 (br, CHMe2), 124.9 (d,
JCP = 8 Hz), 125.2 (s), 125.9 (m), 127.3 (s), 128.1 (m),
128.4 (s), 128.6 (s), 128.8 (d, JCP = 3 Hz), 128.9 (s), 129.0
(d, JCP = 6 Hz), 130.4 (s), 130.6 (s), 131.5 (s), 132.8 (d,
JCP = 10 Hz), 133.3 (d, JCP = 10 Hz), 135.5 (d,
JCP = 13 Hz), 135.6 (d, JCP = 13 Hz), 140.8 (d,
JCP = 20 Hz), 156.3 (d, JCP = 6 Hz), 157.7 (d, JCP = 7 Hz),
198.8 (d, JCP = 5 Hz, JCPt = 15 Hz, JCW = 127 Hz, cis-W–
CO), 201.9 (d, JCP = 16 Hz, trans-W–CO). 31P{1H} NMR
(121.45 MHz, CDCl3): d = 30.8 (dd, 2JPP = 4 Hz,
2JPP = 9 Hz, 1JPPt = 1940 Hz, dppe), 35.8 (dd, 2JPP = 3 Hz,
2JPP = 289 Hz, 1JPPt = 1932 Hz, dppe), 111.9 (dd,
2JPP = 9 Hz, 2JPP = 283 Hz, 1JPPt = 2161 Hz,
1JPW = 218 Hz). IR (toluene) mCO 1910, 1930, 2057 cm�1.
Anal. Calc. for C47H44NO5P3PtW: C, 48.06; H, 3.78; N,
1.19. Found: C, 47.92; H, 3.74; N, 1.09%.

3.12. Crystallographic study

Suitable crystals of 3b, 4–9 were mounted separately on
a glass fiber. All measurements for 3b, 4–6, 8, and 9 were
made on a Mac Science DIP2030 imaging plate area detec-
tor, while those for 7 was made on Mac Science MXC3j.
The data were collected to a maximum 2h value of 55�. Cell
parameters and intensities for the reflection were estimated
using the program packages of HKL for 3b, 4–6, 8, and 9,
and crystan for 7 [18]. The structures were solved by direct
methods and expanded using Fourier techniques. Non-
hydrogen atoms were refined anisotropically. Hydrogen
atoms were located at ideal positions for 3b, 7, and 9, while
those for the other crystals were located on the basis of dif-
ference Fourier maps and refined isotropically. All calcula-
tions were performed using a SHELXL-97 crystallographic
software package [19]. Details of data collection and refine-
ment were listed in Table 1, and bond distances and angles,
atomic coordinates, and anisotropic thermal parameters
were given as Supplementary information.
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