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Reactions in which atoms or groups multiply bonded to a
transition metal are added to an alkene are among the mostrigure 1. Thermal ellipsoid plot of TpOs(Ngis)Cl2 (28, 30% thermal
common and important reactions of these spetieamiliar ellipsoids). Selected bond distances (A) and angles (deg):N2s1.859
examples include epoxidation by oxo compleXeiridination (3); Os—N12, 2.053 (3); OsN22, 2.063 (3); OsN32, 2.094 (3); Os
by imido complexes$,cyclopropanation by metal carberfesnd Cl1, 2.3879 (10); OsClI2, 2.3689 (11); C5N1-0Os, 131.0 (3); C6
dihydroxylation by polyoxo complexes such as osmium tetrokide. N1-Os, 132.9 (3); C5N1-C6, 96.1 (4).

In contrast, additions of multiply bonded groups in soluble metal

complexes across the termini of dienes are very rare, with the course of 4 days to afford the bicyclic osmium amido complex
examples restricted to a few specialized reactions of Fischer TpOs(NGHSs)Cl, (2a) in 80% yield by NMR (eq 1).

carbene complexéand metal phosphinidenésn heterogeneous

reactions, addition of metal-bound oxygen atoms across 1,3- R

butadiene has been proposed in reactions on silver sutfacds

over vanadyl pyrophosphates, where it may play a role in the 1

oxidation of butane to maleic anhydri@l@here is also precedent m R N

for reactions that form dienes by extruding metijand multiple

bonds, for instance in the deoxygenation of 2,5-dihydrofuran to @N ‘OsiCI'F M@N ‘(IDS:CI (1)
form a tungsterroxo complex® and particularly in the recent g"( | Cl &N/ | Ci
demonstration of the extrusion of anthracene from a chromium N

(" Ny N
amide derived from deprotonated dibenzo-7-azanorbornadiene ‘N\@ I-P_N\Cj
1

to form a terminal nitridé! Here we report the [1,4]-addition of

a variety of osmium nitrido complexes to 1,3-cyclohexadienes, R =H (2a), OMe (2b)

a reaction which simultaneously forms two new carbon

nitrogen bonds. The addition reaction shares some features The air-stable compound has been characterized spectroscopi-
with the Diels-Alder reaction, with which it is formally isoelec-  cally and analytically? and its structure was confirmed by a

tronic. single-crystal X-ray structure (Figure ¥).The complex is
The osmium(VI) tris(1-pyrazolyl)borate complex TpOsKNCI|  octahedral and contains a very short bond from osmium to a planar
(1)*2reacts with 1,3-cyclohexadiene in acetonitrile af65over ~ hitrogen atom of the bicyclic amide (sum of angles360.0).
The Os-N bond of 1.859(3) A is within the range found for
\ (1)YNuEe£138\év. A.; Mayer, J. MMetal—Ligand Multiple BondsWiley: osmium-nitrogen double bonds in azavinylidene complexes
ew York, . — 5,16 ‘e cinnifi ]
) Getovic. b Bruice, T. CAcc, Chem. Red.992 25, 314320, (1.81-1.88 A} and is significantly shorter than the corre
(3) (a) Groves, J. T.; Takahashi, I. Am. Chem. S0d.983 105, 2073~ sponding distance In thg anllldo_com.plex TpOS(NHPEII(DJQlQ-
2074. (b) Du Bois, J.; Tomooka, C. S.; Hong, J.; Carreira, EAbt. Chem. (6) A).22 The r-bonding in the bicyclic amide also appears to be

iermediates in aaindation reactions. catalyeed by Jate tangition metal SITONger than in the aniide, insofar 2sis diamagnetic (as judged
; . h )
complexes; see, .g., Brandt, P.. Sodergren, M. J.; Andersson, P. G.; Norrby,dY its sharp, unshiftetH and**C NMR resonances), while TpOs-

P.-Q J. Am. Chem. So@00Q 122, 8013-8020. (NHPh)CL is paramagnetic. A similar difference in bond lengths
(4) Brookhart, M.; Studabaker, W. EEhem. Re. 1987, 87, 411-432.
(5) Schiaer, M. Chem. Re. 198Q 80, 187—213. (13) Partial spectroscopic data for selected compounds (for full experimental

(6) (@) Sierra, M. A.; Soderberg, B.; Lander, P. A.; Hegedus, L. S. details, see the Supporting Informatior®a. 'H NMR (CDCL): 6 2.84, 3.12
Organometallics1993 12, 3769-3771. (b) Barluenga, J.; Aznar, F.; Féma (m, 2H ea.; GIH'CHH'), 3.74 (m, 2H; bridgehead &), 6.33 (t, 2 Hz, 1H;

dez, M.Chem. Eur. J1997 3, 1629-1637. pz 4-H trans to amide), 6.36 (t, 2 Hz, 2H; pz 4-H trans to Cl), 6.78 (t, 1.5 Hz,
(7) (a) van Eis, M. J.; Komen, C. M. D.; de Kanter, F. J. J.; de Wolf, W. 2H; alkene CH). FABMS: 569 (M"). 4b: 'H NMR (CDsCN): ¢ 2.35 (ddd,
H.; Lammertsma, K.; Bickelhaupt, F.; Lutz, M.; Spek, A.Angew. Chem., 11.5, 9.5, 4 Hz, 1H, BH'CH"H""), 2.58 (s, 3H, OEl3), 2.76 (ddt, 12, 9.5,

Int. Ed.1998 37, 1547-1550. (b) van Eis, M. J.; de Kanter, F. J. J.; de Wolf, 4.5 Hz, 1H, CH{'CH'H"), 2.87 (ddd, 11.5, 10.5, 4 Hz, 1H,
W. H.; Lammertsma, K.; Bickelhaupt, F.; Lutz, M.; Spek, A.Tetrahedron CHH'CH""H'"), 3.00 (ddd, 12, 10.5, 4 Hz, 1H, CHEH"'H""), 4.38 (dd, 4.5,

2000Q 56, 129-136. 3 Hz, 1H, bridgehead @), 6.71 (d, 6 Hz, 1H, G=CH ad]. to OCH), 6.78

(8) Roberts, J. T.; Capote, A. J.; Madix, R.JJ.Am. Chem. Sod.99], (dd, 6, 3 Hz, 1H, CHCH away from OCH), 8.67 (dd, 5.5, 1 Hz, 1H, terpy
113 9848-9851. H-6), 8.78 (dd, 5.5, 1 Hz, 1H, terpy H:f FABMS: 618 (M").

(9) (a) Centi, G.; Trififg F.J. Mol. Catal.1986 35, 255-265. (b) Schigtt, (14) Crystallographic data fa2a-CDCls: Cy¢H15DBCIsN/Os, red plates
B.; Jgrgensen, K. A.; Hoffmann, R. Phys. Chem1991, 95, 2297-2307. grown from CDCl/hexane, triclinic, space groupl, a = 9.584 (2) Ab=

(10) Jang, S.; Atagi, L. M.; Mayer, J. M. Am. Chem. Sod.99Q 112, 9.6698 (8) A,c = 14.2881 (8) A,a = 91.938 (5}, B = 102.386 (7}, y =
6413-6414. 111.069 (8), V = 1198.0 (2) B, Z = 2, R1= 0.0235, wR2= 0.0591 ( >

(11) Mindiola, D. J.; Cummins, C. CAngew. Chem., Int. EdL998 37, 20(1)), GOF = 1.038. The single and double bonds are disordered between
945-947. C1—-C2 (1.431(8) A) and C3C4 (1.435(9) A).

(12) (a) Crevier, T. J.; Mayer, J. M. Am. Chem. S0d998§ 120, 5595— (15) (a) Werner, H.; Knaup, W.; Dziallas,.Mngew. Chem., Int. Ed. Engl.

5596. (b) Crevier, T. J.; Bennett, B. K.; Soper, J. D.; Bowman, J. A.; Dehestani, 1987 26, 248-250. (b) Werner, H.; Daniel, T.; Mier, M.; Mahr, N. J.
A.; Hrovat, D. A.; Lovell, S.; Kaminsky, W.; Mayer, J. M. Am. Chem. Soc. Organomet. Chenl996 512, 197—-205.
2001, 123 1059-1071. (16) Brown, S. N.Inorg. Chem.200Q 39, 378-381.
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between bicyclic and normal (aromatic) amides is seen in Cr-
(N)(dbabh)(NRAE),** and suggests that bicyclic amides are
unusually strongr donors. Silled empty

Electron-rich 1-methoxy-1,3-cyclohexadiene reacts much more
rapidly with 1, forming theC;-symmetric bridgehead-substituted
bicyclic amido complexb within 6 h at 20°C. The yield of the
cycloadduct is quantitative in the presence of high concentrations empty
of diene, but when pur2b is dissolved in acetonitrile, it slowly
dissociates methoxycyclohexadiene and forms an equilibrium
mixture of 1, 2b, and diene (for formation o2b in CD;CN at
292 K,Keq= 481+ 26 M™1). From the temperature-dependence Figure 2. Possible orbital interactions in [4 1] cycloaddition reaction.

of the equilibrium constant between 284 and 333 K, thermody- tadiene reacts witbis-[(terpy)OsNC}PFs to give an azaalle-
namic parameters for the cycloaddition to fo@h have been  njym complex, the product of alkene cleavage).

Jilled

Os

determined to bAH® = —15.0+ 0.5 kcal/mol AS* = —39.3+ The pattern of reactivity in these cycloadditions, with electron-

1.7 cal/moiK.. . o poor nitrides and electron-rich dienes reacting faster, is strongly
The cationic osmium nitride complexes [(Tpm)OshEFs reminiscent of the normal pattern of the Dielslder reaction.

(Tpm = tris(1-pyrazolyl)methané) andcis- andtrans-[(terpy)- Likewise, the unique proclivity of cyclohexadienes to undergo

OsNC|PFs (terpy=_2,2:6’,2"-terpyridine}8 react analogously cycloadditions with osmium nitrides may reflect their relatively

with 1,3-cyclohexadiene and 1-methoxy-1,3-cyclohexadiene (eq short separation between the diene termini, a factor which is

2; yields determined by NMR). Although the yields are lower in  \nown to be very important in the DietsAlder reactio* (and
which might be even more important in a reaction which forms

R a one-atom, rather than a two-atom, bridge between those termini).
R + A close analogy between the frontier orbitals of the osmium nitride
N + and those of a dienophile can be drawn (Figure 2). The analogy
||| MeCN | between N=Os and &O has already been noted in the
+ LOSCI —_— 'il 2 literature?® and the well-known cheletropic extrusion of CO from
sUlp RT 3-cyclopentenonésis very closely related to the microscopic
LOsCl, reverse of the [1,4]-addition reactions described here. That there
R = H (a series); R = OMe (b series): may be a mechanistiq similarity, anq not just a formal apalqu,
L= Tpm: 24 hr, 15% (3a); 20 min, 95% (3b) is made more plausible by the similarity of the activation
L= cis-terpy: 9 hr 250, (4a)’.15 min. 93% (4b) parameters for the extrusion of 1-methoxy-1,3-cyclohexadiene

from the neutral cycloaddu@b (AH* = 23.7 & 0.4 kcal/mol,

ASf = —0.4 £ 1.2 cal/moiK, CHsCN, 308-345 K) to those of
related CO extrusion®. The relative insensitivity to solvent
the reactions of these cationic nitrides with unsubstituted cyclo- polarity of the rate of cycloreversion @b (only 25% slower in
hexadiene, the rates are substantially faster than the correspondin@H,Cl, [¢ = 9] than in CHCN [¢ = 36]) or of addition of 1,3-
rates with neutral. In particular, all of the cationic nitrides react  cyclohexadiene td (similar rates in CRCN and GDs) appears
completely with methoxycyclohexadiene to give high yields of to preclude the presence of a zwitterionic intermediate and is more
the cycloadduct in less than 20 min at room temperature. The consistent with a concerted or diradical mechanism. Further
enhanced reactivity of the cations is consistent with the nitride studies of the mechanism of this unusual [1,4]-atom transfer
acting as an electrophile in these reactiths. process are in progress.
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