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modifications to the sensitivity to steric effects only for im
portant changes in leaving group ability. 
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Thermal Decomposition of cis- and trans-3,4- and 
-3,6-Dimethyl-3,4,5,6-tetrahydropyridazines. Evidence 
against the Hot Diradical Postulate for Azo 
Decompositions 

Sir: 

Tetramethylene diradicals are the hypothetical reactive 
intermediates postulated to intervene in the dimerization of 
olefins and the thermal cleavage of cyclobutanes.1 Experi
mental efforts using stereochemical probes have been di
rected toward generating these reactive intermediates from 
different appropriately substituted precursors (olefins,2 cy
clobutanes,3 azo compounds,4 diazenes,5 ketones,6 and sul-
folanes7) in order to characterize their behavior. Unfortu
nately differences in substitution, temperature, and reaction 
conditions have made direct comparisons of product distri
butions difficult. 

An important 1,4-diradical with secondary radical cen
ters is 2,5-hexanediyl (1)^,6^0,8,9 t j j e hypothetical reactive 
intermediate formed by thermal cleavage of the most sub-

Table I. Percent Yields0 

Reactant 

cis- 2 

trans-3 

Con
ditions 

b 
C 
b 
C 

2 = / 

74.7 
72.9 
80.5 
74.4 

4 
8.5 
9.7 

12.7 
14.9 

R 
16.3 
16.3 
5.7 
8.9 

/ V / - > V 

0.5 
1.1 
1.1 
1.8 

"Percent yield based on total hydrocarbon product. Typical abso
lute yields of hydrocarbon products from 2 and 3 were 50 and 80% 
at 306° and 439°, respectively. VPC analysis using 20 ft. X 1/8 
in. 10% dibutyl tetrachlorophthalate; flame ionization detector. 
* Chamber pyrolysis (30 s at 306 + 2°, est pressure >25 mm). 
cChamber pyrolysis (5 s at 439 ± 2°, est pressure >31 mm). 

stituted bond in cis- and r/w!.s-l,2-dimethylcyclobutanes 
(studied in the gas phase at 425 ± 25° by Gerberich and 
Walters in 19613a). Although m-3,6-dimethyl-3,4,5,6-te-
trahydropyridazine (2) has been in the literature for over a 
decade,10 no successful decomposition of this pivotal azo 
compound for the study of 1 has been reported, nor has a 
synthesis of the corresponding trans isomer 3 appeared, ap
parently frustrated by the notoriously facile irreversible azo 
to hydrazone tautomerization associated with azo com
pounds that have enolizable hydrogens.4b'10,11 

We now wish to report the successful stereospecific syn
thesis12 and thermal decomposition in the gas phase (306-
439°) of both cis- and r/wu-3,6-dimethyl-3,4,5,'6-tetrahy-
dropyridazines (2 and 3, respectively). Conditions and re
sults of the pyrolyses are listed in Table I.18 

Examination of the 1,2-dimethylcyclobutane product ra
tios from the cis- and trans azo decompositions (2 and 3, re
spectively) reveals that, although overall retention is pre
served, the loss of stereochemistry in the closure products is 
relatively high (at 306°, retention/inversion (r/i) ratios are 
1.9 and 2.2 from 2 and 3, respectively) compared to the 
more highly substituted cyclic azo system with tertiary rad
ical centers reported by Bartlett and Porter (at 148°, r/ i ra
tios are >49 from both meso-, and fi?/-azo-4).4a If 1,4-di-

radicals with secondary centers intervene in the decomposi
tion of 2 and 3, the data indicate that carbon-carbon bond 
rotation is competitive with cleavage and closure. Thus, the 
intermediates formed from azo compounds 2 and 3 are sim
ilar in behavior to those from the thermal decomposition of 
cis- and r/-a«s-l,2-dimethylcyclobutanes.3a 

Stephenson and Brauman8 attempted to explain the high 
stereospecificity observed in the cyclic azo-4 decomposition 
(as compared to the less stereospecific thermal reactions of 
1,2-dimethylcyclobutanes) by directing attention to the 
mode of generation of the intermediates in the two cases. 
They explained the higher stereospecificites observed from 
4 by suggesting that vibrationally "hot" 1,4-diradicals are 
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Table II. Percent Yields0 Scheme 1 

Reactant 

cis-5 

trans-6 

Con
ditions 

b 
C 

b 
C 

^ 
11.2 
11.4 
69.7 
68.7 

r\ 
69.5 
64.4 

4.3 
5.2 

4 
4.7 
8.2 

23.4 
23.2 

9 
14.6 
16.0 

2.6 
2.9 

a Percent yield based on total hydrocarbon product. Typical abso
lute yields of hydrocarbon products from 5 and 6 were 50 and 80% 
at 306° and 439°, respectively. VPC analysis using 20 ft. X 1/8 
in. 10% dibutyl tetrachlorophthalate; flame ionization detector. 
6 Chamber pyrolysis (30 s at 306 ± 2°, est pressure >25 mm). 
c Chamber pyrolysis (5 s at 439 ± 2°, est pressure >31 mm). 

^ 
^ 

tf 
I ks 

-̂X: ̂  X -̂  ^ 

formed from azo precursors whereas thermally equilibrated 
1,4-diradicals are generated in the cyclobutane pyrolyses. 
The work described here demonstrates that when the ther
mal reactions of cyclic azo compounds and cyclobutanes of 
similar substitution are compared at the same temperature, 
the stereospecificities are similar, and therefore the need for 
the "hot" diradical postulate disappears.19 Moreover our 
results are consistent with the view that entropy effects and 
rotational barriers due to differences in substitution at the 
radical centers are responsible for the differences in stereos
pecificities (i.e., stereospecificity increases as substitution at 
the radical center increases).3d,f'6b These results emphasize 
the important point that the only valid comparison between 
thermally generated high energy species from difference 
precursors (and hence different points on an energy sur
face) must involve structures of similar substitution at the 
same temperature. 

The thermal decomposition of a differently substituted 
azo precursor provides information on the cleavage stereo
chemistry in the six-membered cyclic azo system. In a series 
of elegant studies, Berson and co-workers have shown kinet
ic and stereochemical evidence that six-membered cyclic 
azo compounds with a i: or bent a backbone bond undergo 
what appears to be concerted (2 + 2 + 2) cycloreversions 
with the degree of concert diminishing as the backbone 
bond orbital acquires more a character.Uc A question that 
remains unanswered is whether some degree of concert is 
left if the backbone bond were pure <r. We report here the 
stereospecific synthesis and thermal decomposition in the 
gas phase (306-439°) of cis- and rra«s-3,4-dimethyl-
3,4,5,6-tetrahydropyridazines (5 and 6, respectively).20,21 

These experiments allow us to test whether fragmentation 
and ring-closure products in six-membered cyclic azo ther
mal reactions arise exclusively from a common set of azo 
generated 1,4-diradicals (7t and 7c) (paths a, a' in Scheme 
I) or whether a direct pathway to fragmentation products is 
also occurring (path b, b ' in Scheme I). Conditions and re
sults of the pyrolyses are listed in Table II.22 

Examination of the data reveals that the ratio of trans-
2-butene/r/ww-l,2-dimethylcyclobutane is higher from the 
trans azo precursor than from the cis azo precursor (at 
439°, 3.0 vs. 1.4). Similarly, the ratio of ds -2 -bu tene /m-
1,2-dimethylcyclobutane is higher from the cis azo precur
sor than from the trans azo precursor (at 439°, 4.0 vs. 1.8). 
Thus there is an extra component of stereospecific cleavage 
of retained stereochemistry from each azo compound. 

The crossover cleavage/closure product ratios from the 
cis and trans azo decompositions afford directly the azo-
generated 1,4-diradical &(cleavage)/£(closure) ratios (k4/ 
k?, = 1.4, k5/k6 = 1.8). The &(cleavage)/fc(closure) ratios 
and the cis/trans ratios of cyclobutane products observed 
from each azo isomer provide £(closure)/A:(rotation) ratios 
(&3/&2 = 1.9, kb/k\ = 0.7) from a steady-state analysis of 
the proposed diradical scheme. From these relative rates of 

? 
^ 

A^ b Xy 
^ . 

rotation, cleavage, and closure for the two isomeric azo-
generated 1,4-diradicals the calculated trans/cis-2-butene 
and cis/trans-2-butene ratios from 7t (from trans -azo-6) 
and 7c (from m-azo-5) are 86/14 and 72/28, respectively. 
They compare favorably with 88/12 and 68/32 from trans-
and m-l,2-dimethylcyclobutanes reported at 440° by Ger-
berich and Walters.33 The observed 2-butene ratios (Table 
II) are consistent with a direct cleavage component (path b 
= 37%, b' = 35%) superimposed on a 1,4-diradical interme
diate (path a = 63%, a' = 65%)23 remarkably similar in be
havior to that generated under the same conditions (gas 
phase, 440°) in the thermal decomposition of cis- and 
fran5-l,2-dimethylcyclobutanes. It is suggestive that this 
system represents the point where the 1,4-diradical and the 
(2 + 2 + 2) cycloreversion are now competitive and that the 
last traces of concert do indeed survive in pure a cyclic azo 
decompositions.24 

Acknowledgment. The authors are grateful to E.I. duPont 
de Nemours and Co. for their generous support by provid
ing a duPont Young Faculty Grant and to the National 
Science Foundation (MPS 75-06776) for partial support of 
the work. We greatly appreciate stimulating discussions 
with Professors R. G. Bergman, J. A. Berson, J. I. Brau-
man, and L. M. Stephenson during the course of this re
search. 

References and Notes 

(1) (a) F. Kern and W. D. Walters, J. Am. Chem. Soc, 75, 6196 (1953); (b) 
H. E. O'Neal and S. W. Benson, J. Phys. Chem., 72, 1866 (1968); P. C. 
Beadle, D. M. Golden, K. D. King, and S. W. Benson, J. Am. Chem. 
Soc, 94, 2943 (1972); (c) R. B. Woodward and R. Hoffman, "The Con
servation of Orbital Symmetry", Academic Press, New York, N.Y., 
1970; (d) R. Hoffmann, S. Swaminathan, B. G. Odell, and R. Gleiter, J. 
Am. Chem. Soc, 92, 7091 (1970); (e) J. S. Wright and L. S. Salem, 
ibid., 94, 322 (1972); L. Salem and C. Rowland, Angew. Chem., 11, 92 
(1972); (f) L. M. Stephenson, T. A. Gibson, and J. I. Brauman, J. Am. 
Chem. Soc, 95, 2849 (1973); (g) M. J. S. Dewar and S. Kirschner, ibid, 
96, 5246 (1974); (h) G. A. Segal, ibid, 96, 7898 (1974). 

(2) P. D. Bartlett, Q. Rev., Chem. Soc, 24, 473 (1970); P. D. Bartlett, 
Science, 159,833(1968). 

(3) (a) H. R. Gerberich and W. D. Walters, J. Am. Chem. Soc, 83, 3935, 
4884 (1961); (b) A. T. Cocks, H. M. Frey, and I. D. R. Stevens, Chem. 
Commun., 458 (1969); (c) J. E. Baldwin and P. W. Ford., J. Am. Chem. 
Soc, 91, 7192 (1969); (d) J. A. Berson, D. C. Tompkins, and G. Jones, 
II, ibid., 92, 5799 (1970); (e) R. Srinivasan and J. N. C. Hsu, J. Chem. 
Soc, Chem. Commun., 1213 (1972); (f) G. Jones, II, and M. F. Fatina, 
ibid., 375 (1973); G. Jones, II, and V. L. Chow, J. Org. Chem., 39, 1447 
(1974); G. Jones, II, J. Chem. Bduc, 51, 175 (1974); (g) L. M. Stephen
son and T. A. Gibson, J. Am. Chem. Soc, 96, 5624 (1974). 

(4) (a) P. D. Bartlett and N. A. Porter, J. Am. Chem. Soc, 90, 5317 (1968); 
(b) K. R. Kopecky and S. Evani, Can. J. Chem., 47, 4041 (1969); K. R. 
Kopeckyand J. Soler, ibid., 52, 2111 (1974); (c) R. C. Newman, Jr., and 
E. W. Ertley, J. Am. Chem. Soc, 97, 3130 (1975). 

Communications to the Editor 



1264 

(5) D. M. Lemal, T. W. Rave, and S. D. McGregor, J. Am. Chem. Soc, 85, 
1944 (1963); C. G. Overberger, M. Valentine, and J.-P. Anselme, ibid., 
91,687(1969). 

(6) (a) L. M. Stephenson, P. R. Cavigli, and J. L. Parlett, J. Am. Chem. Soc, 
93, 1984 (1971); (b) C. P. Casey and R. A. Boggs, ibid., 94, 6457 
(1972); (C) H. M. Frey and D. H. Lister, J. Chem. Soc. A, 627 (1970). 

(7) W. L. Mock, I. Mehrotra, and J. A. Anderko, J. Org. Chem., 40, 1842 
(1975). 

(8) L. M. Stephenson and J. I. Brauman, J. Am. Chem. Soc, 93, 1988 
(1971). 

(9) R. G. Bergman in "Free Radicals", J. K. Kochi, Ed., Wiley-lnterscience, 
New York, N.Y., 1973, Chapter 5. 

(10) S. G. Cohen and R. Zand, J. Am. Chem. Soc, 84, 586 (1962). 
(11) (a) S. G. Cohen, R. Zand and C. Steel, J. Am. Chem. Soc, 83, 2895 

(1961); (b) R. J. Crawford and A. Mishra, ibid., 88, 3963 (1966); (c) J. A. 
Berson, E. Petrillo, Jr., and P. Bickart, ibid., 96, 636 (1974); J. A. Ber-
son, S. S. Olin, E. W. Petrillo, Jr., and P. Bickart, Tetrahedron, 30, 1639 
(1974). 

(12) Diels-Alder addition13 of trans.trans- and c/s,frans-tiexa-2,4-diene to di
methyl azodicarboxylate, followed by hydrogenation, afforded the cis-
and frans-diurethane precursors14 (99 and 97% isomerically pure16). 

(13) J, A. Berson and S. S. Olin, J. Am. Chem. Soc, 91, 777 (1969). 
(14) Hydrolysis of the diurethanes followed by decarboxylation was carried 

out under an inert atmosphere (N2) using thoroughly degassed solvents 
and the cis- and frans-hydrazine products were distilled on a vacuum 
line (1O-4 Torr). Oxidation of the pure hydrazines in benzene-d6 to the 
corresponding azo compounds was accomplished by treatment with 
oxygen and monitored by NMR.15 For pyrolysis, these solutions were in-
ject.ed into an evacuated Pyrex chamber (preheated to 306 and 439°) 
and the products were collected in a trap at —196°. The product ratios 
were determined by electronically integrated analytical vapor phase 
chromatography (VPC) analysis. 

(15) We thank Dr. E. Petrillo, Jr.,11c for helpful suggestions during the 
course of this work. 

(16) Treatment of the diurethanes with LiAIH4 afforded the corresponding te-
tramethylhexahydropyridazines17 which were analyzed by analytical 
vapor phase chromatography. 

(17) S. F. Nelson and P. J. Hintz, J. Am. Chem. Soc, 94, 7108 (1972); J. E. 
Anderson and J. M. Lehn, ibid., 89, 81 (1967). 

(18) Surface effects were checked. None was found. Control experiments 
show that the hydrocarbon products are stable under the pyrolysis con
ditions. Hydrazone by-product was shown not to give cyclobutane or 
olefin products under the pyrolysis conditions. 

(19) The azo generated diradical is either not formed "hot" or if "hot" the 
excess vibrational energy has no substantial chemical consequences. 

(20) Hydroboration of 3-methyl-c/s- and -frans-1,3-pentadiene followed by 
oxidation afforded erythro- and threo-3-methylpentane-1,4-diol. Reac
tion of the corresponding erythro and threo diol dimethanesulfonates 
with dimethylhydrazo-1,2-dicarboxylate and sodium hydride afforded di
methyl trans- and -c/s-3,4-dimethyltetrahydropyridazine-1,2-dicarboxy-
lates.14 The cis and trans diurethanes were further separated by prepar
ative vapor phase chromatography (>99.5% isomeric purities). These 
diurethanes gave satisfactory C1H analysis and spectral data. 

(21) These azo compounds suffered facile irreversible azo to hydrazone tau-
tomerization in the presence of trace amounts of acid, base, solvents, 
and light. 

(22) Product ratios were insensitive to changes in surface area and pressure 
(30-500 mm). Decomposition in benzene (sealed tubes) at 306° gave 
similar results. Control experiments show that the hydrocarbon prod
ucts are stable under the pyrolysis conditions. Hydrazone by-product 
was shown not to give cyclobutane or olefin products under the pyroly
sis conditions. 

(23) From azo-6 frans/c/s-2-butene 68.6/5.2 (observed) = 36.6 (direct) + 
32.0/5.2 (diradical) and from azo-5 c/s/frans-2-butene 64.0/11.3 (ob
served) = 35.4 (direct) + 28.6/11.3 (diradical). 

(24) The hot diradical postulate proposes the vibrational^ hot 1,4-diradicals 
have /((rotation) « /((closure) ~ /((cleavage) from <4(rotation) « ^(clo
sure) ~ A(cleavage).e,3a An attempt to fit the azo data to the hot diradi
cal postulate would require ^(rotation) ~ ^(closure) « ^(cleavage). 

Peter B. Dervan,* Tadao Uyehara 
Contribution No. 5172, Crellin Laboratories of Chemistry 

California Institute of Technology 
Pasadena, California 91125 

Received September 18, 1975 

Sulfine1 

Sir: 

While a wide variety of substituted sulfines are known 
and are generally described as stable substances,2 the par
ent compound, CH2SO, has thus far eluded synthesis.2a-3 

We now wish to report the facile generation of sulfine (thio-
formaldehyde S-oxide) by flash vacuum pyrolysis (FVP) of 
a number of readily available precursors. We also report 
herein the structure of this intriguing molecule as deter
mined by microwave spectroscopy. 

In view of the demonstrated generation of other elusive 
"heteroolefinic" species by pyrolysis or photolysis of various 
four-membered rings,4 heterocyclobutanes 1 and 2 seemed 
to be likely sulfine precursors. Indeed, initial study of the 
FVP of thietane 5-oxide ( I ) 5 and 1,3-dithietane 1-oxide 
(2)6 (utilizing a pyrolysis system7 connected directly to the 
source of a mass spectrometer) suggested that both com
pounds decomposed cleanly to sulfine in the gas phase be
ginning at temperatures of ca. 600° and 300°, respectively. 
Definitive evidence for the formation of sulfine from 1 and 
2 under FVP conditions was obtained by following the de
composition of 1 and 2 by microwave spectroscopy. Thus, 
when 2 at its vapor pressure of 25/^ was evaporated through 
a pyrolysis tube into a microwave absorption cell, genera
tion of sulfine was detected first at a pyrolysis temperature 
of 300 0 C and was complete above 500° at which tempera
ture the spectrum of 26 had been replaced by the spectra of 
thioformaldehyde8 and sulfine. 

D D 
1 — s I—s 

1 2 

A number of other possible precursors of sulfine were ex
amined using FVP-mass spectrometry and FVP-microwave 
spectroscopy techniques. Pyrolysis of 1,3,5-trithiane has 
been shown to generate thioformaldehyde.8 We find that 
sulfine is produced, albeit inefficiently, on FVP of 1,3,5-tri
thiane 1-oxide.9 The pyrolysis of Me2SO is suggested to in
volve a chain decomposition with sulfine as one intermedi
ate (eq 1-3).10 

CH1S(O)CH3 - ^ - CH3SO • + CH3 • (1) 

CH3S(O)CH3 + CH3- — • CH4 + CH3S(O)CH, • (2) 

CH3S(O)CH2 • —>- CH3- + CH2SO (3) 
3 

In our hands FVP of Me2SO at 650° did in fact generate 
sulfine, though not as efficiently as did FVP of 2. Since 
Gollnick11 has postulated that radical 3, when generated by 
photolysis of neat Me2SO, undergoes an alternative mode 
of decomposition than that indicated by eq 3, namely, rear-

O 
/ \ 

CH3S(O)CH2 • —«- CH3S—CH2 —* CH3S • + CH2O (4) 

rangement followed by fragmentation (eq 4), it seemed de
sirable to provide additional support for the thermal radical 
fragmentation process of eq 3. Iodomethylmethyl sulfoxide 
(4)12 appeared to be a suitable precursor to radical 3. FVP 
of 4 at 350° did indeed generate sulfine together with meth
yl iodide (both rather inefficiently), perhaps via the se
quence of reactions indicated in eq 5-7. 

CH1S(O)CH2I (4) - ^* CH3S(O)CH2- + I • (5) 

CH1S(O)CH2 • — • CH2SO + CH3 • (6) 

CH3S(O)CH2I + CH3 • — CH3S(O)CH2 • + CH3I (7) 

Base induced dehydrochlorination of alkane- or arylalka-
nesulfinyl chlorides has been widely used to generate substi
tuted sulfines,2a'c,d'g although the reaction reportedly fails 
with methanesulfinyl chloride.2a'3 We find that FVP of 
methanesulfinyl chloride at 600° affords HCl and sulfine. 
In examining FVP routes to sulfine homologues, we find 
that FVP of ethanesulfinyl chloride and 2-propanesulfinyl 
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