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the solution color changes from orange-yellow to dark purple. 
Evaporation of the solution under vacuum and chromatography 
of the residue on neutral alumina in CH2Cl2/hexanes (1:4) give 
Cp*(CO)2Re(M-T)Fe(CO)3 (2) in the yellow band, which upon 
slow evaporation yields (59%) 2 as air-stable, yellow crystals, which 
were fully characterized.12 Thus, the reaction proceeds as in eq 
1. 
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An X-ray diffraction study13 shows that 2 contains a bridging 
thiophene ligand that is coordinated to the Re atom via the sulfur 
and to the Fe through the four carbons of the diene system. The 
sulfur is pyramidal as indicated by the angle (125°) between the 
Re-S vector and the vector from S to the midpoint of the line from 
C(2) to C(5). The longer distances for C(2)-C(3) (1.458 (8) A) 
and C(4)-C(5) (1.427 (8) A) as compared to that for C(3)-C(4) 
(1.379 (9) A) are often found in ?;4-l,3-diene complexes;14 this 
pattern of C-C bond distances is similar to that found in the 
S-coordinated thiophene in thiaporphyrin complexes" but is just 
the opposite of that in free thiophene, where C(2)-C(3) and 
C(4)-C(5) are shorter (1.37 A) than C(3)-C(4) (1.42 A),15 and 
that in (C5H4CH2C4H3S)Ru(PPhJ)2

+.8 The C(2)-S and C(5)-S 
distances (1.807 (6), 1.802 (5) A) are substantially longer than 
the corresponding distances (1.715 A)15 in free thiophene, and 
the C(2)-S-C(5) angle (82.3°) is much smaller than in thiophene 
(92°). The thiophene ring is folded with an angle of 36.9 ± 0.4° 
between the C(2)-C(3)-C(4)-C(5) and C(2)-S-C(5) planes. In 
general, the geometry (the fold at the C(2)-C(5) line, the long 
C-S bonds, and the small C(2)-S-C(5) angle of the thiophene) 
in 2 is different from that of free thiophene15 and the S-coordinated 
thiophene in (C5H4CH2C4H3S)Ru(PPh3)2

+8 but very similar to 
that of the ?j4-thiophene ligand in Cp*Ir(rj4-T)16 and Cp*Ir(7?4-
T-BH3) (in which the BH3 is coordinated to the sulfur).17 

It is interesting that the c(CO) values for the Cp*(CO)2Re 
group in 2 (1922, 1862 cm"1) are lower than those in 1 (1934, 
1874 cm"1), which means that the thiophene sulfur is a better 
donor to Re when the thiophene is ^-coordinated to Fe(CO)3. 
This is consistent with the previous observation16 that the thiophene 
sulfur in Cp*Ir(??4-T) is a stronger Lewis base toward BH3 than 
free thiophene or even Me2S. Presumably the rf coordination of 

(12) 2: IR (hexanes) i;(CO) 2064, 2002, 1988, 1922, 1862 cm"1; 1H NMR 
(CDCl3) a 5.95 (m, 2 H, T), 3.56 (m, 2 H, T), 1.98 (s, 15 H, Cp*); 13C NMR 
(CDCt3) b 208.5 and 207.0 (CO), 95.5 (C of Cp*), 83.9 and 57.1 (T), 10.5 
(C of Cp*); CIMS (methane) m/e 603 (M+ + H), 574 (M+ - CO), 546 (M+ 

- 2CO), 519 (M+ + H - 3CO), 491 (M+ + H - 4CO), 462 (M+ - 5CO). 
Anal. Calcd for C19H19O5FeReS: C, 37.94; H, 3.18. Found: C, 38.08; H, 
3.16. 

(13) Crystallographic data for 2: mol wt 601.47; monoclinic, space group 
PlJc(No. 14); a = 11.395 (2) A, b = 13.310(1) A, c = 14.636 (3) A, & = 
109.151 (8)°, V = 2096.8 (6) A3, PaM = 1.905 g/cm3 for Z = 4 at 22 ± 1 
0C, M = 66.59 cm"1 (MoKa). Diffraction data were collected at 22 ± 1 0C 
using an Enraf-Nonius CAD4 automated diffractometer. A total of 7716 
reflections were collected. Of the 3684 unique data, 2850 data were considered 
observed, having F0

2 > 3u(F0
2). An empirical absorption correction was 

applied to the data based on a series of se-scans. The positions of the metal 
atoms were given by direct methods, (SHELXS-86, G. M. Sheldrick, Institut 
fur Anorganische Chemie der Universitat, Gottingen, F.R.G.). The remainder 
of the non-hydrogen atoms were located in difference Fourier maps following 
least-squares refinement of the known atoms. R = 0.0263 and Rw = 0.0372. 

(14) (a) Pearson, A. J. Metallo-organic Chemistry; Wiley-Interscience: 
New York, 1985; p 11. (b) Yamamoto, A. Organotransition Metal Chem
istry; Wiley-Interscience: New York, 1986; p 64. 

(15) (a) Bak, B.; Christensen, D.; Hansen-Nygaard, L.; Rastrup-Andersen, 
J. J. MoI. Spectrosc. 1961, 7, 58. (b) Bonham, R. A.; Momany, F. A. /. Phys. 
Chem. 1963, 67, 2474. (c) Harshbarger, W. R.; Bauer, S. H. Acta Crys-
tallogr. 1970, B26, 1010. 

(16) Chen, J.; Angelici, R. J. Organometallics 1989, 8, 2277. 
(17) Chen, J.; Daniels, L. M.; Angelici, R. J. J. Am. Chem. Soc, accepted 

for publication. 

thiophene to a metal separates the diene and sulfur segments of 
the thiophene and drastically reduces the delocalization of electron 
density from the sulfur to the diene system, which makes the sulfur 
much more basic. 

In conclusion, we report herein the first example of an S-co
ordinated thiophene undergoing reaction. In fact, it appears that 
the thiophene in 1 is activated to react with "Fe(CO)3" since 
thiophene itself does not react18 with Fe2(CO)9 under conditions 
very similar to those in eq 1. (Under more vigorous conditions, 
Fe3(CO)12 reacts with thiophene to give thiaferroles and ferroles.19) 
Thus, it is possible that on an HDS catalyst initial S adsorption 
of thiophene to a single metal site would activate the diene system 
to coordinate to a second metal. Perhaps in this bridging position 
with weakened C-S bonds, the thiophene undergoes C-S bond 
cleavage and hydrogenation. Investigations of such reactivity are 
in progress. 
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(18) Determined by studying the 1H NMR spectrum of a THF-^8 solution 
of Fe2(CO)9 (10 mg, 0.028 mmol) with thiophene (3.0 fit, 0.037 mmol) at 
room temperature for 24 h. 

(19) Ogilvy, A. E.; Draganjac, M.; Rauchfuss, T. B.; Wilson, S. R. Or
ganometallics 1988, 7, 1171 and references therein. 
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Osmium-187 is the most insensitive nucleus in NMR spec
troscopy,1 and also for this reason until now no 5(187Os) data have 
been published except for the standard OsO4

2 and a /̂ -bridged 
binuclear complex.3 Using the indirect two- and one-dimensional 
(X,Os) NMR spectroscopy (X = 1H or 31P)4-5 we have determined 
to the best of our knowledge for the first time the 187Os chemical 
shift range, the magnitude and sign of 7(Os,X), and T1(

187Os) 
in quasitetrahedral [(?;5-cyclopentadienyl)(phosphine)2(R)]Os 
complexes.6 

(1) Mason, J., Ed. Multinuclear NMR; Plenum Press: New York, 1987. 
Benn, R. In Metal NMR Spectroscopy; Elsevier: New York, 1990; in press. 

(2) Schwenk, A. Z. Phys. 1968, 213, 482. Schwenk, A. Progr. NMR 
Spectrosc. 1985, 17, 69. 

(3) Cabeza, J. A.; Mann, B. E.; Brevard, C; Maitlis, P. M. J. Chem. Soc, 
Chem. Commun. 1985, 65. 

(4) Muller, L. J. Am. Chem. Soc. 1979, 101, 4481. Bodenhausen, G.; 
Ruben, D. J. Chem. Phys. Lett. 1980, 69, 185. Bax, A.; Griffey, R. H.; 
Hawkins, B. L. J. Magn. Reson. 1983, 55, 301. 

(5) Benn, R.; Brenneke, H.; Frings, A.; Lehmkuhl, H.; Mehler, G.; 
Rufinska, A.; Wildt, T. / . Am. Chem. Soc. 1988, UO, 5661. Benn, R.; 
Rufinska, A. Magn. Reson. Chem. 1988, 26, 895. 

(6) la: Bruce, M. I.; Williams, M. L.; Patrick, J. M.; White, A. H. Aust. 
J. Chem. 1983, 36, 1353. 2a: Bruce, M. I.; Windsor, N. J. Aust. J. Chem. 
1977,50,1601. 2b, 4a, 4c, 7c: Joussen, E.; Lehmkuhl, H. Unpublished. 2c: 
Bruce, M. I.; Tomkins, J. B.; Wong, F. S.; Skelton, B. W.; White, A. H. J. 
Chem. Soc, Dalton Trans. 1982, 687. 3a: Wilczewski, T. J. Organomet. 
Chem. 1982, 224, Cl. 5a: Bruce, M. I.; Humphrey, M. G.; Swincer, A. G.; 
Wallis, R. C. Aust. J. Chem. 1984, 37, 1747. 6: Liles, D. C; Shaver, A.; 
Singleton, E.; Wiege, M. B. J. Organomet. Chem. 1985, 288, C33. 
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The conventional one-dimensional 1H and 31P-{'H| spectra of 
[(Cp)(phosphine)2(H)]Os show that '7(Os,H) and '7(Os,P) are 
around 70 and 300 Hz, respectively. These scalar coupling 
constants were used for determination of 5('87Os) employing the 
indirect two-dimensional (X,Os) NMR spectroscopy (X = 'H4 

and 31P5) according to sequence 1. In this sequence the infor
mation about the osmium chemical shift is coded in the evolution 

90(X)- 180(X) -FID(X) (1) 
2./(Os,x) 

90(Os)-r,/2- -(!/2-90(Os) 

time tx and thus in the corresponding 2D contour diagram 5('87Os) 
is displayed in F1 and 5(X) in F2 dimension. In the phosphine 
complexes [0)5-Cp)(L',L2)(R)]Os where R = Cl (1), Br (2), I 
(3), CH3 (4), and H (5) and L1 = L2 = Ph3P (a), L' = Ph3P and 
L2 = Me3P (b), and L' = L2 = Me3P (c), the 5('87Os) values span 
more than 2500 ppm.7 The halogen dependence of 5('87Os) in 
la-3a is normal. Phosphine ligands with higher donor ability 
(PMe3 instead of PPh3) cause a stronger screening of the metal: 
In the series 2a, 2b, and 2c 5('87Os) is -3008, -3324, and -3506, 
respectively. These findings indicate that the osmium shift is to 
a significant extent determined by the charge density dependence 
of the nuclear shielding term. 

The arrangement of the cross peaks in the two-dimensional 
(1H1

187Os) and (31P1
187Os) diagram yields the relative signs of 

J(H1P) respective to 7(Os1P) and 7(P1H) respective to 7(Os1H). 
In 5a sequence 1 can be applied for X = 'H and 31P. In the 
(1H1

187Os) experiment the cross peaks are split by the passive 
phosphorus coupling. Since the high-frequency 1H peak correlates 
with the low-frequency '87Os peak and phosphorus is the unexcited 
nucleus it is concluded that '7(Os1P) is of opposite sign to V(H1P). 
The corresponding (31P1

187Os) experiment with selective decoupling 
of the aromatic protons yields that '7(Os1H) is of opposite sign 
to 27(P,H). Overall, it follows that '7(Os1P) and '7(Os1H) are 
positive and 27(P,H) is negative. 

For as wide an application as possible of the indirect 2D NMR 
recording technique it is essential that it should also work when 
the scalar couplings are small (7(Os1X) < 10 Hz). In 4a and 4c 
(5('87Os) = -4779) 27(Os,H) to the methyl protons is 6.0 and 5.4 
Hz1 respectively. While it is hard to resolve these couplings in 
a conventional ID spectrum it is straightforward to determine 
27(Os,H) by sequence 1 either in a ID [f, = O in (I)] or by an 
indirect 2D experiment. This may consist of an (1H,187Os) or a 
corresponding (31P,1870s) spectrum with CW decoupling of the 
PPh3 signals. If both 2D experiments are performed, then it can 
be shown that the sign of 37(P,H) is positive and that of 27(Os,H) 
negative. 

A comparison of the reduced coupling constants "A-(Os1X) = 
n7(Os,X)//i(2ir/70s)(27r/7x) in la-5a with those of the homol
ogous iron complexes5 yields 1A-(Os1P)Z1AXFe5P) = 7.3 and in 
addition for 5a 1A-(Os1H)Z1A-(Fe5H) = 11.5. These values are in 
good agreement with the ratio of the s-electron densities at the 
nucleus of the metals osmium and iron, which lies around 7.4.8 

Thus it can be assumed that '7(0s,P) and '7(0s,H) are dominated 
by the Fermi contact term. 

Even under favorable NMR recording conditions the direct 
determination of T1(

187Os) is extremely difficult. Until now by 
a special pulse technique only in OsO4 T1(

187Os) has been esti
mated to lie between 1 and 26 s at B0

 = 1-8 Tesla.2 If, however, 
Os has an observable scalar coupling with a more sensitive X 
nucleus, then not only 5(187Os) but also T1(

187Os) can be deter
mined with the sensitivity of the X nucleus indirectly by employing 

90(X)--L-180(X)-^-9(X)-^- -^-6(X)--L-180(X)FID(X) ( 2 ) 

90(Os) 180(Os) 90(OS)-T-90(OS) 180(Os) 90(Os) 

pulse sequence 2 for X = 1H9"" and 31P. In Figure 1 the results 

(7) Relative to 6(OsO4) = O 5(187Os) in la -2595, 2a -3008, 3a -3530, 4a 
-4411, 5a -5186 ppm. Typical T1(

31P) values of these complexes are around 
1 s. 

(8) Pyjkko, P.; Wiesenfeld, L. MoI. Phys. 1981, 43, 557. 
(9) Indirect T(13C) determination via (2) using enriched samples, cf.: 

Sklenar, V.; Torchia, D.; Bax, A. J. Magn. Reson. 1987, 75, 375. Kay, L. 
E.; Jue, T.; Bangerter, B.; Demou, P. C. J. Magn. Reson. 1987, 73, 558. 

J(H1Os) 

M1H) 
" " 1 " T -

-11.80 -12.00 

ppm 

Figure 1. 400.13-MHz 1H NMR spectrum of 6 in the region of the 
hydride signal: (a) conventional ID spectrum, (b) same as (a) but with 
32-fold expansion in the vertical, (c) after applying sequence 1 (r, = O) 
and with the satellites in antiphase and suppression of the parent signal, 
(d) intensity of the satellites as a function of T. 

for [(ij5-Me5Cp)(cycloocta-l,5-diene)(H)]Os (6) (5('87Os) = 
-4889) are presented. In 6 (X = 'H, 9 = 90°) the intensity of 
the satellites decays exponentially as a function of r and this yields 
T1(

187Os) = 5.6 ± 0.6 s. In 5a T1(
187Os) is 1.6 ± 0.2 s. Relatively 

short relaxation times (0.5 < T1 < 1 s) were also obtained for 
complexes la and 2a. Here T1(

187Os) was determined via sequence 
2 employing X = 31P, 9 = 45°, and proton decoupling.12 When 
the PPh3 ligands are replaced by PMe3, then T1(

187Os) becomes 
significantly longer: e.g. in 2c Ti(187Os) is 6.7 s. 

These results clearly demonstrate that 187Os NMR spectroscopy 
is a suitable probe for characterization of Os complexes in in
organic and organometallic chemistry. Since in 1-6 the longi
tudinal Os relaxation times lie between 0.5 and 10 s at 9.4 T it 
appears that in addition to 2D (1H1

187Os) and (31P5
187Os) ex

periments even the indirect 2D (13C1
187Os) shift correlation 

spectroscopy will become attractive for the investigation of com-

(10) Indirect T1 (
13C) determination via a 2D 1H NMR pulse sequence 

using samples with 13C in natural abundance, cf.: Nirmala, N. R.; Wagner, 
G. J. Am. Chem. Soc. 1988, 110, 7557. 

(11) In all samples measured the concentration was less than 100 mg in 
0.5 mL (T = 300 K, S0 = 9.4 Tesla throughout; some special experimental 
NMR hardware details for the indirect 2D (X,Y)-('H| triple resonance 
spectroscopy are mentioned in ref 5). 

(12) The heteronuclear (X1
187Os)-(1H) triple resonance scheme described 

here enables the measurement of T1(
187Os) also via 31P and thus the accuracy 

of this technique can be checked. In [(jj5-Cp)(n2-H2C=CHC6H13)(Ph3P)-
(H)]Os there are two (Os,X) spin systems and T1(

187OS) was determined 
indirectly via X = 1H and 31P. Within the limits of error (T0.3 s) both 
experiments yielded T1(

187Os) = 2.2 s. Caution, however, is necessary when 
the indirect detection scheme according to (2) is applied to |Os,X„| spin 
systems with n ^ I.9 In e.g. 5a T1(

187Os) detected via 31P ((Os1P2I) is smaller 
than 1 s, while 1.6 =F 0.2 s was obtained using detection via 1H (|Os,H)). 
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pounds such as Os carbonyl complexes (V(187Os, 13CO) is around 
100 Hz13). Moreover, the indirect determination of Tx via se
quence 2 is the method of choice for low-7 spin l/2 nuclei in natural 
abundance samples where there is an observable scalar coupling 
to a sensitive nucleus like 1H, 19F, or 31P. 
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(13) Koridze, A. A.; Kizas, O. A.; Nadezhda, N.; Petrovskii, P. V.; Grishin, 
Y. K. J. Chem. Soc, Chem. Commun. 1981, 853. Gallop, M. A.; Johnson, 
B. F. G.; Lewis, J. J. Chem. Soc, Chem. Commun. 1987, 1831. 
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The most common photochemical reactions of simple 2-
cyclohexenones are cycloadditions to alkenes2 and lumiketone 
rearrangement3 (eq 1); in addition, if a methyl group is present 

in the 3-position, then photochemical rearrangement to the exo-
cyclic deconjugated isomer can occur4 (e.g., 1 —«• 2 in eq 2). The 

A-^A 
1 1 

deconjugation reaction is also seen for cyclohexenones which are 
part of fused ring systems.4^5 Despite extensive examination, 

(1) Contribution No. 422 from the Photochemistry Unit, University of 
Western Ontario. 

(2) Weedon, A. C. In Synthetic Organic Photochemistry; Horspool, W. 
M., Ed.; Plenum: New York, 1984; pp 61-143. 

(3) Schuster, D. I. In Rearrangements in Ground and Excited States; de 
Mayo, P., Ed.; Academic: New York, 1980; Vol. 3, Essay 17. 

(4) (a) Yamada, Y.; Uda, H.; Nakanishi, K. J. Chem. Soc, Chem. Com
mun. 1966, 423. (b) Dauben, W. G.; Shaffer, G. W.; Vietmeyer, N. D. J. 
Org. Chem. 1968, 33, 4060. (c) Gloor, J.; Schaffner, K. HeIv. Chim. Acta 
1974, 57, 1815. (d) Shiloff, J. D.; Hunter, N. R. Can. J. Chem. 1979, 57, 
3301. 

(5) (a) Wehrli, H.; Wenger, R.; Schaffner, K.; Jeger, O. HeIv. Chim. Acta 
1963, 46, 678. (b) Furutachi, N.; Nakadaira, Y.; Nakanishi, L. J. Am. Chem. 
Soc. 1969, 91, 1028. (c) Kuwata, S.; Schaffner, K. HeIv. Chim. Acta 1969, 
52, 173. (d) Bellus, D.; Kearns, D. R.; Schaffner, K. HeIv. Chim. Acta 1969, 
52, 971. (e) Jeger, 0.; Schaffner, K. Pure Appl. Chem. 1970, 21, 247. (f) 
Schuster, D. I.; Brizzolara, D. F. J. Am. Chem. Soc. 1970, 92, 4357. (g) 
Gloor, J.; Schaffner, K.; Jeger, O. HeIv. Chim. Acta 1971, 54, 1864. (h) 
Margaretha, P.; Schaffner, K. HeIv. Chim. Acta 1973, 56, 2884. (i) Nobs, 
F.; Burger, U.; Schaffner, K. HeIv. Chim. Acta 1977, 60, 1607. (j) Mariaca, 
R.; Schaffner, K. HeIv. Chim. Acta 1979, 62, 119. (k) Gioia, B.; Ballabio, 
M.; Beccalli, E. M.; Cecchi, R.; Marchesini, A. J. Chem. Soc, Perkin Trans. 
1 1981, 560. (1) Williams, J. R.; Mattei, P. L.; Abdel-Magid, A.; Blount, J. 
F. J. Org. Chem. 1986, 51, 769. (m) Wintgens, V.; Guerin, B.; Lenholm, H.; 
Brisson, J. R.; Scaiano, J. C. J. Photochem. Photobiol., A: Chemistry 1988, 
44, 367. 
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Figure 1. Photochemical isophorone deconjugation at various concen
trations of acetic acid: [isophorone] = 0.145 M. 

many aspects of the mechanisms of these photochemical reactions 
remain controversial. In particular, the details of the mechanism 
of the deconjugation reaction are confused. For example, it has 
been reported that photochemical deconjugation unaccountably 
fails for the corresponding 3-ethyl- and 3-isopropyl-2-cyclo-
hexenones,4b and there are conflicting results which suggest that 
the reaction is5df or is not5m second order in enone. The reaction 
is also oddly solvent sensitive and, depending upon the cyclo-
hexenone structure, usually4c'd'5d,E'h>i'' but not always5a~°'e fails in 
alcohols, usually408'^ but not always5' proceeds in alkane solvents, 
is relatively efficient in benzene4c'5c~e,h,i'1 and ethyl acetate,4*1'51 and 
proceeds in acetonitrile4c but not ether.51 

We report here our finding that the photochemical deconju
gation reaction of 3-alkylcyclohexenones requires the presence 
of small amounts of weak acid in order to proceed and that many 
of the unusual features of the reaction are explained by a 
mechanism involving acid catalysis. 

The quantum yield of deconjugation measured when benzene 
solutions of 3,5,5-trimethyl-2-cyclohexenone (isophorone, eq 2) 
were irradiated6 was found to be variable and apparently depended 
upon the state of purity of the isophorone. Somewhat unex
pectedly, the quantum yield declined when increasingly pure 
samples of isophorone were used. Addition of small amounts of 
acetic acid increased the quantum yield beyond that obtained with 
the least pure samples of isophorone, and a limiting upper value 
of efficiency was reached at approximately 4 X 10"3M acid 
(Figure I).7 This suggests that an acidic impurity is present in 
crude samples of isophorone and that this impurity is required 
for deconjugation to occur. The presence of such an impurity may 
account for the earlier finding5d'h that the deconjugation of some 
enones is apparently second order in enone since increasing the 
concentration of the enone would increase the concentration of 
the impurity responsible for enhancing the efficiency of decon
jugation. Similarly, the reported efficiency of the deconjugation 
reaction for isophorone in ethyl acetate*1 may reflect the presence 
of low levels of acetic acid in this solvent. 

Quenching of the deconjugation reaction with isoprene gave 
a linear Stern-Volmer plot with no curvature at high quencher 
concentrations. This suggests the involvement of a single excited 
state; the kqT value was 60 which implicates the lowest triplet 
excited state of isophorone in the reaction assuming typical values 
of cyclohexenone triplet lifetimes and rate constants for triplet 
quenching.8 

(6) Preparative irradiations were performed in Pyrex with use of water-
filtered light from a medium-pressure mercury lamp. Quantum yields were 
determined with a Photon Technology Inc. Quantacount Instrument. Solu
tions were 0.145 M in isophorone and were degassed by freeze-pump-thaw 
procedures. Conversions were determined by gas chromatography relative to 
an internal standard. No deconjugation occurred in the dark, and no recon-
jugation of the product occurred in irradiated solutions when allowed to stand 
in the dark. The deconjugated product was stable to the GC conditions of 
analysis used. 

(7) The decline in quantum yield following attainment of the limiting value 
continues at higher acetic acid concentrations and is tentatively attributed to 
acetic acid dimer formation. 

(8) Wagner, P. J.; Bucheck, D. J. J. Am. Chem. Soc. 1969, 91, 5090. 
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