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Figure 2. Molecular structure of [Ph,PNH,][OsN(#*-HBA-B)] (4).

intensely colored purple product, 2, together with a red as yet
unidentified paramagnetic species. Complex 2 can be isolated
following preparative TLC on silica gel plates in 30% yield.
Recrystallization from ethanol/hexane affords small deep purple
crystals. An X-ray analysis was performed.’ The X-ray structural
study (Figure 1)!° reveals that the PAC ligand has isomerized
to the cis-8 geometry and a bidentate ligand has been produced.
One plausible mechanism for the formation of the bidentate ligand
involves the intermediacy of an Os(VIII) bis(imido) complex 3
(see Scheme I). Insertion of an imido nitrogen of 3 into the aryl
C-H bond of the second imido ligand followed by proton migration
would yield the bidentate ligand. Analogous reactions have been
observed by Trogler et al. in photochemically initiated reactions
of cobalt tetraazadiene complexes. High-valent diimido inter-
mediates (cobalt(V)) were also invoked.!! The identical ligand
was found for the complex [HOss(CO),3(PhNC¢H,NH)], ob-
tained from the reaction of H,0s,(CO),, with azobenzene.!?

(9) 'H NMR spectrum assigned following decoupling and NOE experi-
ments. For assignments see Figure . 'H NMR (CDCly), 8: 11.6 (s),
N(3A)-H; 8.35 (dd), C(10A)-H; 8.05 (d), C(4C)-H; 7.3 (1), C-
(6C)-H, C(6A)-H; 7.0 (m), C(7C)-H, C(7A)-H, C(11A)-H, C-
(11C)-H, C(25A)-H, C(24A)-H, C(23A)-H; 6.92 (d), C(35A)-H; 6.8
(t), C(5C)-H, C(5A)-H; 6.48 (t), C(34A)-H; 6.35 (t), C(32A)-H;
6.28 (br t), C(33A)-H; 6.0 (d), C(26A)-H, C(22A)-H. Anal. Caled
for OsC;,H,,04 C, 53.62; H, 3.09; N, 7.82. Found: C, 53.49; H, 3.19;
N, 7.65.

(10) Structure determination of 2: space group P1, Z = 4, A = 0.7107 A,
Enraf-Nonius CAD4 diffractometer, a = 9.259 (2) A, b = 16.025 (5)
A c=17.883 20) A, a = 9537 (4)°, 8 = 94.49 (4)°, v = 98.68 (3)°,
V = 2600 (2) A®. Heavy-atom solution, full-matrix least-squares re-
finement on all coordinates and anisotropic Gaussian amplitudes of the
non-hydrogen atoms minimizing ¥ wA?, w = a2, A = F,2— (F./k)%,
resulted in the goodness-of-fit S = [ wA?/(n~v)]'/2 = 1.73, n = 8144
reflections and p = 739 parameters (3 blocks, 246-247-246), Ry =
SIIF, - |F.ll/ SIF,| = 0.114 (7143 reflections, I > 0), Ry = 0.067 (4378
reflections, 7 > 30;). All calculations were carried out on a VAX
11/750 with the cRYM crystallographic system. The crystal of this
compound was of poor diffracting quality so that counting rates and
hence data precision were of low quality: the value of this determination
lies principally in establishing the connectivity of the atoms. Additional
details are given in the supplementary material.

(11) (a) Gross, M. E.; Johnson, C. E.; Maroney, M. J.; Trogler, W. C. Inorg.
Chem. 1984, 23, 2968-2973. (b) Gross, M. E.; Trogler, W. C. J.
Organomet. Chem. 1980, 209, 407-414. (c) Gross, M. E.; Ibers, J. A.;
Trogler, W. C. Organometallics 1982, 1, 503-535. (d) Gross, M. E.;
Trogler, W. C.; Ibers, J. A. J. Am. Chem. Soc. 1981, 103, 192-193.

Examples of this insertion reaction are also found in purely organic
systems.!> Attempts are under way to trap the supposed Os(VIII)
intermediate.

In contrast, reaction of 1 with 2 equiv of trimethylsily! azide
(caution!) in benzene at room temperature for 4 h yields the yellow
nitrido complex 4, which precipitates in pure form as the
[PhyPNH,]* salt (>90% yield).!* Recrystallization from CH,Cl,
affords X-ray-quality crystals.!> The results of an X-ray crystal
structure determination are shown in Figure 2.'¢ The Os—Nido
bond distance (1.64 (1) A) is consistent with an osmium-nitrogen
triple bond.!” The osmium atom sits 0.56 A above the PAC ligand
plane with an average NML angle of 106.4°. Cation metathesis
with [Et,N][CI] gives the tetraethylammonium salt of the nitrido
complex anion. When methyl azide (caution!) is passed through
a solution of 1 in benzene, followed by workup with [Et,N][Cl],
the same nitrido complex anion can be isolated in good yield (80%)
as the tetraethylammonium salt.
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(12) Dawoodi, Z.; Mays, M.; Raithby, P. J. Chem. Soc., Chem. Commun.
1980, 712-714.

(13) (a) Smith, P. A. Open-Chain Nitrogen Compounds; Benjamin: New
York, 1955; p 121. (b) Smith, P. A. In Nitrenes; Lawowski, W., Ed,;
Interscience: New York, 1970; pp 99-162.

(14) Nitrido complexes have been produced from the reaction of tri-
methylsilyl azide and a metal complex: Chatt, J.; Dilworth, J. J. Indian
Chem. Soc. 1977, 106, 13-18.

(15) 'H NMR ((CD;),CO0), 8: 9.2 (dd), 2 H; 8.45 (dd), 2 H; 7.7 (m), 15
H; 7.1 (m), 8 H; 6.3 (brs), 2 H. *'P{'H} NMR ((CD,),CO) é&: 42.1
(s). Anal. Calcd for OsCygHyoNOLP: C, 55.20; H, 3.53; N, 6.78.
Found: C, 55.00; H, 3.67; N, 6.78.

(16) Structure determination of 4: space group P2,/n, Enraf-Nonius CAD4
diffractometer, A = 0.7107 A, 2 =9.555 (2) A, b = 23.675(3) A, c =
14.375 (3) A, 8 = 93.26 (2)°, ¥ = 3247 (1) A3, Z = 4; refinement and
structure solution, as described above, led to S = 1.75 (n = 5703 re-
flections, p = 433 parameters), Ry = 0.082 (n = 5153 reflections, / >
0), Rr = 0.049 (n = 3520 reflections, { > 30;). Additional details are
given in the supplementary material.

(17) Compare for example with the structure of K,{OsNCls] where the
Os-N bond distance is 1.614 (13) A: Bright, D.; Ibers, J. Inorg. Chem.
1969, 8, 709-715.

(18) Contribution No. 7338,

(19) Alfred P. Sloan Research Fellow, 1986-1988; Dreyfus Teacher-Scholar,
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Syntheses of Stabilized Linear Tetraphosphazanes
Sir:

The development of linear P(III)-phosphazane chemistry has
been severely limited by the absence of phosphazane [(PR-NR”),]

members of significant (n > 2) chain extension.! This dearth
occurs because reactions from which linear phosphazanes could

(1) (a) Keat, R. A. Top. Curr. Chem. 1982, 102, 89. (b) Shaw, R. A.
Phosphorus Sulfur 1978, 4, 101.
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4 Reaction conditions: (a) (Me,N);P/~Et,NH, 70 °C, 36 h; (b) ex-
cess Se, CH,Cl,, 25 °C, 20 h; (c) excess Se, CH,Cl,, 40 °C, 3 days;
(d) Sg, CH,ClL,, 25 °C, 12 h; (e) HCI(g)/-Et,NH,Cl, -196 °C, tolu-
ene, 1 h.

form result instead in four-,? six-,!* or eight-membered'* ring
products. Recently we undertook syntheses of P(III)~phospha-
zanes using template skeletal stabilization as a way to inhibit
small-ring formation and promote linear product formation. We
now wish to report preparation of the first skeletally stabilized
linear tetraphosphazane, CsH3N3[P(NMe,),],(PNMey), (1).
Reaction of 1,2,3-(NH;);C¢H; with excess (Me,N);P at 100
°C (Scheme I) results in formation of 1 (> 90% yield). Removal
of the (Me,N);P in vacuo yields 1 as an oil, which upon standing
crystallizes to pure product (mp 62-66 °C).>¢ 1 reacts with 2
equiv of Se selectively at 25 °C to form diselenide 257 or with
4 equiv of Se at 40 °C to form the tetraselenide 3a.%® Re-
crystallization of 2 from toluene or 3a from CH,Cl, yields pure
2 (mp 91-94 °C) or 3a-CH,Cl, (mp 254-258 °C), respectively.
Sulfur reacts with 1 in toluene directly to give the tetrasulfide
3b,5° showing no apparent selective oxidation of phosphorus atoms.

(2) (2) Thompson, M. L.; Haltwanger, R. C.; Norman, A. D. J. Chem. Soc.,
Chem. Commun. 1979, 647, (b) Thompson, M. L.; Tarassoli, A. T.;
Haltwanger, R. C.; Norman, A. D. J. Am. Chem. Soc. 1981, 103, 6770.

(3) (a) Zeiss, W.; Barlos, K. Z. Naturforsch., B: Anorg. Chem., Org. Chem.
1979, 34B, 423. (b) Holmes, R. R.; Forstner, J. A. Inorg. Chem. 1963,
2, 380.

(4) (a) Lehousse, C.; Haddad, M.; Barrans, J. Tetrahedron Lett. 1982, 23,
4171. (b) Zeiss, W.; Schwarz, W.; Hess, H. Angew. Chem., Int. Ed.
Engl. 1977, 16, 407. (c) Schmidpeter, A.; Tautz, H.; von Seyerl, J.;
Huttner, G. Angew. Chem., Int. Ed. Engl. 1981, 20, 408. (d) Malavaud,
C.; Boisdon, M. T.; Charbonnel, Y.; Barrans, J. Tetrahedron Lett. 1979,
5, 447. (e) Malavaud, C.; N’Gando M’Pondo, T ; Lopez, L.; Barrans,
J. Can. J. Chem. 1984, 62, 43.

(5) Satisfactory elemental analyses were obtained for all compounds.

(6) 1: *'P{'H} NMR (C¢Dy) 6 110.6 [area 2, P(2), P(3)], 109.2 [area 2,
P(1), P(4)], complex, Xpwmpay = 70.4 Hz, 2Jp(jyp() = 66.4 Hz; 'H NMR
(C¢Dg) 8 6.78 (m, area 3, Ph), 2.59 [d, area 24, CH;(exo0)], 2.40 [d, area
12, CH;(ring)]; MS, parent at m/e 505, C;sH3NoP,.

(7 2: ¥P{'H} NMR (C¢Dy) 4 120.6 [area 2, P(2), P(3)], 75.0 [area 2, P(1),
P(4)], complex Xppes; = 82.0 Hz, Up(ypey = 70.7 Hz, “Jpyypy) = ~2.2
Hz; 'H NMR (C¢Hy) 6 6.98-6.77 (complex, area 3, Ph), 2.52 2m, area
36, CH,).

(8) 3a: “'P{IH} NMR (C¢Dg) 4 59.0 [area 2, P(2), P(3)] 52.1 [area 2, P(1),
P(4)], complex, Upuypy = 11.0 Hz, Wpuypay = 15.5 Hz, “Jpypay = ~2.1
Hz; ‘H NMR (C.D) 6 7.08-6.89 (compiex, area 3, Ph), 2.50-2.11
(complex, area 24, CH;).

Communications

Figure 1. Structure and numbering scheme for C¢H3N3[PS(NMe,),],-
[PS(PNMe,)], (3b) showing 50% probability thermal ellipsoids. Hy-
drogen atoms were omitted for clarity. Selected bond distances (&) and
angles (deg): P(1)-N(1), 1.696 (5); P(4)-N(3), 1.699 (5); P(2)-N(1),
1.772 (5); P(3)-N(3), 1.734 (5); P(2)-N(2), 1.707 (5); P(3)-N(2), 1.695
(5); C(1)-N(1), 1.438 (7); C(2)=N(2), 1.390 (7); C(3)~-N(3), 1.448 (7);
P==S(mean), 1.921 (3); N(1)-P(2)-N(2), 91.7 (2); N(2)-P(3)-N(3),
91.2 (2); P(2)-N(2)-C(2), 110.3 (4); P(3)-N(2)-C(2), 111.5 (4); C-
(1)-N(1)-P(2), 111.9 (4); C(3)-N(3)-P(3), 111.7 (4); P(2)-N(2)-P(3),
138.2 (3); C(2)-C(1)=-N(1), 109.2 (5); C(2)-C(3)-N(3), 109.2 (5);
N(2)-C(2)-C(1), 116.8 (5); N(2)-C(2)-C(3), 116.5 (5); C(1)-C(2)~
C(3), 126.7 (6).

The tetrasulfide (3b) and tetraselenide (3a) crystallize from
CH,Cl, as monosolvates, 3a,b-CH,Cl,.

The new tetraphosphazanes are surprisingly stable. 1 shows
no decomposition after 10 days in air at ambient temperatures;
2, 3a, and 3b showed no decomposition during 2 weeks. Hydrogen
chloride reacts rapidly and indiscriminately with 1; however, with
2 reaction occurs below room temperature to form the dichloride
4 selectively. Recrystallization from toluene yields pure 4 (>80%
yield, mp 125 °C dec).>?

Compounds 3a-CH,Cl, and 3b-CH,Cl, are isomorphous; the
structure of the latter has been solved completely by single-crystal
X-ray analysis.!! 3b-CH,CI, contains eight molecules per unit
cell. 3b is a (Me,N),P-substituted tricyclic benzobis(-
phosphadiazole) (Figure 1), in which a P,N; tetraphosphazane
unit is stabilized by bonding of the three skeletal nitrogen atoms
to the 1,2,3-positions of the benzene ring. 3a has approximate
C, point group symmetry, with the C, axis colinear with the
N(2)—-C(2)-C(5) vector. The endo P==S bonds P(2)-S(2) and
P(3)-S(3) are oriented trans to one another and, in the solid, trans
to the exo P=S groups. The (Me,N)PS units bridge arene ring
nitrogens N(1)/N(2) and N(2)/N(3) without “dishing” of the
molecule. The P,Nj skeleton and Cg ring are within experimental
error coplanar. Some bond distance and angle distortions occur
to maintain the planar geometry. The mean £C(4)-C(3)-N(3)
and £C(6)—C(1)-N(1) of 133.5° and the P(2)-N(2)-P(3) angle
of 138.2° are unusually large. The C(3)-N(3) and C(1)-N(1)
bonds (mean 1.443 A) are longer than the inner C(2)-N(2) bond

(9) 3b: 3'P{!H} NMR (C¢Dy) 4 60.6 [area 2, P(2), P(3)], 60.1 [area 2, P(1),
P(4)], complex, VJpapay = 11.0 Hz, Wpyppy = 18.2 Hz; 'TH NMR
(C¢Dg) 6 6.82 (m, area 3, Ph), 2.85 [m, area 24, CH;(ex0)], 2.74 [m,
area 12, CH,(ring)]; MS (FAB, glycerol/CH,Cl, matrix), parent at
m/e 634, C,yH;sNgP,S,.

(10) 4: P{'H} NMR (C(Dy) 6 147.2 [d, area 2, 2Jp, = 71.3 Hz, P(2), P(3)],
65.5 [d, area 1, P(1), P(4)}; '"H NMR (C;Dy) 8 7.08-6.89 (complex m,
area 3, Ph), 2.50-2.11 (complex m, area 24, CH,).

(11) Crystal data for C;3H;yNoP,S,CH,Cl,: formula weight 718.65, or-
thorhombic, Phea, a = 14.706 (3) A, b = 21.610 (5) A, ¢ = 22.000 (5)
A, V=691 (3) A% Z =8, dyy = 1.18 g/cm?, dgiea = 1.20 g/cm>.
Intensity data: Nicolet P3/F autodiffractometer, Mo K, (A = 0.71069
A), 8-26 scan mode, 3.0 < 28 < 50.0, 7117 reflections collected (6182
unique), of which 2390 were observed [(F,) > 64(F,)]. The data were
corrected for a 34% decline in intensity. An empirical absorption cor-
rection was applied. The structure was solved by direct methods and
refined by block-cascade least-squares calculations; R = 0.049, R,, =
0.050. For the final refinement, the thermal parameters for the solvent
molecule and the phosphorus, sulfur, and nitrogen atoms were treated
anisotropically; those of carbon were treated isotropically. Hydrogen
atoms were included in idealized geometries, riding on the atoms to
which they are attached, with a single refined isotropic thermal pa-
rameter.
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(1.390 A), and the P(2)-N(1) and P(3)-N(3) distances (mean
1.728 A) are longer than the inner P(2)-N(2) and P(3)-N(2)
distances (mean 1.701 A). The P(2)-N(1) and P(3)-N(3) bonds
are relatively long for typical phosphazane P-N bonds (eg.
1.65-1.70 A)!.24ce however, the other P-N distances in 3b are
as expected.

The tetraphosphazanes 14 are characterized by a combination
of 'H and 3P NMR, IR, and rgass spectral data. All show basic
AA’XX’ or AA’BB’ *'P NMR spectral patterns,'? analogous to
that of 3b and consistent with the presence of only one isomer.
Hence all series members are inferred to be structurally analogous
to 3b, i.e. trans bonded around the central P(2)-N(2)-P(3)
linkage. The 2Jpypesy coupling constant of 70.4 Hz in 1 is con-
sistent with those seen in trans-diphosphinoamines reported
previously.’> The outer P-N-P couplings, 2Jp(1)p(z) and 2p(yp(a,
are slightly smaller and assumed to be the average of all possible
conformations around the exo P~N bonds. Similar comparison
data for the A*-A® (2 or 4) or the A*~A* compound (3a and 3b)
are not available; however, it is of interest to note that 2Jp(yp()
values in 3 and 4 are smaller than that observed in 1.

Compound 1 is an unique example of a molecule containing
a diphosphinoamine unit [P(2)-N(2)-P(3)] stereoselectively
formed as the trans 4,/ isomer. Although reaction of PhPCl, with
i-PrNH, yields meso-i-PrN[PhP(i-PrNH)], diastereomerically
selectively,! such selectivity has not been recognized generally
in diphosphinoamine formation reactions. How formation of 1
as one diastereomer results and is a function of the skeletal sta-
bilization in the system is of interest. Perhaps with substituent
modifications, such reactions can be used in other stereoisomeric
selective syntheses.

The successful attachment of a tetraphosphazane unit to three
adjacent positions on a benzene ring without major distortion of
the systems or loss of planarity suggests that it might be possible
to extend the phosphazane skeleton to completely encircle the Cg
ring with an (RPN), “supercycle” azane ring. Such molecules
and their derivatives might have novel magnetic and/or electronic
properties analogous to those reported recently by Breslow and
co-workers. !’
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(12) Abraham, R. J. The Analysis of High Resolution NMR Spectra; El-
sevier: New York, 1971.

(13) Keat, R.; Manojlovic-Muir, K. W; Rycroft, D. S. J. Chem. Soc., Dalton
Trans. 1981, 2192,

(14) Hill, T. C.; Haltiwagner, R. C.; Norman, A. D. Inorg. Chem. 1988, 24,
3499.

(15) (a) Breslow, R.; Maslak, P.; Thomaides, J. S. J. Am. Chem. Soc. 1984,
106, 6453. (b) Bresiow, R.; Jaun, B.; Kluttz, R. O.; Xia, C.-Z. Tet-
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Resonance Raman Spectra of Charge-Transfer Excited
States of Copper(I) Complexes

Sir:

Resonance Raman spectroscopy is now well-established! as an
important probe of the charge-transfer excited states of metal

complexes and in particular as an effective way of investigating
the extent of localization of the excited electron on acceptor ligand
orbitals.? With one exception,’ previous work has focused at-
tention on the excited states of d® metal ion complexes. We wish
here to report the first examples of resonant Raman scattering
from the excited states of some photoelectrochemically interesting*
d!® systems, namely the metal-ligand charge-transfer (MLCT)
states of the four-coordinate copper(I) complexes [Cu(DPP),]*
and [Cu(DMP)(Ph,P),]* (DPP and DMP are respectively 2,9-
diphenyl- and 2,9-dimethyl-1,10-phenanthroline), for which we
have recently measured’ excited-state absorption spectra. The
results provide convincing evidence that in the MLCT excited state
of [Cu(DPP),]*, the transferred electron is localized on one ligand.
Our findings suggest that localized excitation, originally dem-
onstrated for the CT excited states of a variety of Ru(II) com-
plexes,? is a rather general phenomenon among the MLCT excited
states of transition-metal systems.

The resonance Raman studies were carried out at the Laser
Support Facility of the U.K. Science and Engineering Research
Council (Rutherford Appleton Laboratory). Ground-state spectra
were generated by means of an Ar* laser (Innova 90) at wave-
lengths of 363.8 and 488 nm. An excimer-pumped dye laser
(Lambda Physik FL2002E) was used for the excited-state in-
vestigations. In all cases, the excited-state lifetimes were suffi-
ciently long in comparison with the laser pulse duration (10 ns)
and the extent of overlap of the ground- and excited-state ab-
sorption spectra of the complexes was such that the same laser
pulse served both to populate and to interrogate the excited species.
The complexes were prepared by literature methods.*®¢ Argon-
purged solutions in methanol (ca. 10~* mol dm~) were flowed
through quartz capillary sample tubes, and the laser beam was
brought to a focus just beyond the irradiated zone. Raman
scattered radiation, dispersed through a Spex Triplemate spec-
trograph (1200 lines/mm grating), was detected by an intensified
diode array (EG&G, Model 1420). Raman spectra of indene and
cyclohexane, recorded under the same experimental conditions
as the complex spectra, were used for calibration purposes. Spectra
recorded on several different visits to the Laser Centre were very
reproducible, and the peak positions in the spectra reported here
are reliable to better than 4 cm™.

As a strategy for establishing the nature of the MLCT excited
states of the bis(ligand) complex, resonance Raman spectra of
[Cu(DPP),]* were compared with those of the mixed-ligand
species [Cu(DMP)(Ph;P),]*. The latter complex has* an intense
MLCT (Cu—DMP) band in the region of 360 nm, and the
charge-transfer state populated by excitation in this spectral region
necessarily has the excited electron localized on the single DMP
ligand. The photoexcited complex is thus in effect a source of
the disubstituted 1,10-phenanthroline radical anion.® Figure 1a
shows the excited-state absorption spectrum, with UV and visible
bands resembling the published’ absorption spectra of the radical
anions of 1,10-phenanthroline and related N-heteroaromatic

(1) Chung, Y. C.; Leventis, N.; Wagner, P. J; Leroi, G. E. Inorg. Chem.
1985, 24, 1965-1966 and references therein.

(2) (a) Caspar, J. V.; Westmoreland, T. D.; Allen, G. H.; Bradley, P. G.;
Meyer, T. J.; Woodruff, W. H. J. Am. Chem. Soc. 1984, 106,
3492-3500. (b) Forster, M.; Hester, R. E. Chem. Phys. Lett. 1981, 81,
42-47. (c) Smothers, W. K.; Wrighton, M. S. J. Am. Chem. Soc. 1983,
105, 1067-1069.

(3) Dallinger, R. F.; Miskowski, V. M.; Gray, H. B.; Woodruff, W. H. J.
Am. Chem. Soc. 1981, 103, 1595-1596.

(4) (a) McMillin, D. R.; Kirchoff, J. R.; Goodwin, K. V. Coord. Chem. Rev.
1985, 64, 83-92. (b) Dietrich-Buchecker, C. O.; Marnot, P. A.; Sau-
vage, J.-P.; Kirchoff, J. R.; McMillin, D. R. J. Chem. Soc., Chem.
Commun. 1983, 513-515. (c) Rader, R. A.; McMillin, D. R.; Buckner,
M. T.; Matthews, T. G.; Casadonte, D. J.; Lengel, R. K.; Whittaker,
S. B,; Darmon, L. M.; Lytle, F. E. J. Am. Chem. Soc. 1981, 103,
5906-5912.

(5) (a) Bell, S. E. J.; McGarvey, J. J. Chem. Phys. Lett. 1986, 124,
336-340. (b) Bell, S. E. J.; Gordon, K. C.; McGarvey, J. J., to be
submitted for publication.

(6) Severe steric crowding® precludes the preparation of the mixed-ligand
complex, [Cu(DPP)(Ph,P),]*, in which the MLCT excited state would
be a source of DPP radical anion.

(7) Kato, T.; Shida, T. J. Am. Chem. Soc. 1979, 101, 6869-6876.
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