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Ruthenabenzertereacted with nitric acid in dichloromethane
for 5 h, and then aqueous NaHg®as added to neutralize the
reaction solution, which led to the formation of compouhid
93% vyield (Scheme 1). Although compoudcontains two
aldehyde groups and two phosphonium groups, a Wittig
dimerizaion or trimerization was not observed during this
reaction process.

The structure oR has been confirmed by X-ray diffraction.
As shown in Figure 1, the C(H0O(1) (1.211(3) A) and C(5}
0O(2) (1.208(3) A) bond distances are consistent with thedC
distance of aldehyde group&or the fivesp-hybridized carbon
atoms, the €&C bond lengths are in the range 1.379(3)429-

(4) A and there is no significant-€C bond length alternation,

as expected for a delocalized structure. Theé&ckbone of

is distorted, and the dihedral angle between the C1/C2/C3 plane
and the C3/C4/C5 plane is 48, Mainly because of the steric
hindrance between the two aldehydic hydrogens, which is

(i) HNO3, 5h
(ii) NaHCO,
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.
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The acid treatment of a ruthenabenzene yielded an unusuasimilar to the twist of the biphenyl moiety in compounds with

dialdehyde. Interestingly, this dialdehyde has notable anti-
oxidative properties and resists even nitric acid. This stability
is confirmed by chemical and electrochemical experiments.
In addition, a stable cyclic anhydride is synthesized from
the dialdehyde via an environmentally friendly electrochemi-
cal method.

Aldehydes are important and versatile compounds, widely
used in organic synthesig. Usually, aldehydes are reactive
toward oxygen of the air and sunlight and can be slowly oxidized
or undergo autopolymerization.

We recently reported the preparation of ruthenabenzene [Ru-

(CHC(PPR)CHC(PPR)CH)(PPR).CI;]CI (1).2 During the in-
vestigation of the stability of the ruthenabenzene, we obtained
a novel dialdehyde from the reaction of ruthenabenzefie
with nitric acid. Because of its surprising air-stability, thermal-
stability, and anti-oxidative ability, we have further investigated
its electrochemical properties. The investigation led us to isolate
a stable cyclic anhydride8 from the dialdehyde via an
electrochemical method.
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biphenyl units> In addition, it can be seen that compoufd
contains an allyl anion structure consisting of the thsgé
hybridized carbon atoms C2, C3, and C4, which is usually
encountered as a ligand in organometallic compounds but
seldom observed in organic compounds.

FIGURE 1. Molecular structure for the compound cation2fThe
hydrogens of phenyls are omitted for clarity. Selected bond lengths
[A] and angles [deg]: O%C1 1.211(3), C+C2 1.429(4), C2C3
1.383(4), C3-C4 1.379(3), C4C5 1.425(4), O2C5 1.208(3), C2

P1 1.761(3), C4P2 1.750(3); 0O+C1-C2 126.5(2), C+C2-P1
116.8(2), C3-C2—P1 120.43(19), C3C4—P2 120.3(2), C5C4—-P2
118.30(19), O2C5-C4 125.8(3), C+C2—-C3 121.8(2), C2C3—

C4 124.7(2), C3C4—C5 121.3(2).

The solid-state structure & is fully supported by NMR
spectroscopy and elemental analysis. THE{'H} NMR

(4) Dean, J. ALange's Handbook of Chemistrit5th ed.; McGraw-
Hill: New York, 1999.

(5) (a) Karle, I. L.; Venkateshwarlu, P.; Nagaraj, R.; Sarma, A. V. S;
Vijay, D.; Sastry, N. G.; Ranganathan, Ghem—Eur. J. 2007, 13, 4253.
(b) Schmidt, M. U.; Dinnebier, R. E.; Kalkhof, H. Phys. Chem. B007,
111, 9722. (c) Dobbs, K. D.; Sohlberg, K. Chem. Theory Compw006
2, 1530. (d) Superchi, S.; Bisaccia, R.; Casarini, D.; Laurita, A.; Rosini, C.
J. Am. Chem. SoQ006 128 6893. (e) Venkataraman, L.; Klare, J. E.;
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spectrum in CCI, showed only one BPh; signal at 23.38
ppm. ThelH NMR spectrum in CBCl, showed the character-
istic CHO signal at 9.70 ppm and the C(RJ0H at 6.71 ppm.
The13C{1H} NMR spectrum in CRCl, showed the signals for
CHO, CPPh, and C(PP§CH at 185.3, 96.3, and 159.2 ppm,
respectively. Compared to the value of t#, signal in
ethylene (123.3 ppm) and theH signal in benzene (128.5
ppm)# the significantly upfield shift o£PPh signal (96.3 ppm)
indicates that the resonance struct28sand 2B (Scheme 2)
are the important contributors, whereas tH€{'H} NMR
chemical shift for C(PPHCH signal (159.2 ppm) is obviously
downfield, implying 2C and 2D (Scheme 2) are also the
contributive resonance structures, which may mainly be at-
tributed to the strong electron-withdrawing effect of the two
phosphonium groups and the two carbonyl groups. In the IR
spectrum of2, owing to the delocalized structure of the C
backbone, the €0 stretch vibration (1634 cnt) appeared at
exceptionally low frequency.

As described above, compourtdwas synthesized in the
presence of nitric acid. Compoun2l has remarkable anti-
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FIGURE 2. Cyclic voltammograms on a glassy carbon electrode at
100 mV s of 6 mM compound (a) and blank solution (b) (vs Ag/
AgCl) in CH,CI, solution containing BiINCIO, (0.1 M).
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followed by chemical reaction of the reduced intermediate,
which implies an electrochemical (EC) mechanism.

In addition, controlled potential electrolysis was performed
at 1.00 and 1.50 V (vs Ag/AgCl) in Ci€l; solution containing
0.1 M BwNCIO;, in a divided electrochemical cell. When the
current was close to zero, the electrolyte solution was evaporated
to dryness under vacuum, af#P{H} andH NMR data of
the residue displayed that chemical shifts of the dialdehyde
remained unchanged. The results of CV and electrolysis indicate
that compoun@ has excellent electrochemically anti-oxidative
ability. To further test the electrochemically anti-oxidative ability

oxidative ability compared to most aldehydes that are easily of 2, controlled potential electrolysis was carried out at high

oxidized. In addition, compoun@is air-stable, and its thermal
stability is also notable in that a solid sample remains virtually
unchanged even when heated at 2@0in air for 1 day. The
high stability of compouna@ is probably related to the electronic

electrolytic potential of 2.0 V (vs Ag/AgCl) in a divided
electrochemical cell. The electrolysis was stopped when the
current was negligible. NMR characterization of the electrolyte
showed that complete transformation &f was achieved.

effect of the two phosphonium groups and the protecting effect Moreover, we obtained compouBdn 53% yield by its isolation

of the two bulky PPhsubstituents. Furthermore, the resonance
structures2A—2D (Scheme 2) may also contribute to the
stability of 2.6

To further confirm the anti-oxidative character of compound

from the electrolyte (Scheme 3).

Unambiguous confirmation for the structure &f was
determined by X-ray diffraction (Figure 3). The compoudd
contains a planar six-membered O-heterocycle with twosPPh

2, its electrochemical behaviors have been studied. Figure 2substituents as reflected by the small deviations (0.0405 A) from

shows the cyclic voltammetry (CV) of compour2drecorded

in CH,Cl,+BusNCIO, (0.1 M) using a glassy carbon disk
working electrode in an undivided cell. In the positive scanning
direction, the CV of2 (Figure 2a) shows that there is no
oxidation current in the potential window undet1.10 V,
compared to the CV of the blank solution only containing,€H
Cl, and BuNCIO4 (0.1 M) (Figure 2b). A quasi-reversible
reduction process is observdg); = —1.71 V andEpa = —1.50

V (vs Ag/AgCI), AE, = 210 mV, when the scan rate is at 100

the rms planes of the best fit through the six atoms C1, C2, C3,
C4, C5, and O2. The lack of significant alternation in the©
bond distances within the heterocycle suggests hhas a
delocalized structure.

Consistent with the solid-state structure, #{*H} NMR
spectrum in CDGl showed only one singlet at 21.01 ppm for
CPPhs. The'H NMR spectrum in CBCl, showed the signal
for CPPRCH at 6.66 ppm. ThéC{'H} NMR spectrum in C
Cl, showed the signals for C(PRRO, CPPh, and CPP§CH

mV s~L The process exhibits a linear dependence of the cathodicat 163.0, 80.8, and 160.5 ppm, respectively. The IR spectrum

peak current on the square root of the scan rat@) from 20
to 200 mV s, as expected for a diffusion controlled process
(see Supporting Information). The CV results of the negative

(7) (a) Sanecki, P. T.; Skital, P. MElectrochim. Acta2007, 52, 4675.
(b) Birke, R. L.; Huang, Q. D.; Spataru, T.; Gosser, D. K. JJAm. Chem.
Soc.2006 128 1922. (c) Noda, K.; Ohuchi, Y.; Hashimoto, A.; Fuijiki,

scan demonstrate that the electrochemical reduction process i/, Itoh, S.; lwatsuki, S.; Noda, T.; Suzuki, T.; Kashiwabara, K.; Takagi,

(6) Xia, H. P.; He, G. M.; Zhang, H.; Wen, T. B.; Sung, H. H. Y.;
Williams, 1. D.; Jia, G. CJ. Am. Chem. So004 126, 6862.
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Husain, S. W.Electrochim. Acta2006 51, 2620. (e) Nematollahi, D.;
Tammari, E.J. Org. Chem2005 70, 7769. (f) Prasad, M. A.; Sangara-
narayanan, M. VElectrochim. Acta2005 51, 242.



FIGURE 3. Molecular structure for the compound cation3fThe

hydrogens of phenyls are omitted for clarity. Selected bond lengths

[A] and angles [deg]: O%C1 1.210(3), 02C1 1.397(3), C+C2
1.432(3), C2-C3, 1.386(3), C3:C4 1.372(3), C4C5 1.432(3), 02
C5 1.397(3), 03-C5 1.214(3), C2P1 1.767(2), C4P2 1.762(2); Ot
C1-C2128.1(2), 0+ C1-02 115.2(2), C+C2—-P1 118.98(18), C3
C2-P1 121.76(18), C3C4—P2 123.97(19), C5C4—P2 116.66(19),
03—-C5-C4 126.6(2), 03-C5-02 116.5(2), C+C2—C3 119.3(2),
C2-C3-C4 122.7(2), C3C4—C5 119.2(2), C502—C1 124.0(2).

displayed the absorption bands at 1719 and 1665 cassigned
to the G=0O asymmetric and symmetic stretching modes

respectively, were shifted toward anomalously low frequency,
largely depending on the conjugated structure of the planar six-

membered O-heterocycle.

Additionally, compound is stable in water and also remains
virtually unchanged when heated at 280 in air for 1 day.
Like compound?2, the electronic and protecting effect of two

JOCNote

and then aqueous NaHG@®.5 M, 20 mL) was added to neutralize
the solution. The resulting mixture was filtered to remove the solid
suspension. The organic layer was separated and dried by MgSO
The volume of the organic layer was reduced to approximately 3
mL under vacuum. The residue was poured into ether (60 mL),
and the precipitate was collected by filtration, washed with ether
(5 x 10 mL), and dried in vacuo to give as a light-yellow solid
(0.63 g, 93%). IR (thin film, cm'): 3058, 2914, 2844, 2809, 2739,
1634, 1609, 1505, 1439, 1346, 1315, 1104, 719, 6BBNMR
(300.1 MHz, CDBCly): on 6.71 (t,J = 16.1 Hz, 1H), 9.70 (dJ =
21.6 Hz, 2H), 7.66:7.36 (m, 30H).31P{*H} NMR (121.5 MHz,
CD.Cly): dp 23.38 (s).13C{H} NMR (75.5 MHz, CQCly): dc
185.3 (d,J = 5.4 Hz), 159.2 (tJ = 14.0 Hz), 96.3 (ddJ = 96.7
Hz,J= 15.1 Hz), 134.4119.0 (m). Anal. Calcd for compouri
C 72.24, H 4.88, N 2.05. Found: C 71.76, H 4.77, N 2.00.

[OC(O)C(PPh3)CHC(PPh3)C(0O)]CIO 4 (3). A solution of com-
pound?2 (0.48 g, 0.70 mmol) and BNMCIO, (0.68 g, 2.0 mmol) in
CH,Cl, (20 mL) was oxidized at 2.0 V (vs Ag/AgCl) in a divided
cell. The electrolysis was stopped when the current was negligible,
and the solvent of the resulting mixture was removed completely
under vacuum. The residue was washed with MeQE/H:2 (5
x 10 mL) and dried under vacuum to give a brown solid (0.27 g,
53%). IR (thin film, cn?): 3050, 2918, 2867, 1719, 1665, 1533,
1439, 1085, 719, 688H NMR (300.1 MHz, CDBCl,): on 6.66 (t,
J=13.5Hz, 1H), 7.78-7.35 (m, 30H)3P{1H} NMR (121.5 MHz,
CDCly): 9p 21.01 (s).13C{H} NMR (75.5 MHz, CDQCl,): dc
163.0 (d,J = 14.0 Hz), 160.5 (tJ = 13.1 Hz), 80.8 (ddJ =
118.4 Hz,J = 11.9 Hz), 134.#114.3 (m). Anal. Calcd for
compound3: C 67.17, H 4.26. Found: C 67.29, H 4.57.

X-Ray Crystal Structure Determination of 2 and 3. Crystals
of 2 and3 suitable for X-ray diffraction were grown from GBI,
solutions layered with diethyl ether. A light-yellow blocked crystal

phosphonium groups may play an important role in the high of 2 and an orange blocked crystal ®fwere mounted on top of

stability of compound3.

In summary, we have synthesized and structurally character-
ized a novel dialdehyde that has remarkable thermal stability
and oxidation resistance properties. This dialdehyde represents,

glass fibers and transferred into a cold stream of nitrogen. Intensity
data were collected on a Bruker Smart CCD Area Dete@paifd
an Oxford Gemini S Ultra CCD Area DetectadB)(respectively,
using graphite-monochromated Max€adiation ¢ = 0.71073 A)
t 223 K. The structures were solved by direct methods, expanded

arare example of an anti-oxidative aldehyde that is stable evenyy gitference Fourier syntheses, and refined by full-matrix least-
in the presence of nitric acid. In addtion, the electrochemical squares methods &% by using the Bruker SHELXTL-97 program
properties of the dialdehyde have been studied by cyclic package. All non-hydrogen atoms were refined anisotropically.
voltammetry, and a stable cyclic anhydride was obtained from Crystal data fo2: C4;H3sNOsP;, M= 681.62, Triclinic,P1, Z =

the dialdehyde via an electrochemical method, which has 2,a=9.594(3) Ab = 10.695(4) Ac = 17.058(6) Ao = 98.626-
attracted considerable attention as a green chemistry process.(6)°, f = 95.024(6}, y = 108.664(6), V = 1622.2(9) &; 11 756

Experimental Section

Additional experimental details can be found in the Supporting
Information.

[OHCC(PPh3)CHC(PPh3s)CHOJNO 5(2). Concentrated nitric
acid (65%, 0.6 mL, 8.8 mmol) was added to a solution of
ruthenabenzené (1.35 g, 1.0 mmol) in CkCl; (25 mL). The
reaction mixture was stirred for abiobi h togive a brown solution,

(8) Selected recent examples: (a) Sperry, J. B.; Wright, DChem.
Soc. Re. 2006 35, 605. (b) Raju, T.; Manivasagan, S.; Revathy, B.;
Kulangiappar, K.; Muthukumaran, Aletrahedron Lett2007, 48, 3681.
(c) Qlivero, S.; Perriot, R.; Dlach, E.; Baru, A. R.; Bell, E. D.; Mohan,
R. S. Synlett.2006 13, 2021. (d) Elinson, M. N.; Feducovich, S. K,;
Vereshchagin, A. N.; Gorbunov, S. V.; Belyakov, P. A.; Nikishin, G. I.
Tetrahedron Lett2006 47, 9129. (e) Okimoto, M.; Yoshida, T.; Hoshi,
M.; Hattori, K.; Komata, M.; Numata, K.; Tomozawa, Bynlett2006 11,
1753. (f) Zha, Z. G.; Hui, A. L.; Zhou, Y. Q.; Miao, Q.; Wang, Z. Y.;
Zhang, H. C.Org. Lett.2005 7, 1903. (g) Palma, A.; Frontana-Uribe, B.
A.; Cardenas, J.; Saloma, MElectrochem. Commur2003 5, 455.

reflections, 5649 independent reflectior,( = 0.0302); R, =
0.0561wR, = 0.1619 for 442 parameters and 4396 reflections with
[I' > 20(1)]. Crystal data for3: C4H3,ClIO/P,, M, = 733.05,
Monoclinic, P2(1)c, Z = 4,a = 16.8145(5) Ab = 12.2319(4) A,
c=17.1881(5) Ao = 90°, B = 95.017(3}, y = 90°, V = 3521.59-
(19) A3; 17 829 reflections, 6182 independent reflectioRg; (=
0.0501);R; = 0.0399,wR, = 0.0649 for 460 parameters and 3219
reflections with [ > 20 (1)]. For further details on crystal structures,
see the crystallographic information file in the Supporting Informa-
tion.
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