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Synthesis of a Versatile Tridentate Anthracene
Ligand and its Application for the Synthesis of
Hypervalent Pentacoordinate Boron
Compounds (10-B-5)**

Makoto Yamashita, Yohsuke Yamamoto,
Kin-ya Akiba,* and Shigeru Nagase

Hypervalent pentacoordinate boron compounds (10-B-5)!l
have been postulated as transition states in Sy2-type reactions
at a boron atom. For example, the reaction of the [BH;-CO)]
complex with NMe;? as well as the intramolecular bond
switch at the boron atom in compounds bearing a van Koten
type ligandB! have been reported. There has been only one
report of isolable hypervalent boron compounds (10-B-5 and
12-B-6),1 but the compounds bearing tridentate pyridine diol
ligand(s) were characterized by 'H, *C, F, and "B NMR
spectra in solution. The X-ray analysis of the compounds has
not been reported. Here we report the synthesis and X-ray
structures of 1,8-dimethoxy-9-borylanthracene (la—c, see
Scheme 2): the first fully characterized hypervalent 10-B-5
compounds.

Recently, we reported the synthesis and the X-ray structure
of the hypervalent five-coordinate carbon compound (10-C-5)
2 through the use of an 1,8-dimethoxy-9-anthracenyl ligand.!
Ester 3 was synthesized from the 9-OTf derivative 4 (OTf=
trifluoromethanesulfonate) by carbon monoxide insertion in

o OMe

A/ M
MeO C OMe MeO O OMe

BaF7~

" TS BES

MeQ OMe *

methanol mediated by [Pd(PPhs;),]. However, several at-
tempts to synthesize 1 from 4 were not successful. Thus, we
designed a novel versatile precursor 1,8-dimethoxy-9-bro-
moanthracene (8). The synthetic pathway for 8 is illustrated in
Scheme 1. After conversion of 1,8-dimethoxy-9-hydroxyan-
thracene (5) into the corresponding phosphate (6), reaction
conditions for the reduction of 6 and the subsequent treat-
ment of the resulting anion 7 with BrCF,CF,Br to yield 8 were
examined (Table 1). Only the 9-H compound was obtained
using Birch reduction conditions (entry 1) and only a trace
amount of 8 was obtained by using lithium naphthalenide
(entry 2). Fortunately, the reduction of 6 with lithium 4,4'-di-
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P(=0)(OEY),
MeO OH OMe MeO O OMe

MeO M OMe MeO Br OMe

O O O BrCF,CF,Br
8

M=Li, K 7

CIP(OEt)2

_ =

Scheme 1. Synthesis of bromoanthracene 8.

Table 1. Reaction conditions for the reduction of 6.

Entry Metal Electron carrier Solvent T [°C],¢[h]  Yield of
(equivalent) 8[%]

1 K (22) - lig. NH; —78,2 0

2 Li (2.5) naphthalene THF 0—25,3.5 trace

3 Li (2.5) DTBB THF 0,1 14

4 Li (2.5) DTBB THF -20,2 20

5 Li (2.5) DTBB THF —-30,12 30

6 Li (4) DTBB THF —20,12 28

7 Li (10) DTBB THF -20,2 trace

DTBB =4,4'-di-tert-butylbiphenyl

tert-butylbiphenylide (LDBB) gave 8, albeit in low yields (up
to 30 %, entry 5).

Compound 8 was lithiated at —100°C in a dilute solution of
THF and then the B-chlorocatecholateborane derivatives
added at the same temperature (Scheme 2). Catecholborane
derivatives 1a—c were obtained in acceptable yields (47 % for
1a, 25% for 1b, and 32% for 1¢). These compounds were
stable to atmospheric moisture and chromatographic treat-
ment (Si0,).

Y

MeO Br OMe MeO Li OMe X\B al
7

Scheme 2. Synthesis of hypervalent boron 1.

Crystals of 1a-c suitable for X-ray analysis were obtained
by recrystallization from CH,Cly/n-hexane (Figure 1;
Table 2).[ The sum of the bond angles around the central
boron atom of la-c¢ are 360.0°, which indicates that the
central boron atom is planar with sp? hybridization. Thus, one
of the lone pairs on the oxygen atoms at the 1,8-positions in 1
interacts with the empty p orbital of the central boron atom at
position 9 to form a three-center four-electron bond. There-
fore, the structure around the central boron atom can be
regarded as a slightly distorted trigonal bipyramid. The two
B—O bond lengths (B1—O1, B1-02) are 2.379(2) and
2.441(2) A in 1a, 2.398(4) and 2.412(4) A in 1b, and are

4222 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 1. Crystal sructures (30 % thermal ellipsoids) of 1a—c.

Table 2. Selected bond lengths [A] and angles [°] of 1a—c.

O1-B1  02-Bl  O1-B1-02 OI-CI-Cll  02-C8-Cl4
la  23792) 24412) 167.107)  1132(1) 113.7(1)
1b  2398(4) 2412(4)  1663(2) 1132(2) 112.9(2)
lc  2436(2) 2436(2) 164.0(3) 113.5(2) 113.5(2)

identical (2.436(2) A) in 1¢. The bonds are longer than those
of the B1—03 and B1-04 bonds (1.397(2) and 1.403(2) A in
1a,1.394(3) and 1.400(3) A in 1b) but shorter than the sum of
the van der Waals radii (3.48 A).[¥ The small difference in the
B1-01/2 bond lengths observed in 1a may be a consequence
of a packing effect or may be related to the electrophilicity of
the central boron atom since 1b, which bears a more electron-
donating OMe substituent, showed a more symmetrical
structure.

The "B NMR chemical shifts for 1a—c are in the range of
normal catecholborane derivatives (phenylcatecholborane:
0=+32.1 (THF)),”] which indicates that the interaction
between the central boron atom and the oxygen atoms at
the 1,8-positions is weak. In contrast, upfield shifts were
observed in the spectra of the boron compounds prepared by
Lee and Martin (—20 to —41 ppm).Fl The difference in the
chemical shifts between the compounds of Lee and Martin
and 1a-c may be a consequence of the charge difference (the
former being anionic systems, while 1a—c are electronically
neutral systems), and hence further investigation on the
synthesis and chemical shifts of boron compounds bearing
anionic oxygen atoms (O~) at the 1,8-positions is in progress.

However, an attractive interaction between the central
boron atom and the oxygen atoms at the 1,8-positions, even
though weak, is confirmed by hybrid nonlocal density func-
tional theory (DFT) at the B3LYP/6-31G* level using the
Gaussian 98 program.['”] The optimized geometry of 1a is the
symmetrical structure. The two B—O bond lengths are
identical (2.447 A) and are slightly longer than the exper-
imental data (2.379(2) and 2.441(2) A). The bond path is
found between the central boron atom and the two oxygen
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atoms, which indicates that these atoms are bonded.['!] The
B—O bond is weak and slightly ionic as shown by the
small value of the electron density (o(r): 0.021 e a,~>; a,=
0.529177 A)I'l and small positive Laplacian value (V2p(r):
0.057 e a,)"l at the bond critical points (BCP). These
values, which include a large value of the ellipticity (e=
0.220),11 are very similar to the values for the C—O bond in
our hypervalent five-coordinate carbon compound 2 (o(r):
0.022 e a,7%, V?0(r): 0.078 € a,7%, &: 0.220).0

Experimental Section

6: Dry THF (10 mL) was added in an argon atmosphere at 0 °C to a mixture
of 5 (509 mg, 2.00 mmol) and NaH (48.6 mg, 2.2 mmol; oil dispersion).
After stirring the mixture for 15 min at 0°C, diethyl chlorophosphate
(0.32 mL, 2.2 mmol) was added dropwise and the mixture heated to reflux
at 80 °C for 4 h. The solvent was then removed under reduced pressure, and
the residue was poured into water, followed by extraction with CH,Cl,. The
organic layer was collected and dried over K,CO;. Solvents were removed
under reduced pressure to give a crude product, which was purified by
cooled column chromatography (CH,Cl,/diethyl ether=1/0-3/1, —10°C)
to give 6 (505 mg, 65%) as a yellow solid. M.p. 115.8-117.0°C; 'H NMR
(400 MHz, CDCl;, 25°C, CHCL): 6 =1.13 (dt, “/(PH) =1 Hz, 3J(H,H) =
7Hz,6H; CH;CH,),3.94-4.09 (m,4H; CH;CH,), 4.02 (s, 6H; OCHs), 6.75
(d, 3J(H,H)=8Hz, 2H; aromatic CH), 733 (t, 3/(H,H)=8 Hz, 2H;
aromatic CH), 747 (d, 3J(H,H) =8 Hz, 2H; aromatic CH), 8.12 (s, 1H;
aromatic CH); *C NMR (100 MHz, CDCl;, 25°C, CDCl;): 6 =15.54 (d,
3J(C,P)=8.7 Hz, CH;CH,), 54.88 (s, OCH,;), 63.31 (d, 2/(C,P)=6.6 Hz,
CH,CH,), 103.21 (d, J(C,P)=1.6 Hz, aromatic CH), 11728 (d, J(C,P)=
4.2 Hz, quaternary C), 119.38 (d, J(C,P) = 5.8 Hz, aromatic CH), 122.57 (d,
J(C,P) =3.3 Hz, aromatic CH), 125.37 (d, J(C,P) = 12.4 Hz, aromatic CH),
133.45 (d, J(C,P)=2.5Hz, quaternary C), 14140 (d, J(C,P)=9.1 Hz,
quaternary C), 155.79 (d, J(C,P)=1.7 Hz, quaternary C); 3P NMR
(162 MHz, CDCl;, 25°C, H;PO,): 6 = —6.89 (s); elemental analysis calcd
for C,0H,;04P: C 61.54, H 5.94; found: C 61.22, H 5.92.

8: THF (4mL) was added to a mixture of 4,4'-di-fert-butylbiphenyl
(668 mg, 2.5 mmol) and Li (17.8 mg, 2.5 mmol) under argon at 0°C. The
mixture was stirred for 4 h at 0°C with a glass-coated stirring bar to give a
solution of LDBB. A solution of 6 (390.5 mg, 1 mmol) in THF (5 mL) was
added to the LDBB solution at —78°C and the mixture stirred at that
temperature for 1 h. The mixture was then allowed to warm to —30°C and
was stirred at the temperature for 12 h. BrCF,CF,Br (0.36 mL, 3 mmol) was
added dropwise into the reaction mixture at —30°C. The mixture was then
allowed to warm to room temperature and was stirred for 1 h. Solvents
were removed under reduced pressure. The crude product was dissolved in
CH,(l, and was washed with CH,Cl,/H,O. The organic layer was collected
and was dried over K,CO;. Solvents were removed under reduced pressure
to give a crude product, which was purified by column chromatography
(CH,Cl,/n-hexane 0/1-1/15) to give 8 (99.1 mg, 30%) as a pale yellow
solid. M.p. 141-149°C (decomp); 'H NMR (400 MHz, CDCl;, 25°C,
CHCly): 6=4.04 (s, 6H; OCH;), 6.90 (d, 3/(H,H) =8 Hz, 2H; aromatic
CH), 737 (t, *J(H,H) =8 Hz, 2H; aromatic CH), 7.54 (d, */(H,H) =8 Hz,
2H; aromatic CH), 8.29 (s, 1 H; aromaic CH) ; *C NMR (100 MHz, CDCl;,
25°C, CDCl;): 0 =55.75 (OCH;), 101.78 (aromatic CH), 116.19 (aromatic
CH), 119.63 (aromatic CH), 121.33 (quaternary C), 124.75 (quaternary C),
127.37 (aromatic CH), 131.68 (quaternary C), 155.77 (quaternary C); MS
(FAB +): m/z: 316/318 [M']; elemental analysis calcd for C;sH;30,Br: C
60.59, H 4.13; found: C 60.50, H 3.88.

1a: A solution of nBuLi in n-hexane (0.35 mL, 0.55 mmol) was added
dropwise to a mixture of 8 (159 mg, 0.5 mmol) and THF (20 mL) at
—100°C. The reaction mixture was then stirred for 1.5 h at —100°C. The
solution of B-chlorocatecholborane (87.3 mg, 0.57 mmol) and THF (10 mL)
was transferred to the reaction mixture at — 100 °C. The mixture was stirred
for 7.5h at —100°C and 9h at room temperature. The reaction was
quenched with aqueous 1N HCI (50 mL) and the mixture extracted with
CH,Cl,. The organic layer was collected and dried over MgSO,. The crude
product was purified by HPLC to give 1a (84.7 mg, 47 %) as a pale blue-
green fraction (retention time =74 min; Lc 908-C60. Column (Japan
Analytical Industry), CICH,CH,Cl eluent, 15mL min~' flow rate):
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m.p. 278 - 288°C (decomp); 'H NMR (400 MHz, CDCl;, 25°C, CHCL,):
0=3.67 (s, 6H; OCHj), 6.71 (d, *J(H,H) =7 Hz, 2H; aromatic CH), 7.12
(dd, 3J(H,H)=6Hz, “/(H,H)=2Hz, 2H; aromatic CH), 7.30 (dd, 3J
(H,H)=6Hz, ¥(HH)=2Hz, 2H; aromatic CH), 7.38 (dd, *J(H,H)=
7 Hz, 3J(H,H) =8 Hz, 2H; aromatic CH), 7.64 (d, */(H,H)=8 Hz, 2H;
aromatic CH), 8.45 (s, 1 H); "B NMR (128 MHz, CDCl,, 25°C, BF, - OEL,):
0 =28-39 (br); elemental analysis calcd for C,,H;;O,B: C 74.19, H 4.81;
found: C 73.78, H 4.67. A similar procedure was employed for 1b and 1c.
1b: yield 25%; pale blue fraction (retention time =70 min): m.p. 262 -
273°C (decomp); 'H NMR (400 MHz, CDCl;, 25°C, CHCL;): 6 =3.69 (s,
6H; OCH,), 4.00 (s, 3H; OCH,), 6.69 (d, *J(H,H) =8 Hz, 2H; aromatic
CH), 6.76 (d, 3/(H,H) =8 Hz, 1 H; aromatic CH), 6.97 (d, 3/(H,H) =8 Hz,
1H; aromatic CH), 7.06 (t, 3/(H,H) =8 Hz, 1H; aromatic CH), 7.38 (t,
3J(H,H) =8 Hz, 2H; aromatic CH), 7.62 (d, 3/(H,H) =8 Hz, 2H; aromatic
CH), 8.44 (s, 1H; aromatic CH); *C NMR (100 MHz, CDCl;, 25°C,
CDCl;) 6=56.57 (OCHs;), 56.66 (OCH;), 102.66 (aromatic CH), 105.20
(aromatic CH), 106.74 (aromatic CH), 121.17 (aromatic CH), 121.64
(aromatic CH), 12539 (aromatic CH), 127.77 (aromatic CH), 128.81
(quaternary C), 132.30 (quaternary C), 13725 (quaternary C), 145.36
(quaternary C), 150.35 (quaternary C), 155.29 (quaternary C); "B NMR
(128 MHz, CDCl;, 25°C, BF;- OEt,): 6 =30-37 (br); elemental analysis
calcd for C,3HyOsB: C71.53, H4.96; found: C 71.18, H4.68. 1¢: yield 32 %;
pale blue fraction (retention time =75 min): m.p. 240-250°C (decomp);
'H NMR (400 MHz, CDCl;, 25°C, CHCL): 6 =3.62 (s, 6H; OCHj) 6.67 (d,
3J(H,H) =7 Hz, 2H; aromatic CH), 7.25 (dd, *J(H,H) =6 Hz, */(H,H) =
3 Hz, 2H; aromatic CH), 7.39 (dd, 3/(H,H) =7 Hz, 3J(H,H) =8 Hz, 2H;
aromatic CH), 7.61 (d, 3J(H,H)=8Hz, 2H; aromatic CH), 7.70 (dd,
3J(H,H) =6 Hz, */(H,H) =3 Hz, 2H; aromatic CH) 8.45 (s, 1 H; aromatic
CH); *C NMR (100 MHz, CDCl;, 25°C, CDCl;) d =54.50 (OCH,), 103.24
(aromatic CH), 121.15 (aromatic CH), 124.34 (aromatic CH), 125.31
(aromatic CH), 125.53 (aromatic CH), 127.98 (quaternary C), 128.13
(quaternary C), 132.65 (quaternary C), 140.76 (quaternary C), 155.81
(quaternary C); "B NMR (128 MHz, CDCl;, 25°C, BF;- OEt,) 6 =55-68
(br); elemental analysis calcd for C,,H;;0,S,B: C 68.05, H 4.41; found: C
67.69, H 4.29.
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Diels — Alder Type Addition of 1,3-Dienes to a
Disulfide Bridging Ligand in Diruthenium
Complexes**

Hiroyasu Sugiyama, Yong-Shou Lin, and
Kazuko Matsumoto*

reaction of transition metal sulfides with dienes has not been
reported. It is well known that in the HDS process thiophene
is converted into butadiene and hydrogen sulfide.?4 As a
reverse reaction of the HDS process, the treatment of dienes
with sulfur is especially noteworthy on transition metal
centers. In our recent studies on the Ru,S, core chemistry in
the disulfide-bridged diruthenium complexes,! we found that
[{Ru[P(OCH;);],(CH;CN)sh(u-S,)J** (1, as CF;SO; salt)
reacts with unsaturated organic molecules, such as ketones
and terminal olefins, to form C—S bonds on the disulfide
ligand via the C—H bond activation reaction./®! These are very
rare processes and only one analogous C—S bond formation
reaction can be found in the literature: The reaction of
acetone with a terminal sulfide ligand,[? which, however,
seems to have been found by chance and no systematic study
was carried out. Through our recent study of new reactions,
we have found that the S, ligand in the electron-deficient Ru!
complex 1 and its analogues is activated to achieve C—H bond
splitting both through electronic and steric effects. In our
previous reports, we suggested that the addition of a C—H
bond to the S=S double bond is the key step in the C—H bond
activation process of acetone and monoolefins.®>< In the
present report, we demonstrate directly the double bond
character of the S=S bond between the two Ru centers by
isolating the [2+4] cycloaddition products from the reaction
of 1 with dienes.

Treatment of 1 with a conjugated diene, such as isoprene or
2,3-dimethylbutadiene in CH,;CN at room temperature,
resulted in the formation of a pale yellow solution, from
which  [{Ru[P(OCHs;);],(CH;CN);3}h{u-SCH,C(R)=C(CHa)-
CH,S}]** (2, as CF;SO; salt, R=H, 78 %; 3, as CF;SO;j salt,
R=CH;, 82%) was obtained after standard work-up
[Eq. (1)]. When the complex 1 was treated with 1,3-penta-

R
R
Carbon-sulfur bond formation and C—S bond P —| 4+
. N_. | _N N = N —= —| 4+
cleavage reactions have been the focus of research RU_ s |_P N_ | _N N
. -~ ~ ~ e ~
for several years because of their relevance to the P ,L S N/Rlu N P/RIU\S _S_I1_P (1)
biologically related metallo-sulfide proteins, the p CHLCN P N/R]U\N
industrially  important  hydrodesulfurization 1
(HDS) process, and the organic synthesis of P =P(OCHs)s 2:R=H, 78%
N = NCCH3;

sulfur-containing compounds.''l Reactions of tran-
sition metal sulfides with unsaturated organic
substrates, such as alkynes, alkenes, and nitriles,
have been reported, in which [2+43] cycloadditions occur
between M(S), and C—X double or triple bonds (X = C or N)
to give metalacycles.”! The addition of olefins to a bridging
sulfide ligand in the dimolybdenum complex has also been
reported.P’! Nevertheless, to the best of our knowledge, the
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3: R = CHg, 82%

diene, a similar color change was observed, however, the
product was a mixture according to the 'H NMR spectrum.
Separation of these products was not successful. Furthermore,
the reaction of 1 with 2,4-hexadiene was also examined but no
sign of the C—S bond formation was observed: Only
[{Ru[P(OCHs)s],(CHsCN)3},(1-S,) J(CF5S05)55% was  recov-
ered. Therefore, it seems that the C—S bond formation
reaction of 1 needs at least one of the two double bonds at
the terminal position. The structure of 3 was determined by
X-ray diffraction, as shown in Figure 1.5 10

Analogously, the reaction of the dicationic complex
[{Ru[P(OCHs,);,(CH;CN)}(u-S,) (u-Cl),J** (4, as CF,S0; salt)
with 2,3-dimethylbutadiene gave [{Ru[P(OCH,);],(CH;CN)},-
{u-SCH,C(CH;)=C(CH;)CH,S}(u-Cl),]** (5, as CF;SOj salt)
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