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Table I. Heats of Hydrogenation (—AHy,, kcal/mol)¢ for
the Cyclooctenes

Cis Trans Solvent Ref
22.98 £ 0.10 32.24 £ 0.21 Acetic acid 6
23.53 £+ 0.04 - Gas phase 5
23.04 £ 0.17 34.41 £ 0.43 Hexane This work

@ Under Turner’s conditions in acetic acid, the magnitude of
the heat of hydrogenation will be smaller than the gas-phase value
by the heat of solvation of cyclooctane in acetic acid (about 0.4
kcal/mol). Kistiakowsky’s measurements were at 82 °C, and heats
of hydrogenation are generally slightly greater in magnitude at
elevated temperatures.

is quite comparable with earlier values, as anticipated. The
trans-cyclooctene value is approximately 2 kcal greater in
magnitude than that reported by Turner. The difference is
attributed in part to solvation but mainly to sample purity,
as discussed above. The predictive value of the force field
calculations is again borne out. From the heat of hydrogena-
tion obtained herein, we can estimate the heats of formation
and strain energies of the cyclooctenes. Taking the heat of
formation of cyclooctane*? as —29.73 £ 0.28, we obtain H;®
values for the gas phase at 25 °C, as: trans, +4.68 + 0.71
kcal/mol, and cis, —6.69 + 0.45 kcal/mol. An independent
literature value*2 gives: cis, —6.45 £ 0.30 kcal/mol.

The calculated inherent strain energies®2 for cyclooctane,
and cis- and trans-cyclooctene are respectively 14.15, 10.36,
and 21.99 kcal/mol.!? While these numbers are quantitatively
different from earlier values, the interpretation is the same,
namely that cyclooctane contains considerable strain from van
der Waals repulsion and unfavorable torsion, which is partly
relieved in cis-cyclooctene. The trans-cyclooctene, on the
other hand, contains a large amount of bending and twisting
strain about the double bond.

Experimental Section

The apparatus and technique used for the heat of hydrogenation
measurements has been previously described.? 1-Hexane was used
as the standard (Hpy, = —30.00%" kcal/mol). Samples of compound,
0.15-0.30 g, were weighed to £0.01 mg and made up to volume with
hexane. Forty-microliter aliquots were added to the hydrogenation
vessel, which contained the Pd/C catalyst suspended in hexane.

cis-Cyclooctene was purchased from Columbia Carbon Co.,
Princeton, N.J., and was distilled. GLC showed it to be quite pure (SE
30 capillary column). The trans isomer was furnished by Dr. R. Bach,
and had been prepared by elimination from the 1,2-diol. It was
shipped in pentane. The pentane was removed by distillation and the
trans-cyclooctene was distilled. A polymeric residue remained. This
sample of trans-cyclooctene was shown by GLC not to contain any
detectable amount of the cis isomer. It did contain 1.8 + 0.5% pentane,
which was allowed for in calculation of the heat of hydrogenation.

The trans-cyclooctene sample described above was both used as
described and partly redistilled (to give a second sample), which now
was found by GLC to contain 0.45 £ (0.15% pentane. The heat of hy-
drogenation was also measured with this sample. Uncertainties in
Table I are 95% confidence limits on nine replicate samples plus an
estimated uncertainty on the correction due to pentane in the trans
sample.
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the trans-cyclooctene sample used in this work.

Registry No.—cis-Cyclooctene, 931-87-3; trans-cyclooctene,

931-89-5.

References and Notes

(1) Supported by Grant NSF CHE74-08071 from the National Science Foun-
dation.

0022-3263/78/1943-0361801.00/0

J. Org. Chem., Vol. 43, No. 2, 1978 361

(2) On Ieave from the Chemistry Department, The Brookiyn Center, Long Island
University, Brookiyn, N.Y. 11201.

(3) For reviews see: (a) N. L. Allinger, Adv. Phys. Org. Chem., 13, 1 (1976);
(b) O. Ermer, Struct. Bonding (Berlin), 27 (1976); (c) C. L. Altona and D.
H. Faber, Top. Curr. Chem.,’45, 1 (1974); (d) J. E. Williams, P. J. Stang, and
P. v. R. Schleyer, Ann. Rev. Phys. Chem., 18, 531 (1968).

(4) For compilations of data, see for example: (a) J. D. Cox and G. Pilcher,
"“Thermochemistry of Organic and Organometaliic Compounds”, Academic
Press, New York, N.Y., 1970; (b} D. R. Stult, E. F. Westrum, Jr.,,and G. C.
Sinke, “‘The Chemical Thermodynamics of Organic Compounds’’, Wiley,
New York, N.Y., 1969; (c) American Petroleum Institute, Tables, Project
44; S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. Haugen, H. E.
O’Neal, A. S. Rodgers, R. Shaw, and R. Walsh, Chem. Rev., 69, 279
(1969).

(5) J. B. Conn, G. B. Kistiakowsky, and E. A. Smith, J. Am. Chem. Soc., 61,
1868 (1939).

(6) R.B. Turner and W. R. Meador, J. Am. Chem. Soc., 79, 4133 (1957).

(7) D. W. Rogers, P. M. Papadimetriou, and N. A. Siddiqui, Mikrochim. Acta,
389 (1975).

. W. Rogers and 8. Skanupong, J. Phys. Chem., 78, 2569 (1974).

. L. Allinger, J. Am. Chem. Soc., 80, 1953 (1958).

. L. Allinger and J. T. Sprague, J. Am. Chem. Soc., 94, 5734 (1972).
. M. Gavin, Jr., and Z. F. Wang, J. Am. Chem. Soc., 95, 1425 (1973).
. Traetteberg, Acta Chem. Scand.. B29, 29 (1975).

) N. L. Allinger, J. Am. Chem. Soc., in press; (b)N. L. Allinger, D.

indman, and H. Honig, J. Am. Chem. Soc., 99, 3282 (1977).

(14) L. S. Bartell, J. Am. Chem. Soc., 99, 3279 (1977).

8
9
0
1
2
3

(8)
(9)
(10)
(11)
(12)
(13)

ISZTYZZO

Reaction of Methyl and tert-Butyl Hypochlorite
with Cyclopentadiene

Gene E. Heasley,* Waden E. Emery III, and Robert Hinton

Department of Chemistry, Bethany Nazarene College,
Bethany, Oklahoma 73008

Dale F. Shellhamer, Victor L. Heasley,
and Stephen L. Rodgers

Department of Chemistry, Point Loma College,
San Diego, California 92106

Received May 31, 1977

Recently, we reported studies on the ionic and radical ad-
dition of methyl hypochlorite to acyclic, conjugated dienes.!
In order to examine the stereochemistry of this reaction, we
decided to explore the addition of alkyl hypochlorites to cy-
clopentadiene (1). The reaction of 1 with tert-butyl hypo-
chlorite has been reported? but without identification of the
stereoisomers and without a discrimination between ionic and
radical addition mechanisms.

The products obtained from 1 and methyl and tert-butyl
hypochlorite are identified in Scheme I. The ratios of products
obtained under ionic and radical conditions are listed in Ta-
bles I and II, respectively. Both of the hypochlorites give a
rapid radical reaction (molecule-induced homolysis) with the

Scheme I
R
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Table I. Reactions of Cyclopentadiene with Methyl and tert-Butyl Hypochlorite under Ionic Conditions

Products, %°

1,2 addn
(Markowni-
koff) 1,4 addn Yield of alkoxy
Expt no. Conditions®¢ 2a,b 3 4a,b 5ab chlorides, % Yield of dichlorides, %

1 MeOC], MeOH (98%) 36 7 26 31 72
2 Cls, MeOH (98%) 34 6 27 33 60 164
3 Cly, MeQOH (98%), 0.1 M LiCl 36 8 25 31 55 174
4 Cls, t-BuOH (98%) 66 10 24 14 284
5 MeOC], MeOH (98%), BF5 26 9 30 35 82
6 MeOCl, HOAc (98%) 14 28 4 54 5
7 MeOCl, HOAc (2%), CHoCly (96%) 24 39 10 32 16
8 MeOC], PhCOgH (2%), CH2Cls (96%) 27 42 9 22 18
9 MeOC1, CICH3CO2H (2%), CHoCl; (96%) 24 37T 10 29 21

10 MeOCl, CH-Cl; (98%), BF3 30 27 16 27 47

a Percentages of alkoxy chloride products are normalized to 100%. ® Reactions were carried out by saturating the reaction mixtures
with oxygen gas before addition of the hypochlorite. ¢ Percentages in parentheses refer to the mole percentage of that reagent before
addition of the hypochlorite solution. The concentration of 1 was always 0.02 mole fraction. ¢ The dichlorides” are trans-3,4-dichlo-
rocyclopentene (8), cis-3,4-dichlorocyclopentene (9), trans-3,5-dichlorocyclopentene (10), and cis-3,5-dichlorocyclopentene (11);
the percentage of each of the dichlorides is, respectively in expt 2: 43, 13, 22, 22; in expt 3: 42, 14, 22, 22; and in expt 4: 27, 27, 15,

31.

Table II. Reactions of Cyclopentadiene with
Halogenating Reagents under Radical Conditions

Products, %
1,2-Addition?

1,4-Addition

Reagent® Yield trans cis trans cis
CH,0Cl 97 286 50 50 17
t-BuOCl 109 390 0 52 9
NCl;e¢ 55 38 12 25 25
PhICls¢ 83 41 0 29 30

@ Reactions were carried out by adding the reagent in meth-
ylene chloride to neat 1 which was saturated with nitrogen before
addition. The reaction mixture was illuminated with ultraviolet
light from a 275-W sunlamp. ®The 1,2-alkoxy products are anti-
Markownikoff. ¢ Data from ref 11.

neat diene, affording near-quantitative yields of the alkoxy
chloride adducts (Table II). Ionic addition to 1 was achieved
under a variety of conditions. In line with our previous ob-
servations with acyclic dienes,! 1 did not react with the hy-
pochlorites in dilute methylene chloride solution under oxygen
as a radical inhibitor.3 In dilute methanol a complete reaction
was observed in 30 min (Table I, expt 1). A more rapid reaction
occurs when BFj is present in the methanol (expt 5).4 The
reaction between 1 and tert-butyl hypochlorite in tert-butyl
alcohol was much slower and, since the product ratios showed
some variation over this long time period, the results are not
reported in Table 1.> The products from the chlorination of
1 in methanol and tert-butyl alcohol are also reported in Table
I (expts 2 and 4).%

We designed experiments in which the addition of methyl
hypochlorite to 1 occurred in the absence of methanol, thus
avoiding the complication of methoxide incorporation from
the solvent. For example, reaction between 1 and methyl hy-
pochlorite in glacial acetic acid (expt 6) gave a 5% yield® of
methoxy chlorides. The yield was increased to 16% by using
only 2% acetic acid in methylene chloride (expt 7). Benzoic
acid (expt 8) and chioroacetic acid (expt 9) under the same
conditions gave methoxy chlorides in yields of 18 and 21%,
respectively. The highest yield (47%) under these conditions
was obtained by adding a few drops of boron trifluoride eth-
erate (expt 10) to the mixture of 1 and methyl hypochlorite
in methylene chloride.

Scheme 11
HOAc(BF5)
_(.)-—-Me
OMe
MeQCl direct collapse @Cl
———
O AcOH or BF, Cl
12+ 3

Turning to the mechanistic significance of our results, we
wish to make several observations. First, concerning the 1,2
addition under ionic conditions, we note that, while some syn
1,2 addition was observed with methyl hypochlorite,> the
amount of syn addition is greatly increased when methanol
is not the solvent. Apparently, the carboxylic acids or BFj
catalyze formation of the ion pair 12 by stabilizing the meth-
oxide ion as shown in Scheme I1. The methoxide ion can then
collapse directly to give the cis product 3. Reactions in
methanol give mainly the trans-1,2-product evidently because
solvent collapse happens very rapidly from the back-side.

It is interesting that the four reactions (expts 1, 2, 3, and 5)
employing methanol solvent all give very similar product ra-
tios. Apparently, chlorine and methyl hypochlorite produce
essentially identical carbonium ion intermediates, a conclu-
sion previously reported.! The addition of excess chloride ion
(expt 3) did not increase the percentage of dichlorides formed
in chlorination, suggesting as previously reported in the
chlorination of styrenes8® and pentenes8b that the dichlorides
are formed from the collapse of an intimate ion pair.

The data show that the stereochemical results from 1,4
addition are similar to those of 1,2 addition. For example,
much more syn 1,4 addition is obtained when methanol is not
the solvent. However, in contrast to the 1,2 addition, the 1,4
addition is slightly more syn than anti, even for the reaction
in methanol of 1 with methyl hypochlorite or chlorine. This
may be due to the lower degree of steric hindrance which
would be encountered for syn 1,4 addition of methoxide (or
methanol) compared to syn 1,2 addition.

Under radical conditions (molecule-induced homolysis) the
trans-1,4-adduct predominates® and the 1,2-adduct is the
anti-Markownikoff product. A steric effect is observed in the
chain-propagating step for the formation of cis-1,2-adducts.1?
The steric effect is indicated by the absence of cis-1,2-products
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when tert-butyl hypochlorite or iodobenzene dichloride!!
react with radical intermediate 13a or 13b (Table II).

XY + X\Ox —>  dichlorides 4+ x.
or
13a, b

alkoxychlorides

13a, X=0Bu’; Y=Cl
13b, X =Cl; Y = PhICl

Experimental Section

General. Cyclopentadiene was obtained from its dimer and dis-
tilled just prior to use. The hypochlorites were prepared by a modi-
fication of the method used by Jenner to prepare n-butyl hypochlo-
rite.}2 NMR spectra were obtained on a Varian T-60A spectrometer
and IR spectra on Beckman IR-10 or Perkin-Elmer 337 spectropho-
tometers. VPC analysis was done with a Hewlett-Packard 5750
flame-ionization chromatograph.

Reaction Conditions. Reactions in methanol and radical reactions
were done under the same conditions as described previously.! In expt
5 (Table I) two drops of boron trifluoride etherate were added to 30
mL of methanol, and in expt 10 six drops of boron trifluoride were
added last to a solution of 1.2 mL of 1 and 2.5 mL of 1.5 M methyl
hypochlorite in 47 mL of methylene chloride.

Analysis and Identification of Products. Methoxy chlorides
and dichlorides were analyzed by VPC as follows: 2.5% 8,5-
oxydipropionitrile on 80-100 mesh Chromosorb W(AW-DMCS), 70
°C, 4 ft X 0.25 in. SS. Retention times were 2.2, 2.5, 2.5, 3.6, 4.2, 7.4,
8.4, 8.4, 9.6, and 10.2 min for 8, 2a, 6a, 10, 4a, 5a, 3,7, 9, and 11, re-
spectively.

tert-Butyl chloride products were analyzed as follows: 6% SE-30
on 80-100 mesh Chromosorb W(AW-DMCS), 65 °C, 8 ft X 0.25 in.
SS. Retention times were 33, 33, 41, and 47 min for 2b, 6b, 4b, and 5b,
respectively.

Products were isolated by preparative VPC or spinning-band dis-
tillation and structures assigned mainly on the basis of the NMR
spectra reported below. The compound assigned structure 7 was not
isolated. The structure is tentatively assigned on the basis that this
VPC peak had the same retention time as 3 and that the peak was
removed by methanol solvolysis described below.

The most suitable column for VPC collection of the methoxy
chloride products was 5% DC-550 silicone in 8 ft X 10 mm glass.
tert-Butoxy chloride products were collected by VPC on the same
column as was used for analysis. The tert-butoxy chloride 6b was iso-
lated in large amounts by spinning-band distillation, bp 64 °C (14
mm).

Additional evidence for the structure of the methoxy chloride
product was obtained by solvolysis to dimethoxycyclopentenes in
methanol, thus producing diethers. Three of the expected dimethoxy
products were isolated by VPC collection: trans-3,4-dimethoxycy-
clopentene (12), trans-3,5-dimethoxycyclopentene (13), and cis-
3,5-dimethoxycyclopentene (14). The VPC retention times of 12, 13,
and 14 on the propionitrile column (70 °C) described above are 3.0,
4.9, and 6.8 min, respectively. The allylic methoxy chlorides 2a, 3, 4a,
and 5a were distinguished from the nonallylic (anti-Markownikoff
adducts) methoxy chlorides 6a and 7 by subjecting each to solvolysis
in methanol at 50 °C. After 24 h, peaks corresponding to 2a, 3, 4a, and
5a had essentially disappeared, whereas 6a and 7 were unaffected.

NMR Spectra. Structures were assigned on the basis of NMR. The
spectra of the cyclopentadiene dibromides and dichlorides where
spectra had been assigned previously served as important models.1.7:13
Spectra were obtained in carbon tetrachloride (reported in parts per
million downfield from Me4Si).

Chloromethoxy Cyclopentenes. 2a: NMR 6 2.48 (dd, 1, trans-
CH(H)CH, J55 = 17.6, J45 = 4.4 Hz, other fine coupling), 3.08 (dd,
1, cis-CH(H)-CH, /55 = 17.68, J 45 = 7.0 Hz, other fine coupling), 3.40
(s, 3, CH30), 4.12 (ddd, 1, CHCl, J45 = 4.4, J45 = 7.0, J = 3.2 Hz),
4.32-4.52 [m (narrow), 1, CHOCHj3}, 5.73-5.92 (m, 2, Ch=CH); 3:
NMR 62.72 (d, 2, CHs, J45 = 5.2 Hz), 3.37 (s, 3, CH30), 4.20 (br d, 1,
CHOCHjg, J34 = 5.2 Hz), 4.37 (dt, 1, CHCI, J45 = 5.2, J34 = 5.2 Hz),
5.87 (m, 2, CH=CH); NMR ¢ 4a; 2.23-2.47 (m, 2, CH»), 3.28.(s, 3,
CH;30), 4.47-4.77 (m, 1, CHOCHjy), 4.83-5.12 (m, 1, CHCI), 6.02 (s,
2, CH=CH); 5a: NMR ¢ 1.93 {dt, 1, trans-CH(H)CH, J,4 = 13.8,
Jyai) = 4.4 HZ], 2.83 [dt, 1, cis-CH(H)CH, J44 = 13.8, J4'3(5) =170
Hz], 3.27 (s, 3, CH30), 4.35 (dd with fine structure, 1, CHOCHas, J 45
=7.0,J45 = 4.4 Hz}, 4.72 (dd with fine structure, 1, CHCI, J34 = 7.0,
J34 = 4.4 Hz), 5.97 [m (narrow), 2, CH=CH]; 6a: NMR 6 2.32 [br d,
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1, trans-CH(H)-CH, J45 = 17.0 Hz], 2.85 [dd with fine structure, I,
cis-CH(H)-CH, /55 = 17.0, J 45 = 7.0 Hz], 3.40 (s, 1, CH30), 3.95-4.23.
(m, 1, CHOCHsj), 4.65-4.87 (m, 1, CHCD, 5.58-6.10 (m, 2,
CH=CH). )

Dimethoxycyclopentenes. 12: NMR 6 2,15 (dd with fine splitting,
trans-CH(H)CH, J55 = 18, J54 = 4.5 Hz), 2.72 (dd with fine splitting,
1, cis-CHMH)CH, J35 = 16, J54 = 6.8 Hz), 3.32 (s, 6, CH30), 3.78 (ddd,
1, CHCHQ, J45 = 68, J45' = 4.5, J43 = 3.3 HZ), 4.12-4.33 (m, 1,
CHCH=CH), 5.75 [m (narrow), 2, CH=CH]; 13: NMR 5 1.92 (t, 2,
CHZ, J43(5) =48 HZ), 3.23 (S, 0, CHaO), 4.48 (d[, 2, CHCHz, J3(5)4 =
4.8, J13(5) =09 HZ), 6.02 (dd, 2, CH=CH, J13(5J =09 HZ); 14: NMR
6 1.50 [dt, 1, trans-CH(H)CH, Jy44 = 13.2, J 43 = 4.8 Hz|, 2.50 [dt, 1,
cis-CH(H)CH, J 44 = 13.2, J 45 = 7.0 Hz], 3.25 (s, 6, CH30), 4.20 (dd,
2, CHOCH3, J3(5)4/ = 4.8, J3(5)4 =7.0 HZ), 5.95 (S, 2, CH=CH)

Chloro-tert-butoxycyclopentenes. 2b: NMR 6 1.20 (s, 9, But0),
2.43 [m, 1, trans-CH(H)CH], 3.07 [m, 1, cis-CH(H)CH], 4.03 (ddd,
1, CHCl, J = 7.0,J = 4.0, J = 3.5 Hz), 4.50-4.73 (m, 1, CH-OBu?),
5.57-5.93 (m, 2, CH=CH); 4b: NMR 6 1.18 (5, 9, Bu!0), 2.15-2.45 (m,
2, CHy), 4.72-5.05 (m, 2, CHCl and HC-OBu?), 5.90 [m (narrow), 2,
CH=CH]; 5b: NMR 6 1.18 (s, 9, Bu‘0), 1.88 [dt, 1, trans-CH(H)CH,
J4/4 = 13.2, J4f3(5) = 5.0 HZ], 2.85 [dt, 1, ClS-CH(H)CH, J44' = 13.2,
J43(5) = 6.8 Hz], 4.38-4.80 (m, 2, CHCl and HCOBu!}, 5.82 [m (nar-
row), 2, CH=CH]; 6b: NMR 4 1.22 (s, 8, Bu*0), 2.17 [m, 1, trans-
CH(H)CH, J55 = 16, J54 = 3.4 Hz, other coupling], 2.83 [m, 1, cis-
CH(H)CH, Js5 = 16, J54 = 7.2 Hz, other coupling], 4.30 (ddd, 1,
CHOBu!, Jys = 7.2, Juy = 3.4, Jy43 = 2.8), 4.53-4.70 (m, 1. CHCI),
5.67-5.97 (m, 2, CH=CH).
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