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Isolation and Structure of the First Azo Anion Radical Complexes of Ruthenium
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Among catenated nitrogen compounds; N bond orders of
1 and 2 are common as in hydrazines and azo compounds,
respectively. In azo anion radicals (AAR) formed by the addition
of an electron to the aze* orbital, eq 1

—N=N— 4 e— —N-=N—" Q)
(%% (o
the formal bond order is 1.5. AAR species have been documented
in solution!~* but none has been isolated in pure form either in
the free or in the coordinated state. This has been achieved in
the present worR,thus providing an experimental measure of
the AAR N—N length. The relevant azo ligands, complexes, and
their abbreviations are set out in Chart 1. The reaction of
2-(arylazo)pyridines of type1® with 27 has afforded
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was adde@ (100 mg, 0.10 mmol), and the mixture was heated to reflux
in a nitrogen atmosphere for 1 h. The dark green crystalline complex
precipitated in 70% yield on cooling. Data f8a are as follows. Anal.
Calcd (found) for GgH3oNsOP,CIRu: C, 65.85 (66.08); H, 4.32 (4.47);
N, 4.91 (4.82). UV-vis (CsHe) [Amax NM (€, M~ cm™3)]: 580 (5400),
460 (4200), 370 (15 000). IR (KBr, cid): 1290 @'n-n), 1923 (o),
310 (ru-ci)- 3b was similarly prepared in 80% yield frorhb and 2.
Data for3b are as follows. Anal. Calcd (found) fors§3sNsOP,Cl,Ru:

C, 62.76 (63.57); H, 4.24 (4.19); N, 4.85 (4.63). YVis (CsHe) [Amax

nm (¢, M=t cm™H]: 570 (5500), 455 (4100), 370 (15 000). IR (KBr,
cm): 1288 @), 1923 fc-o), 320 (ru-ci).

(9) 3a"™: To a solution of3a (50 mg, 0.06 mmol) in dichloromethane (20
mL) was added NEPF; (20 mg, 0.12 mmol in 5 mL acetonitrile), and
the mixture was magnetically stirred for 2 h. The red solution was dried
under reduced pressure, washed with water, and dried in vacuo.
Subsequent chromatographic workup of a dichloromethane solution on
silica gel (eluent 1:4 acetonitritebenzene) afforded red-color8d™ PR~
in 70% yield. Data fo3a" PR~ are as follows. Anal. Calcd (found) for
CugH3N3OFsPsCIRu: C, 56.35 (56.67); H, 3.71 (3.84); N, 3.89 (4.13).
UV —vis (CHClp) [Amax NM €, M~ cm™)]: 500 (2400), 450 (2600),
380 (9800). IR (KBr, cmY): 1340 (n-n), 1960 ¢c-o), 330 (ru-ci)-

H NMR (CDCl, 298 K, ppm from TMS): 6 8.75 (d,J = 7.8, 1H),
8.27 (,J=7.7, 1H), 7.81 (dJ = 5.1, 1H), 6.94 (tJ = 8.0, 2H), 6.78
(t, J= 6.6, 1H), 6.75 (dJ = 8.1, 2H).3b" was similarly prepared from
3b and was isolated a38b" PRs~. Data for3b™ PR~ are as follows.
Anal. Calcd (found) for GgH3sNsOFsPsClL,Ru: C, 54.36 (54.80); H, 3.74
(3.61); N, 3.68 (3.99). UWvis (CH,Cl,) [Amax, M (€, M~ cm™3)]: 505
(2500), 460 (2800), 390 (9800). IR (KBr, ci): 1330 @n-n), 1945
(ve-0), 330 @ru-c1)- *H NMR (CDCl, 298 K, ppm from TMS): 6 8.75
(d,J=09.0, 1H), 8.23 (tJ = 7.5, 1H), 7.81 (dJ = 3.0, 1H), 6.89 (tJ
= 9.0, 2H), 6.78 (tJ = 6.0, 1H), 6.65 (dJ = 9.0, 2H).
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Chart 1

la QNZN@ (pap)
1b @NzN—@— Cl1(Clpap)

2 RUl(H)(CI(CO)(PPhy),

3a  Rull(pap*~)(CI)(CO)(PPhy),
3b  Rull(Clpap"~ )(CI)(CO)(PPh,),
3a* Rull(pap)(CI(CO)(PPh;),"
3b* Rull(Clpap)(CI)(CO)(PPhs),"
4 @CHZN—@-M: (pal)
5 Rull(pa(H)(CI(CO)(PPh;)

the green crystalline AAR complexes of tyfein excellent
yields® The solids are indefinitely stable in dry air, but solutions
undergo facile aerial oxidation affording red-colored species of
type 3* which have been isolated as PFalt$ (the Ey, values

of the 3"/3 couples lie in the range-0.3 to —0.4 V vs SCE).
The type3 complexes are paramagnetic.{: 3a, 1.79ug; 3b,
1.75ug), and their EPR spectra (Figure 1) consist of a strong
line atg = 2.000 (for both3a and 3b), the peak-to-peak line
widths being 26-24 G. This result taken collectively with bond
parameters reported below confirms the AAR descriptior3.of
AAR being az-radical, the!*N hyperfine splitting is small and

is not resolved in EPR (Figure 1) as in other ca&sesThe 3"
complexes are diamagnetic and afford well-resoledNMR
lines?

In the X-ray structuré§ of 3aand3b* PRy~ -2CH,Cl,, the two
RuN,CICP, coordination spheres have the same gross geometry
(Figures 1 and 2). We have here a unique opportunity for (i)
comparing the azo and AARNN lengths in the same environ-
ment and (ii) assessing the effect of AAR formation on other
bond parameters. In uncoordinated azo compounds and hydra-
zines, the N-N distances are 1.25and 1.45 Al? respectively.
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Figure 1. (a) Molecular structure of [Ru(pap(CI)(CO)(PPh),] (3a)

(30% thermal ellipsoids). Selected bond distances (A) and angles (deg):-rh

Ru—Cl, 2.440(2); Ru-P(1), 2.416(2); Ru-P(2), 2.400(2); RuN(1),
2.154(6); Ru-N(3), 2.087(6); Re-C(48), 1.856(10); N(2yN(3), 1.333(7);
0O(1)-C(48), 1.091(9); P(HyRu—P(2), 178.79(7); CFRu—N(3), 164.8(2);
N(1)—Ru—C(48), 179.3(3); N(1yRu—N(3), 76.4(2); Ru-C(48)-0(1),
172.5(7). (b) Powder EPR spectrum3# in the X-band (9.11 GHz) at
298 K. Instrument settings: power, 30 dB; modulation, 100 kHz; sweep
center, 3300 G; sweep width, 1000 G; sweep time, 240 s.

In 3athe distance has an intermediate value, 1.333(7) A. A plot
of N—N bond order versus bond length in the rangeNN N-=N,
and N=N is in Figure 2b.

In 3b*, the N—-N distance is still 0.04 A longer than 1.25 A
due to the strongt— 7*(azo) back-bondingz ¢314 In the plot
of Figure 2b, the length iBb* corresponds to a bond order of
1.7. Back-bonding tar*(azo) is expected to become unimportant
upon AAR formation, and there is indeed a 0.04 A increase in
the Ru-N3 distance betweeBb™ and3a. The CO and PPh
ligands play a stabilizing role by contributing more to back-
bonding in3athan in3b", as can be seen in bond length data
and invco value$® (a 35 cnt! decrease betweedt and3). The
trans influence of the AAR site on the R€I length andvgy—c®°
is also noteworthy.
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Figure 2. (a) Molecular structure of [Ru(Clpap)(Cl)(CO)(P#i* (3b™)
showing 30% probability ellipsoids. Selected bond distances (A) and
angles (deg): RuCl(1), 2.391(2); Ru-P(1), 2.429(2); RtP(2), 2.420(2);
Ru—N(1), 2.125(5); Re-N(3), 2.042(5); Ru-C(48), 1.874(8); N(2)
N(3), 1.293(7); O(1)C(48), 1.126(8); P(tyRu—P(2), 170.79(6); CI(Ly
Ru—N(3), 166.8(2); N(1)-Ru—C(48), 174.8(2); N(1)Ru—N(3), 75.8(2);
F}\U—C(48)—O(l), 178.0(6). (b) A plot of bond order versus bond length
A).

Finally, a scrutiny of our synthetic procedure, eq 2, is in order.
e key to our success in the isolation of AAR

1+2—3+",H,+ PPh )
species of type3 lies in the choice of2 as starting material
ensuring (i) in situ availability of the required (eq 1) reducing
equivalent via Re-H bond cleavage, eq 2, and (ii) a stabilizing
environment ofr-acid ligands (CO, PRh The role of Ru-H
bond cleavage in AAR formation is further highlighted in the
reaction of2 with the aldimine pal? 4. The aldiminez* orbital

lies too high for anion radical formation, and here the product
obtained is5, in which the Ru-H bond is preserved, as proved
by theH NMR doublet (coupling witk?'P) at~—12 ¢.16
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