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The covalent nature of the S-Cl bond in chlorosulfuranes 
1 and 6a-e is indicated by the presence of a molecular ion 
at m/e 278 in the field desorption mass spectrum of 1 and 
by several NMR comparisons. The 1H NMR peaks for the 
proton ortho to sulfur in the disubstituted ring of 1 and the 
analogous protons in 6a-e occur at lower field than 5 9.10. 
The analogous protons occur at higher field than 5 8.35 for 
the ionic fluoroborates or trifluoromethanesulfonates. The 
separation between the two gem-dimethyl signals is consis
tently more than 25 Hz for covalent derivatives, including 
alkoxysulfurane analogs of the chlorosulfuranes, and less 
than 15 Hz for the ionic species. The NMR of 1 in CDCI3 is 
independent of the concentration of added tetraethylammo-
nium chloride from 0 to 2.25 M. This evidence for the cova
lent character of the S-Cl bond parallels that from earlier 
studies3" of unisolated chlorosulfuranes studied in solution 
by 1HNMR. 

The relative rate constants for hydrolysis of 1 (1), 6a 
(0.3), 6b (1.15), 6c (2.8), 6d (1.54), and 6e (26.0) show that 
substituents, Y, in the fused-ring system are much more ef
fective than those, X, in the freely rotating aromatic ring 
(PY = 2.0, px = 0.3). Both are positive, consistent with the 
operation of an associative mechanism involving the devel
opment of negative charge on sulfur in a transition state re
sembling 5. There are 24 stereoisomers (12 pairs of enantio-
mers) of the general octahedral structure 5, and the some
what arbitrary choice of 5 for illustration in Scheme I will 
be discussed in a later paper. Known analogs of 5 include 
the SF5 - species reported by Christe5a and Muetterties.5b 

The silver assisted ionization of Scheme I initiates a dis
sociative route for displacement via sulfonium salt 4. If this 
ionization can be considered to proceed with retention of 
configuration at sulfur and the further reaction with hy-
droxyl ion is considered to proceed to give 4 and 2 by the 
stereochemical route demonstrated for the basic hydrolysis 
of acyclic alkoxy sulfonium salts,6 the relationship between 
1 and 2 is established as that shown in Scheme I. Associa
tive displacement of the chloride of 1 by hydroxide, under 
the same conditions used for the competitive rate studies, 
proceeds to give 2 of the same configuration with less than 
9% racemization. This direct displacement must therefore 
also proceed with retention of geometry. 

The synthesis of 2 by a Grignard displacement7" on men-
thyl (S)-benzenesulfinate ([a]D -202°, acetone; lit.8 [a]D 
—206°, acetone), a reaction known to proceed with invers
ion,713 completes the definition of stereochemistry as that 
shown in Scheme I. Enantiomeric purities9 of 1 and 2 were 
determined by the method of Pirkle10 using (S)-(+)-l-(10-
methyl-9-anthryl)-2,2,2-trifluoroethanoln (7) in CDCl3 to 
provide the chiral medium in which the methyl signals for 
enantiomers of 1 and 2 were clearly resolved.12-13 
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Generation of Photochemical Species on Ground, 
Excited Singlet, and Triplet Hypersurfaces in 
Barrelene Photochemistry1'2 

Sir: 

The di-7r-methane rearrangement3 has developed into one 
of the most general of photochemical reactions and its 
mechanism has been the subject of considerable study.4 The 
cyclopropyldicarbinyl diradical species 1 has been postu-

A 
i 

lated4 to be involved in both cyclic and acyclic examples of 
the rearrangement. In the specific examples of the di-ir-
methane rearrangements of barrelene (2), benzobarrelene 
(3), and 2,3-naphthobarrelene (4) the mechanism5 in Chart 
I is seen to involve the triplet cyclopropyldicarbinyl diradi-
cals 5, 6, and 7. 

That such cyclopropyldicarbinyl diradical species should 
lead onward to di-ir-methane products poses a dilemma, 
since ground6a~d and excited6e-f state precedent give no evi
dence of such rearrangements but rather suggest that dirad-
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Chart I. Mechanism of the Di-w-methane Rearrangement 
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ical species such as 1 instead undergo Grob fragmentation7 

to give 1,4-pentadienes, in this case reactant barrelenes. 
The present communication reports the following: (a) the 

generation of the cyclopropyldicarbinyl diradicals postu
lated in the barrelene, benzobarrelene, and 2,3-naphthobar-
relene rearrangements; (b) observation that the ground 
state diradicals do indeed undergo Grob fragmentation to 
the corresponding barrelenes; (c) the finding that appro
priately designed triplet diradicals, in contrast, lead prefer
entially to the corresponding semibullvalenes; (d) multiplic
ity control leading the excited singlet diradical instead to 
barrelenes. 

The azo compounds 14, IS, and 16, selected as precursors 
to the desired cyclopropyldicarbinyl diradicals 5, 6, and 7, 
were synthesized by homo Diels-Alder addition of ethyl 
azodicarboxylate to barrelene, benzobarrelene, and 2,3-
naphthobarrelene, respectively, followed by saponification 
and oxidation.8 The azo compounds were obtained crystal
line with melting points of 36-38° (for 14), 85-89° dec (for 
15), and 110-112° dec (for 16). 

Thermolysis at 60-80° of the azo compounds 14, 15, and 
16 led in each case to the corresponding barrelene (note 
Chart II). This is the expected reaction of a cyclopropyldi-

Chart II 
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carbinyl diradicaloid species based on literature precedent.6 

The reaction is in effect a ground state 2̂ s + 2̂ s + 2̂ s cy-
cloreversion (a designation9 equivalent to terming the tran
sition state as Hiickel10 with six electrons) and is expected 
to be concerted. Nevertheless, the transition state can be 
envisaged as a good model for the cyclopropyldicarbinyl di
radical, consisting of this diradical in juxtaposition to a sin
gle nitrogen molecule. Hence these experiments define the 
behavior of ground state cyclopropyldicarbinyl diradicals. 

In contrast, the photochemical reactions of azo com
pounds 14,15, and 16 led to the corresponding barrelenes 2, 
3, and 4 and semibullvalenes 11, 12, and 13, with the ratio 
depending on multiplicity. As outlined in Chart II, the sen
sitized runs led predominately to semibullvalenes while di
rect photolysis showed an enhanced preference for forma
tion of barrelene product. 

The first point to note is that the sensitized reaction, 
where a triplet diradical (5, 6, and 7) is expected, leads to 
the same photochemistry observed in the sensitized irradia
tion of the three barrelenes. Since these triplet diradicals (5, 
6, and 7) previously were postulated as involved in the di-
7r-methane rearrangement of barrelenes to semibullvalenes, 
the present independent generation of these diradicals with 
resulting semibullvalene formation is in accord with and 
supports the di-x-methane mechanism. 

The greater tendency of the azo compounds to give bar
relene on direct irradiation compared to the sensitized runs 
suggests that intersystem crossing of the azo compounds is 
inefficient. Hence it is Si which exhibits a preference for 
barrelene formation. 

Our one-electron, three-dimensional calculations53 reveal 
excited state minima roughly corresponding to the cyclopro
pyldicarbinyl diradical (S) and the allylic diradical (8). The 
first minimum is poised above a ground state surface lead
ing back to barrelene while the second hovers over the 
ground state surface leading to semibullvalene. Thus, pres
ently from Ti there seems to be preferential accumulation 
of the allylic diradicals (8, 9, and 10) and decay to product 
semibullvalenes, while from Si there is formation of the cy
clopropyldicarbinyl diradicals (5, 6, and 7) with subsequent 
decay to barrelenes. The allylic diradical has greater elec
tron-electron separation while the cyclopropyldicarbinyl di
radical is more compressed. Hence the multiplicity depen
dence accords with the point made earlier that Si tends to 
have a wave function composed of ionic, two-electron terms 
and favors tight geometries,11 in contrast to Ti which is co-
valent and prefers extended geometries.11 

Another conclusion derives from the high ratio of semi
bullvalenes to barrelenes in sensitized photolyses of the azo 
compounds. We can conclude that any inefficiency in bar
relene photochemistry is in formation of the cyclopropyldi
carbinyl diradicals and not subsequent steps. This, again, 
reveals the triplet cyclopropyldicarbinyl diradical to pro
ceed onward with efficiency to the allylic diradical. 

The reaction of Si to give barrelenes is formally orbitally 
forbidden (although ground state allowed; note above). 
However, in the spirit of "minimization of forbiddenness" 
as discussed by us earlier,12 we note that the reaction for
biddenness becomes decreased by overlap of the ir-system of 
the azo moiety with the three-ring a bond 2-7 (Chart III). 
A simple way of seeing this is to picture the forbidden reac
tion instead as proceeding in two steps, the first involving 

Chart III 
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2<rs + 2Ts cycloaddition (excited state allowed) followed by 
nitrogen disengagement which is also excited state allowed 
(eight electrons, Hiickel) or equivalently a reverse 2o-s + 2irs 

+ 2<TS + 2Ts-13 

Thus, the concept of generating species on photochemical 
hypersurfaces has again proven of utility in determining 
photochemical details.16 In this instance the diradical pos
tulated 8 years ago5a has proven a reality. 
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Oxygenation of the Nitrosyl Ligand in 
Complexes of Iridium 

Sir: 

Synthetic and structural studies of metal-nitrosyl com
plexes have recently attracted considerable attention be
cause of their importance in developing an understanding of 
reactions of small molecules which play significant roles in 
living systems or in industrial catalytic reactions. The 
chemical reactivity of the coordinated nitrosyl ligand de
pends on its mode of bonding.1 While many complexes with 
linear M - N - O bonds and with i/(NO) usually greater than 

Table I. Selected Infrared Spectral Data0 (cm-1) for 
Ir(PPh3)3(CO)CIX(NO)and Experimentally Observed Rate Constants 
for the Reaction Ir(PPh3),(CO)CIX(NO) + O 2 -
Ir(PPh3)2(CO)CIXN03 at 25°C and Partial Pressure of 
O3 at 619 Ton 

103fcobsd> 
WCO) 

2055 
2059, 2040 sh 
2020, 
2060, 2040 sh 
2055 
2040 
2050 

KNO) 

1550 
1560, 1530 

1560, 1520 
1545 
1540 
1540 

(sec"1) 

184. 
40.4 

8.25 
6.68 
3.42 
1.59 

0In KBr. &Bands in CH2Cl3 at 2057, 1535 Cm"1. cv(NCS) at 2090 
cm"1. ^y(NCO) at 2225 cm"1. ev(N3) at 2030 cm"1./KIr-Cl) at 307 
307 (w) and 200 (vw) cm"1. 

1850 c m - 1 react with nucleophiles such as O H - or N 3
- , 2 

certain complexes with bent M - N - O bonds undergo elec-
trophilic attack. These latter sparsely studied reactions in
clude protonation3 to form the coordinated nitroxyl (HNO) 
or hydroxylamine ligands and oxidation with nitric oxide4 

or dioxygen. In the presence of bases five-coordinate nitro
syl complexes can be oxygenated to form nitro complexes5 

or mixtures of nitro and nitrato complexes.6'7 It has been 
suggested recently that KNO) may serve as a useful criteri
on for predicting whether oxygenation will give MNO2 or 
MNO3 products, namely, that complexes with low K ( N O ) 
(1600-1710 cm - 1 ) give MNO2 complexes, while complexes 
with v(NO) at higher frequencies (1710-1765 cm - 1 ) give 
MNO3 complexes.6 Our observations indicate that KNO) 
is not a useful criterion. 

We report herein the synthesis of a new class of iridium 
nitrosyl complexes with NO stretching frequencies in the 
1520-1560-cm -1 region (among the lowest yet reported for 
metal nitrosyls) and the oxygenation of these complexes ex
clusively to nitrato complexes. 

The crystal structure of [Ir(PPh3MCO)(NO)Cl]BF4 

(1), determined by Ibers and Hodgson,8 revealed the first 
example of a metal-nitrosyl complex with a bent M - N - O 
bond. Rather surprisingly reports on the reactions of 1 have 
not appeared. Compound 1 (previously reported as an 18-
electron complex)9 was carbonylated to give [Ir(P-
Ph 3 MCO) 2 Cl(NO)]BF 4 (2), a 1:1 electrolyte in nitrometh-
ane.10 Compound 2 has KCO) at 2070, 2023, and 1980 
cm - 1 , i/(NO) at 1680 cm - 1 , and KBF4) at 1060 cm - 1 . 

Addition of solutions of LiCl or HCl in methanol to violet 
dichloromethane solutions of 1 gave immediate decolora
tion. Partial evaporation of solvent with a stream of nitro
gen led to crystallization of yellow-green Ir(PPh3M 
(CO)(NO)Cl2 . Other coordinating anions X - added as 
Li+ , Na + , K+ , or N H 4

+ salts gave the products shown in 
Table I. These nitrosyl complexes, which are nonconducting 
in nitromethane, are soluble in benzene, chloroform, or di
chloromethane and are only slightly soluble in methanol or 
hexane. The complexes are structurally analogous to the 
aryldiazo complexes, Ir(PPh3)2(CO)ClX(N2Ar), reported 
by Haymore and Ibers.11 Compared to the n(NO) for 1 at 
1700 cm - 1 , the K ( N O ) for the complexes Ir(P-
Ph 3 MCO)ClX(NO) (3) are in the 1520-1560-cm-1 re
gion. 

Like other complexes formed by the addition of nucleo
philes to five-coordinate Ir(III) complexes,12 it is likely that 
3 initially has an octahedral structure with the added ligand 
X trans to the trans directing N O - ligand and with PPh3 li
gands trans to each other. In an ionizing solvent, however, 
extensive rearrangement may be expected.12e The com
plexes have KCO) at 2050 ± 10 cm - 1 . 
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