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Abstract 

(~4-Cycloheptatriene)Ru(CO), reacts readily with tetracyanoethylene (TCNE), 4-phenyltriazoline- 
3,5-dione @TAD) and (carbomethoxyhnaleic anhydride (CMA) to give stable 3 + 2 o,rr-allylic adducts. 
The 3 + 2 adduct with TCNE equilibrates via a [4,4]-sigmahaptotropic rearrangement with the less 
stable 6 + 2 adduct, which decomposes under the reaction conditions to the demetallated 6 + 2 adduct. 
It is concluded that u,rr-allylic adducts are in general more stable than their isomeric n4q counter- 
parts. The structure of the 3 + 2 TCNE adduct was determined by a single-crystal X-ray diffraction 
study. 

Introduction 

n4-Cycloheptatriene (cht) complexes of iron have become valuable probes for 
the study of pericyclic organometallic reactions. Typical examples involving the 
parent (cht)Fe(CO), (I) are: the electrocyclic ring opening of (v4-norcaradi- 
ene)Fe(CO), (II) (eq. 1) [2], the 3 + 2 cycloaddition of I with tetracyanoethylene 
(TCNE) [3], and the subsequent [4,4]-sigmahaptotropic (a,~) rearrangement [4] of 
the resulting adduct III to the formal 6 + 2 adduct IV (eq. 2). Similar cycloaddi- 
tions of iron-coordinated tropone, heptafulvene, and azepine with a number of 

* For previous paper in this series see ref. 1. 
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electrophilic olefins have been observed, as have analogous (a,v)-rearrangements 
of the corresponding adducts [51. These studies all show that the course and 
kinetics of the reactions are both highly sensitive to the nature of the addends, the 
substituents on the organic ligand, and the ancillary metal ligands. 

Few cycloaddition reactions of cht derivatives coordinated to transition metals 
other than iron have been described, although a report on cycloaddition reactions 
of (n4-N-methoxycarbonylazepine)Ru(C0)3 (V) with TCNE, hexafluoroacetone, 
and l,l-dicyano-2,2-bis(trifluoromethyl)ethylene appeared some time ago [6]. We 
considered it of interest to us to undertake a systematic study of the variations in 
reactivity caused by replacing the iron with other metals. 

A natural choice was ruthenium, the next member of the iron triad. Since 
(cht)Ru(CO), (VI) had recently become readily available [7], we focused our 
attention initially on this complex. We describe below the facile high-yield prepara- 
tion and structural characterization of the novel adducts of (cht)Ru(CO), (VI) with 
TCNE, 4-phenyltriazoline-3,5-dione (PTAD), and (carbomethoxyhnaleic anhydride 
(CMA). We also compare the rearrangement aptitude of the Ru adducts under 
thermal conditions with that of their Fe counterparts. 

Results 

Cycloadditions 

The reactions of (cht)Ru(CO), VI with TCNE, PTAD and CMA were con- 
ducted in chloroform or acetone solutions; the reactions are fast and quantitative 
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Table 1 

‘H NMR spectral data ’ 

Complex Solvent 

III c (CD&CO 

VII CDCl, 

(CD&O 

VIII CDCl, 

(CD&CO 

IX CDCl 3 

H(1) H(2s) b 

3.95 3.20 

H(2a) 

2.44 

H(3) H(4) H(5) H(6) H(7) 

4.82 5.17 5.17 4.54 1.72 

J,, 12.5, I,, 2.8, J,, 1.2, J,, 6.3, Jz2 18.0, Jzss 6.3, Jza3 1.8, Jza4 1.0, 
J3., 9.0, JT6 7.0, Js7 1.0, Je7 9.8 

3.46 2.90 2.68 4.59 5.06 4.82 4.16 1.72 
3.84 3.05 2.55 4.76 5.36 5.21 4.55 1.80 

dJlzs 12.0, JIZa 2.5, J,, 1.0, J,, 6.5, Jz2 18.0, Jm 6.0, Jzas 1.3, Ja4 1.0, 
JJ4 9.0, J35 1.3, J.,5 7.0, Je 1.0, Js6 7.0, J5, 1.5, J6, 10.0 

4.56 2.76 2.95 4.66 4.80 5.02 4.92 1.92 
4.55 2.83 2.83 4.82 5.07 5.15 4.92 2.03 
aromatic: 7.3-7.55 

dJlzs 8.5, J,, 1.0, J,, 1.0, J,, 8.5, Jz2 17.0, Ja3 4.0, J, 2.3, J,, 1.0, 
J3., 9.5, J,, 0.9, Jd5 7.5, Ja 1.0, J56 5.5, J5, 1.5, J6, 9.0 

3.20 2.87 2.53 4.53 4.56 4.74 3.95 1.32 
H(8) 3.65; Mecester) 3.91 

J12s 11.5, J,, 7.2, J,, 1.0, Jz2 16.5, Jzs3 4.5, Js5 1.5, Ja5 6.3, Js6 6.2, Jr,, 1.5, 
J,, 9.0, J,, 1.0 

’ 6 (ppm) from TMS; J (Hz); ’ s = syn, a = anti to metal; ’ Ref. 4; ’ In CDCl,. 

at room temperature. The ‘H NMR spectrum of each reaction mixture showed the 
presence of a single product, which was isolated by crystallization from CH,Cl,- 
hexane. 

The products were readily identified from their ‘H and 13C NMR spectra 
(Tables 1 and 2) as the 3 + 2 adducts VII, VIII, and IX, respectively (eq. 3). The 

Table 2 

13C NMR spectral data ’ 

Complex 

III b 

C(1) C(2) c(3) c(4) c(5) c(6) C(7) c(8,9) 

61.33 34.58 74.98 99.84 61.82 59.50 18.96 - 
CN: 112.17, 113.05; CO: 202.96, 210.90, 213.15 

VII = 62.1 34.8 69.7 105.8 59.7 61.1 13.7 51.8 
CN: 112.5, 113.4; CO: 189.2, 195.9, 198.1 

VIII = 62.99 41.87 72.13 103.52 64.11 
Ph: 125.39(o), 127.88(p), 129.02(m), 131.88(i) 
ring CO: 152.14, 153.41 

61.76 18.31 - 

ligand CO: 188.52, 195.06, 197.14 

J(CH) d 147 130 156 161 168 151 149 

IX = 52.73 41.22 71.98 103.13 60.72 60.72 14.78 59.50 
Me(ester): 53.53 
ring CO: 165.06, 166.33, 171.73 
ligand CO: 188.64, 195.98, 197.80 

u 6 (ppm) from TMS; b In (CD&CO; ’ In CDCl,; d Hz. 
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N2 

Fig. 1. Molecular structure of VII. 

a,rr-allylic structure of the complexes was confirmed by comparison with the NMR 
spectra of III [41. The structure of VII was confirmed by a single-crystal X-ray 
st’udy (Fig. 1). 

TCNE 

VII 

8 
m, I> = Y-L M 

“-% 

(3) 
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Thermal rearrangements 
Heating of a degassed acetone solution of VII, under argon, in a sealed glass 

tube, at 55” C for 24 h resulted in 83% recovery of the starting material and 
formation of 11% of the 6 + 2 diene complex X and 6% of the free diene XI [8] (by 
‘H NMR). Prolonged heating under these conditions did not appreciably change 
the ratio between the complexes, but the amount of demetallated adduct XI 
increased. Similarly, when a chloroform solution of VII was kept for 6 months at 
room temperature, the ratio of VII : X : XI was 70 : 9 : 21. It should be noted that, 
unlike VII, the analogous a,r-allylic iron compound III readily rearranges in 
acetone even at room temperature, solely to the 6 + 2 adduct IV [4] (eq. 4). 

M X XI 

The PTAD 3 + 2 adduct VIII, like its TCNE counterpart, was stable and 
showed no tendency to undergo rearrangement in either chloroform or acetone. 
Interestingly, the analogous reaction of PTAD with (cht)Fe(CO), (I) at room 
temperature did not give any isolable adduct, but the expected 3 + 2 adduct was 
identified by its ‘H NMR spectrum when the reaction was conducted at low 
temperatures [9]. 

Finally, the CMA adduct IX is also stable under rearrangement conditions at 
room temperature. However, prolonged heating at 55 o C in acetone resulted in 
extensive demetallation to give the uncoordinated formal 4 + 2 Diels-Alder adduct. 
No isomeric complex nor the free 6 + 2 adduct could be detected (by ‘H NMR). It 
is noteworthy that the corresponding 3 + 2 CMA adduct of I efficiently rearranges 
to the 4 + 2 complex at room temperature without decomposition [lo]. 

Table 3 

Bond lengths (A) in compound VII 

RuWC(l) 1.965(10) RuW-C(2) 1.902(11) 

RuW-C(3) 1.948(10) 

Ru(lxt6) 2.287(11) 

Ru(lxx8) 2.219(9) 

c(Z)-o(2) 1.14905) 

c(4)-c(5) 1.530(15) 

c(S)-c(6) 1.50404) 

c(6)-c(7) 1.40604) 

c(8)-c(9) 1.524(14) 
c(lox(11) 1.576(12) 
Ctll)-C(15) 1.476(11) 

c(l2)-c(l3) 1.481(15) 
C(13)-N(1) 1.144(16) 
C(15)-N(3) 1.13801) 

Ru(lkC(4) 
RdlkC(7) 

C(l)-o(1) 
C(3)-o(3) 

cx4xxlO) 
C(5)-c(l2) 

C(7)-c(8) 
c(9)-c(10) 
c(ll)-C02) 
c(ll)-C(16) 
C(lZkC(14) 
C(14)-N(2) 
C(16)-N(4) 

2.149(9) 

2.22500) 
1.121(12) 
1.127(13) 
1.522(11) 
1.607(11) 
1.422(16) 

1.528(13) 
1.58904) 
1.472(14) 
1.472(13) 
1.14103) 
1.138(16) 
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Table 4 

Bond angles (” ) in compound VII 

CWRuWC(2) 95X4) 
C(2)-Ru(l)-C(3) 98.1(5) 
C(2)-R&I-C(4) 91.0(4) 

C(l)-RuWC(6) 106.8(4) 

C(3)-Ru(l)-C(6) 98.2(4) 

C(l)-Ru(l)-C(7) 88.3(4) 
C(3)-Ru(l)-C(7) 131.4(5) 

C(6)-Ru(lI-C(7) 36.3(4) 

C(2)-Ru(l)-C(8) 93.0(4) 
C(4)-Ru(l)-C(8) 77.7(3) 
C(7)-Ru(l)-C(8) 37.3(4) 

RdlI-C(2)-O(2) 175.0(8) 
Ru(l)-C(4)-C(5) 95.3(6) 
c(5)-c(4&-c(10) 106.4(7) 

C(4)-C(5)-C(12) 106.4(7) 

Ru(l)-C(6)-C(51 90.6(6) 

C(5)-C(6)-C(7) 122.8(9) 

Ru(l)-C(7)-C(8) 71.1(6) 

Ru(lI-C(8)-C(7) 71.5(5) 

c(7I-C(8)-c(91 127.3(9) 

cx4I-c(1o)-c(9) 112.4(7) 

cx9&-ct1o)-c(11) 113.5(8) 

Ct1o)-c(11)-c(15) 115.6(7) 

C(lO)-C(ll)-c(16) 107.8(8) 
C(15)-C(H)-c(16) 108.1(8) 
C(5)-Ct12)-C(13) 112.4(7) 
C(5)-C(12)-C(14) 112.5(6) 

C(13)-C(12)--CX14) 107.3(8) 

C(12)-C(14)-N(2) 176.7(12) 

C(ll)-C(16)-N(4) 178.8(12) 

C(l)-RuWC(3) 
CWRuWC(4) 
C(3)-R&)-C(4) 

C(2)-Ru(l)-C(6) 

C(4)-Ru(lI-C(6) 
C(2)-Ru(lI-C(7) 
C(4)-RuWC(7) 

C(l)-RuWC(8) 
C(3)-Ru(l)-C(8) 
C(6)-RuWC(8) 
RuW-C(l)-O(1) 

RuWC(3)-0(3) 
Ru(l)-C(4)-CflO) 

c(4)-C(5)-c(6) 
C(6)-C(5)-c(12) 
Ru(l)-C(6)-C(7) 

Ru(l)-C(7)-C(6) 

C(6)-Cf7)-CXS) 
Ru(lI-C(8)-C(9) 

c(8)-C(9)-c(lO) 
Ct4)-ct10&-c(11) 
c(10&Ct11)-Ct12) 
c(12)-C(H)-c(15) 

C(12)-CW-C(16) 
C(5)-Ct12)-c(ll) 
CfllI-C(12)-Cc131 
C(ll)-C(12)-Cc141 
C(121-C(13)-N(1) 
C(ll)-C(15)-N(3) 

93.7(4) 
171.7(4) 
91.1(4) 

151.7(3) 
65.8(4) 

130.1(4) 
83.5(4) 

96.3(4) 
x4.4(4) 

67.3(4) 
176.1(11) 
179.Ofll) 

113.8(6) 
105.2(7) 
116.4(8) 

69.4(6) 

74.3(6) 
124.1(10) 
110.3(7) 
114.6(7) 
101.1(7) 

103.8(7) 
112.0(8) 
109.4(7) 
102.7(7) 
110.2(7) 
111.7(8) 

177.302) 
179.7(12) 

Solid-state structure of VII (C,, Hs N403 Ru) 
The crystal structure of VII confirmed the u,r-allylic bonding mode of the 

Ru(CO), fragment to the bicyclic ligtnd (Fig. 1). The Ru-C(ally1) bond distances 
all fall within th,e range 2.219-2.287 A, whereas the Ru-C4 a-bond is significantly 
shorter (2.149 A) (Table 3). In the Ru(CO), fragment, the Ru-C bond distances 
vary from 1.902 to 1.965 A and the C-O distances from 1.121 to 1.149 A. The 
Ru-C-O bond angles are all between 175.0 and 179.0 o (Table 4). 

The structure of VII is quite similar to that of its Fe analogue [ll]. The M-C 
bond lengths in VII are slightly longer than in the Fe derivative, and this can be 
attributed mainly to the larger covalent radius of Ru. However, there is a more 

Table 5 

Selected metal-ligand bond lengths &I u 

M-C4 M-C6 M-C7 M-C8 M-Cl 

VII 2.15 2.29 2.23 2.22 1.97 this work 

III 2.09 2.17 2.08 2.11 1.82 Ref. 10 

a Numbering as in Fig. 1. 
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significant difference between the data for the M-C a,r-allylic bonds. Although 
the Ru-U(a) bond in VII is shorter than any of the Ru-C(ally1) bonds, the 
Fe-C(o) bond distance does not differ appreciably from the Fe-C(allyl1 bond 
lengths (Table 5). This may indicate selective strengthening of the M-C u-bond in 
the Ru derivative relative to its first row analogue. The opposite effect is observed, 
however, for the corresponding apical M-C(carbony1) bonds. 

Discussion 

Two significant conclusions emerge from the above observations. First, the 
kinetically controlled cycloaddition reactions, like those involving the isolobal iron 
complexes, reveal a high periselectivity towards the 3 + 2 cT,+r-allylic adducts 
regardless of the choice of dienophile. It should be noted however, that whereas in 
the iron series some of the alternative 4 + 2 adducts are also observed initially, 
none were detected here. 

Second, the 3 + 2 ruthenium adducts are much less prone to thermal sigmahap- 
totropic (a,~> rearrangement than their iron counterparts. Thus, the Ru a,r-allylic 
TCNE adduct VII only equilibrates via a [4,41-a, 77 shift with its butadiene isomer 
X, the former being more stable than the latter by ca. 1.5 kcal/mol. The reverse is 
true for the related iron analogues, for which the 3 + 2 adduct III rearranges 
completely to the corresponding 6 + 2 adduct IV, indicating that IV is more stable 
than III by at least 3.0 kcal/mol. 

Likewise, the initial Ru 3 + 2 adducts of PTAD (VII) resist thermal rearrange- 
ment, whereas their iron analogues are rather labile even at room temperature. 
Significantly, the initially formed 3 + 2 Fe-CMA adduct XII rearranges entirely to 
the 4 + 2 homobutadiene adduct XIII, via a [2,2]-a,77 shift [9] (eq. 5). 

Fe(CO)3 

XII XIII 

The variations in the structural and chemical properties of related transition 
metal complexes within the same triad have recently been examined by both 
experiment and theory. On the basis of the increase in the rotational barrier of 
n2-complexes and charge localization in the fluxional (C,H,)M(CO); anions of 
group 8 (M = Fe, Ru, OS) it was concluded that increase in metal-a* backbonding 
interaction can be expected upon descending the triad [12]. 

Similarly, molecular orbital calculations of the strength of the M-CH, bond in 
XM(CO), complexes were shown to increase down each of the two triads M = Mn, 
Tc, Re and M = Co, Rh, Ir, as a result of an increase in the u-bonding overlaps 
n31. 

A general increase in the energies of u- and r-coordinated bonds upon 
descending the triad is therefore expected. Our observation that Ru u,r-allylic 
complexes are more stable than the corresponding Fe counterparts also suggests 
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that the contribution of a-bonding to the complex stability predominates over the 
7r-backbonding. This is further confirmed by early experiments relating to the 
stability of the metal-carbon u bond in the (cyclooctadiene)M(CO), series (M = 
Fe, Ru, OS) [14], and by the crystallographic data for VII and III (Table 51, which 
reveal a selective strengthening of the Ru-C relative to the Fe-C u bond. 

Experimental 

General 
IR spectra were recorded in KBr with a Nicolet 60 SXB FTIR. Mass spectra 

were determined by GLC-MS (Finnigan Model 4021 spectrometer). ‘H and 13C 
NMR spectra were recorded on a Bruker AM300 spectrometer. All reactions were 
conducted under argon. 

TCNE (Aldrich) and PTAD 1151 were sublimed. CMA was prepared by a 
modification of the procedure given by Hall et al. [16]. 

Tricarbonyl [(2,3,4,9-~)-bicyclo[4.2.l]non-2-ene-4,9-diyl-7,7,8, 8-tetracarbonitrile] 
ruthenium (VII) 

A solution of TCNE (94 mg, 0.73 mmol) in freshly distilled CHCI, (50 ml) was 
added with stirring to a CHCl, solution (10 ml) of tricarbonyl(n4- 
cycloheptatriene)ruthenium (VI) (160 mg, 0.58 mmol). The reaction was instanta- 
neous, as indicated by the absence of VI revealed by TLC analysis shortly after 
mixing of the reactants. The solvent was removed under reduced pressure and the 
solid residue crystallized from CH,Cl,-hexane to give colorless crystals of VII, 
m.p. 185-187 o C (dec.) (180 mg, 44% yield). IR (KBr): 2246 (CN), 2077, 2013 (CO) 

-‘; m/e @A%) (DCI, NH,): 407 (100, MH+ based on the most abundant 
“‘Ru isotope), 186 (32). Anal. Found: C 47.19. H ‘1.99. N 13.84. C H N 0 Ru 
calcd.: C, 47.41; H, 1.99; N, 13.82%. ‘H NMR ice ‘Table 1;‘13C NMI?sei T46bte 2. 

TricarbonyU(6, 7,8,12-17~-2,3,5,6,9,10-hexahydro-1,3-dioxo-2-pheny1-5,10-methano- 
lH[l,2,4]-tria,zolo[l,2-a][l,2]diazocine-6,12-diyl]ruthenium (VIII) 

A solution of sublimed PTAD (55 mg, 0.31 mmol) in freshly distilled CHCl, (5 
ml) was added dropwise to a cooled (acetone-dry ice bath) and stirred CHCl, 
solution (5 ml> of VI (78 mg, 0.28 mmol) until the pale red colour of excess PTAD 
persisted. The mixture was left to warm up to room temperature, the solvent 
removed under reduced pressure, and the residue recrystallized from CH,Cl,- 
hexane to afford colourless crystals of VIII, m.p. 133-135 o C (dec.) (55 mg, 43% 
yield). IR (KBr): 2077, 1990 (ligand CO>, 1759, 1710 (ring CO) cm-‘; m/e @A%) 
(DCI, NH,): 454 (12, MH+), 241 (lOO), 195 (82). ‘H NMR see Table 1; 13C NMR 
see Table 2. Anal. Found: C, 48.13; H, 3.16; N, 9.22. C,,H,,N,O,Ru calcd.: C, 
47.79; H, 2.90; N, 9.29%. 

Tricarbonyl[(5,6, 7,lO-q)-methyl-l,3,3a,4,5,8,9,9a-octahydro-l,3-dioxo-4,9-methano- 
cycloocta[c]jkrane-5,lO-diyl-3a-carboxylatelncthenium (IX) 

The solutions of VI (29 mg, 0.11 mmol) and CMA (20 mg, 0.13 mmol) in CHCI, 
(5 ml each) were mixed at room temperature. Removal of the solvent and 
crystallization from CH,Cl,-hexane afforded bright yellow crystals of IX, m.p. 
159-161” C (35 mg, 77% yield). IR (ISBr) 2132,2069, 1992 (ligand CO>, 1844, 1773 







429 

6 M. Green, SM. Heathcock, T.W. Turney and D.M.P. Mingos, J. Chem. Sot., Dalton Trans., (1977) 
204. 

7 F. Edelman, G.-Y. Kiel, J. Takats, A. Vasudevamurthy and M.-Y. Yeong, J. Chem. Sot., Chem. 
Commun., (1988) 296. 

8 Z. Goldschmidt and E. Genizi, Synthesis, (1985) 949. 
9 Z. Goldschmidt and E. Genizi, unpublished results. 

10 Cf. Z. Goldschmidt, S. Antebi, H.E. Gottlieb, D. Cohen, U. Shmueli and A. Stein, J. Organomet. 
Chem., 282 (1985) 380. We have recently shown by working at low temperatures that the initial 
adduct of II with CMA is the expected 3 + 2 adduct. 

11 J. Weaver and P. Woodward, J. Chem. Sot. (A), (1971) 3521. 
12 R.G. Ball, M.R. Burke and J. Takats, Organometallics, 6 (1987) 1918; idem, ibid., 7 (1988) 1234; S.T. 

Astley, J. Takats, J.C.W. Huffman and W.E. Streib, Organometallics, 9 (1990) 184. 
13 T. Ziegler, V. Tschinke and A. Becke, J. Am. Chem. Sot., 109 (1987) 1351. 
14 F.A. Cotton, A.J. Deeming, P.L. Josty, S.S. Ullah, A.J.P. Domingos, B.F.G. Johnson and J. Lewis, J. 

Am. Chem. Sot., 93 (1971) 4624; F.A. Cotton, M.D. LaPrade, B.F.G. Johnson and J. Lewis, J. Am. 
Chem. Sot., 93 (1971) 4626. 

15 R.C. Cookson, S.S. Gupte, I.D.R. Stevens and C.T. Watts, Org. Synth., Coil. Vol. VI, (19881 936. 
16 H.K. Hall, Jr., P. Nogues, J.W. Rhoades, K.C. Sentman and M. Detar, J. Org. Chem., 47 (1982) 

1451. 
17 G.M. Sheldrick, SHELXTL PLUS, Institute of Inorganic Chemistry, The University of Gottingen, 1986. 


