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S 8.4,19.1,27.0,27.3,27.8,65.3,77.7,93.7,104.8,109.9,120.9,126.9, 
127.7, 128.6, 129.9, 132.3, 131.0, 140.6, and 155.6. 

To a solution containing 100 mg (0.7 "01) of 53 in 35 mL of 
methylene chloride was added 5 mg of rhodium(II) octanoate. The 
reaction mixture wan stirred at rt for 20 min, and then the solvent 
was removed under reduced pressure. The residue was chro- 
matographed on silica gel to give 84 mg (90%) of (n-a-methyl- 
3-(5-(2-furyl)penten-l-yl)inden-l-one (64): IR (neat) 1712,1600, 
1455, and 1310 cm-'; NMR (CDCI3, 300 MHz) S 1.77 (m, 2 H), 
2.07 (q, 2 H, J = 7.2 Hz), 2.65 (t, 2 H, J = 7.2 Hz), 5.89 (d, 1 H, 
J = 1.5 Hz), 5.96 (m, 1 H), 6.12 (m, 1 H), 6.25 (m, 1 H), 6.95 (d, 
1 H, J = 7.2 Hz), 7.24 (d, 1 H, J = 1.5 Hz), 7.14-7.30 (m, 2 HI, 

27.2,27.3,33.5,105.0,109.9,119.9,121.9, 122.6, 127.7,130.2,131.7, 
132.7, 140.1, 140.8, 144.6, 152.1, 155.4, and 198.8; HRMS calcd 
for CIJ-IleOz 278.1308, found 278.1309. 
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An NMR method is used to measure the formation constants for complexation of mercuric chloride and silver 
triflate with a series of alkenes. The trends for mercury complexation parallel the argentation constants. These 
data are used in a discussion of the mechanism of both the bromination and oxymercuration of alkenes. Arguments 
are presented that the two electrophilic addition reactions have different rate-limiting steps. In the bromination 
reaction the ratedetermining step is the formation of a bromonium ion intermediate while oxymercuration proceeds 
by rate-limiting attack by solvent on a mercuronium ion intermediate in agreement with the accepted mechanism. 

Introduction 
The mechanistic studies to date on the mechanism of 

electrophilic addition to alkenes,' such as the bromination2 
and oxymercuration reactions? have provided considerable 

(1) (a) Freeman, F. Chem. Rev. 1976, 75,439. (b) Traylor, T. G. Ace. 
Chem. Res. 1969,2,162. (c) de la Uare, P. D. B.; Bolton, R. Electrophilic 
Additions to  Unsaturated Systems; Elaevier: New York, 1966. (d) 
Schmid, G. H.; Garrett, D. G. In Chemistry of Alkenes; Zabicky, J., Ed.; 
Wiley-Interscience: New York, 1977. (e) Fahey, R. C. In Topics in 
Stereochemistry; Eliel, E. L., Allinger, N. L., Ede.; Wiley-Interscience: 
New York, 1968, Vol. 3. (f) Bolton, R. In Comprehensive Chemical 
Kinetics; Bamford, C. H., Tipper, C. F. H., Eds.; Elsevier: New York, 
1973; Vol. 9. 

(2) (a) Duboie, J.-E.; Mouvier, G. Bull. SOC. Chim. h.. 1968,1426. (b) 
de la Mare, P. B. D. Electrophilic Halogenution; Cambridge University 
Press: London, 1976. (c) Bienvenue-Goetz, E.; Dubia, J.-E. Tetrahedron 
1978,5448,7; J. Org. Chem. 1976,40,221; J.  Am. Chem. SOC. 1981,103, 
5388. (d) Schmid, G. H.; Tidwell, T. T. J. Org. Chem. 1978,43,460. (e) 
Modro, A.; Schmid, G. H.; Yam, K. J. Org. Chem. 1977,42,3673. 

(3) (a) Chatt, J. Chem. Reu. 1951,4,7. (b) Kitching, W. Organomet. 
Chem. Rev. 1968, 3, 61. (c) Matteeon, D. 5. Organometallic Reaction 
Mechanisms of the Non-transition Elements; Academic Press: New 
York, 1974. (d) Kitching, W. In Organometallic Reactions; Becker, E. 
I.; Tsutei, M., Eds.; Wiley Interscience: New York, 1972. 

0022-3263/92/1957-4948$03.00/0 

data concerning the reactive intermediates involved, the 
nature of the transition state, and the stereochemistry of 
the addition step. The rate of bromination is strongly 
accelerated by alkyl substituents and retarded by elec- 
tron-withdrawing substituents. Reaction with bromine 
normally proceeds by an antarafacial addition to noncon- 
jugated alkenes. These observations can be satisfactorily 
explained on the basis of the formation of a "bromonium 
ion" as first postulated by Roberta and KimbaIl.& Olah 
and Hockswenderqb proposed that in a nonpolar medium 
a molecular complex forms which then collapses to the 
cyclic bromonium ion with loss of Br-. The bromonium 
ion was observed& by NMR spectroscopy at low temper- 

(4) (a) Roberta, I.; Kimball, G. E. J. Am. Chem. SOC. 1957,59,947. (b) 
Olah, G. A.; Hockswender, T. R., Jr. J.  Am. Chem. SOC. 1974, I, 3574. 

(5) (a) OM, G. A.; Bollinger, J. M.; Brinich, J. J. Am. Chem. SOC. 1968, 
90,2587. (b) Strating, J.; Wieringo, J. H.; Wynberg, H. J. Chem. SOC. D 
1969,907. (c) Slebocka-Tilk, H.; Ball, R. G.; Brown, R. S. J. Am. Chem. 
Soc. 1985,107,4504. (d) Brown, H. C.; Gecghegm, P. J., Jr. J. Org. Chem. 
1972,37, 1937. (e) Brown, H. C.; Kawakami, J. H. J. Am. Chem. Soc. 
1973,95,8665. 
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atures in a medium of low nucleophilicity (SbF6-S02). 
Wynberg and ~o-workers~~ have isolated the bromonium 
ion as the tribromide salt. X-ray crystallographic studies 
have recently supported the existence of such cyclic bro- 
monium ions.& 

The oxymercuration reaction3b is thought to involve 
electrophilic addition of a mercuric salt to an alkene in a 
fast reversible step leading to a mercuronium ion, which 
in a rate-determining step is attacked by a nucleophile 
(solvent) leading to the product called the oxymercurial. 
The addition product has been shown to have Markov- 
nikov regiochemistry and be predominantly of anti stere- 
ochemistry.3c Winstein originally proposed that the re- 
action proceeded through the intermediacy of a 
" m e r d u m  ion"! This mechanism has been supported 
by a number of kinetic studies, which have provided ev- 
idence consistent with the intermediacy of a positively 
charged onium ion species.' Stable mercuronium ions 
have been o k ~ e d  in a medium of high acidity by 'H, W, 
and lWHg NMR.&" Mercuronium ions have also been 
detected in the gas phase.8d The fact that the mercuro- 
nium ion is very labile is one reason for its elusive nature. 
Its observation by NMR was possible only by using high 
concentrations of acid whereby an observable amount of 
the mercuronium ion accumulated. To date there is no 
unequivocal evidence that this postulated intermediate 
exists under the actual oxymercuration reaction conditions. 

The accepted rate expression for oxymercuration in- 
cludes the equilibrium constant for the formation of the 
positively charged mercuronium ion as outlined in Scheme 
I; rate = K3k6[HgX2][alkene]. The earliest attempt to 
measure K3 was in 1939 when the complexation of Hg(N- 
0 3 ) 2  with cyclohexene was measured in water by a dis- 
tribution method? Conductivity measurements were used 
to study the complexation of HgC12 in aqueous acid? and 
a gas chromatographic method was utilized to measure the 
complexation of Hg(OCOCF3)2 with cyclohexene.1° 
However, it is quite possible that these efforts actually 
measured the formation of covalent adducts as well as 
s-complexes. Various Hammett-Taft types of analyses 
of the rates of oxymercuration have been attempted to gain 
an understanding of the influence of the substituents upon 
the nature of the transition ~ ta t e .~J l  Based on these 
studies, Halpern and Tinker7" and others have postulated 
either ~ymmetric'~ or unsymmet r i~~~*~  bridged onium ions 
as intermediates. A study of the structural effeda of the 
alkene on the oxymercuration reaction leads to the con- 
clusion that the intermediate formed may be either an 
open or a bridged ion depending upon the nature of the 

Strongly electron-donating substituents 
favor open ions, and bridged intermediates are formed in 
the absence of electronic factors that can stabilize &metallo 

(6) Lum, H. J.; Hepner, F. R.; Winatein, S. J. Am. Chem. SOC. 1939, 
61, 3102. 

(7) (a) Wright, G. F. Chem. Can. 1960,2, 149. (b) Kreevoy, M. M.; 
Kowitt, F. R. J. Am. Chem. SOC. 1960,82,739. (c) Halpem, J.; Tinker, 
H. B. J. Am. Chem. SOC. 1967,89,6427. (e) Bergmann, H. J.; Coltin, G.; 
Just, G.; Muller-Hagen, G.; Pritzkow, W. J. Prakt. Chem. 1972,314,285. 
(0 Collin, Von G.; Jahnke, U.; Just, G.; Lorenz, G.; Pritzkow, W.; Rollig, 
M.; Lwth, L.; Dietrich, P.; Doring, C.-E. Hauthal, H. G.; Wiedenhoft, 
A. J. Prakt. Chem. 1969,31, 238. 
(8) (a) Olah, G. A.; Clifford, P. R. J. Am. Chem. SOC. 1971,93,1261. 

(b) Olah, G. A.; Yu, S. H. J. Org. Chem. 1976,40,3638. (c) Olah, G. A.; 
Garcia-Luna, A. h o c .  Natl. Acad. Sci. U.S.A. 1980,77,5036. (d) Bach, 
R. D.; Patane, J.; Kevan, L. J. Org. Chem. 1975,40, 257. 

(9) Krwvoy, M. M.; Schaleger, L. L.; Ware, J. C. Trans. Faraday. SOC. 
1962,58,2433. 

(10) Brown, H. C.; Rei, M.-H. J. Chem. SOC., Chem. Commun. 1969, 
1296. 

(11) (a) Charton, M.; Charton, B. I. J. Org. Chem. 1973,38,1631. (b) 
Ambidge, I. C.; Dwight, 5. K.; Rynard, C. M.; Tidwell, T. T. Can. J. 
Chem. 1977,55,3086. 
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Scheme I. Mechanirm of Oxymercuration 

HgX+ \\ 
Molecular Complex B 

I 

/ 

" Mercuronium Ion " C 

Oxymercunal D 

carbenium ions.llb Tidwell has concurred with Olah's 
view12 that oxymercuration involves a continuum of ions. 

Fukuzumi and Kochi, in a recent effort to unify the 
mechanism for bromination and oxymercuration, detected 
charge-transfer bands for the complexation of alkenes with 
bromine and mercuric salts.13 They measured the dif- 
ferences in the charge-transfer spectral energies of a series 
of alkyl-substituted alkenes with reference to a common 
alkene and defined a "steric term" e as 

e = AE/2.3RT 

where AE = E -E ,  = Aw = Ahu, - M, AI is the difference 
in the ionization potential of the alkene and the reference 
alkene (1-pentene), Ah, is the difference in the charge- 
transfer spectral energies of the two alkenes, and w is the 
interaction energy term. The term e approximates a cor- 
rection factor which reflects the difference between the 
calculated and measured charge-transfer energy and is 
dependent upon the steric factors involved in the complex 
formation. The e term was utilized to interrelate the 
bromination and oxymercuration reactions and the fol- 
lowing relationship was derived 

log [k/kOIBrz + €Br2 = log [k/kOIHgXo + eHgX2 

Despite the fact that the reactivity patterns of the alkenes 
are quite different (Figure 1) and the two addition reac- 
tions generally follow opposite trends, when the steric 
interaction term was evaluated independently as e and 
included in the relative reactivity a nearly linear correlation 
between these two processes was observed. It was con- 

(12) Olah, G. A.; Clifford, P. R. J. Am. Chem. SOC. 1973, 95, 6067. 
(13) Fukuzumi, S.; Kochi, J. K. J. Am. Chem. SOC. 1981, 103, 2783. 



4950 J. Org. Chem., Vol. 57, No. 18, 1992 

Table I. Formation Constants for the Complexation of Alkenes with HaCI, and Aa+ 

Vardhan and Bach 

straina 
re1 rate K,, HgClz K,, Ag+ energy, 

alkenes oxymercuration" Kobb Krel Kobb KmI GI' IP,d eV kcal/mol 

8 

1.0 

0.035 

10.0 

0.26 

0.012 

0.21 

0.00042 

0.77 

2.1' 

2.02 

0.40 

1.3 

0.81 

0.09 

0.335 

0.10 

g 

g 

1.0 

0.198 

0.64 

0.40 

0.045 

0.166 

0.050 

17.8 

3.07 

3.27 

f 

15.31 

43oh 

9 W  

1.0 

0.172 

0.184 

0.86 

24.2 

50.6 

1.0 

0.07 

0.488 

0.054 

0.0067 

0.242 

0.966 

14.42 

250 

9.48 

9.09 

9.12 

8.68 

8.27 

8.95 

8.97 

8.95 

8.91 

0.07 

0.05 

1.60 

4.60 

2.61 

8.81 

23.62 

17.85 

a Hg(0Ac) in THF/H20 from ref 5a. NMR measurements were taken in methanol. Argentation constants measured by gas chroma- 
tographic techniques, ref 14. dIonization potentials from ref 27. eAlkene strain energies from ref 24. f K  is too small to measure. t K  is too 
large to measure accurately and adducts are formed. Values have a large standard deviation. Relative rate from ref 25. 

cluded that "when the steric terms for the olefin-bromine 
and olefin-mercury(I1) interactions are included, the 
relative reactivities of various olefins to electrophilic bro- 
mination and mercuration are identi~al".'~ This highly 
interesting, unprecedented relationship was interpreted 
to signify that related transition states are actually involved 
in these apparently dissimilar processes and that the 
relative reactivities in bromination and oxymercuration 
are expected to be the same in the absence of steric dif- 
ferences among olefins. 

These observations imply that the transition states and 
hence the rate-determining steps for both bromination and 
oxymercuration must be relatsd. These conclusions stand 
in contrast to the previously accepted idea that the rate- 
determining step in bromination is the formation of the 
intermediate and that for oxymercuration it is the attack 
of the nucleophile on an intermediate, and that these 
differences in the mechanisms are manifested in the dif- 
ferent rate trends for the two reactions. Any overall 
m e d "  that encompasses both reactions must account 
for the fact that the rate of bromation increases nearly 
linearly over 6 powers of 10 with increased alkyl substi- 
tution while oxymercuration rates are barely measurable 
for tetrasubstituted alkenes (Table I). 

We chose to take an alternative approach to this prob- 
lem by measuring the formation constants for the com- 
plexation of alkenes with Hg(I1) in order to understand 
the effect of steric interactions on the magnitude of the 
formation constants for these weakly bound *-type com- 
plexes. These equilibria have not been measured by con- 
ventional methods. Since comparable alkene-Ag+ com- 
plexes have been well characterized by gas chromato- 
graphic  technique^,'^ we have also examined these by 
NMR to provide a comparison between the steric inter- 
actions involved in these metal-alkene complexes. The 
similarity of the bonding mode of Ag+ and HgX+ with a 
double bond suggests that silver ion should serve as a 
suitable model cation to examine structural reactivity re- 

(14) Muhs, M. A.; Weiss, F. T. J. Am. Chem. SOC. 1962, 84, 4697. 
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bromination 
+ oxymercuration 
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Figure 1. Relationship between the reactivity of a series of 
alkenes in the bromination and oxymercuration reactions in 
methanol and the steric factor e relative to 1-pentene (data from 
ref 13). 

lationships of n-c~mplexes.'~ 

Measurement of Equilibrium Constants 
In previous reportd6 we have described a very sensitive 

NMR probe that measured the equilibrium constants for 
the interaction of MeHg(I1) with a variety of cyclic and 
acyclic ligands. The '99Hg nucleus is very sensitive to both 
the primary ligands and the immediate solvation shell 
surrounding the metal, and this is reflected in the large 

(15) Bach, R. D.; Henneike, H. F. J. Am. Chem. SOC. 1970,92,5589. 
(16) (a) Bach, R. D.; Rajan, S. J. J. Am. Chem. SOC. 1979,101,3122. 

(b) Bach, R. D.; Rajan, S. J.; Vardhan, H. B.; Lang, T. J.; Albrecht, N. 
G. J. Am. Chem. SOC. 1981,103,7727. (c) Bach, R. D.; Vardhan, H. B.; 
Rahman, A. F. M. M.; Oliver, J. P. Organometallics 1985, 4,  846. (d) 
Bach, R. D.; Vardhan, H. B. J. Org. Chem. 1986,51,1609. 
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Table 11. Relative K- and HOMO Energy Levels for Neutral Alkenes and Their Radical Cations 

EHOMO, eVo stabilization energy, 
alkene neutral alkene radical cation kcal/mol, rad. cation" re1 Kqb Ag+ rel. Kqb HgClz 

-9.1 -19.6 6 .19  
/= -8.6 -18.1 14.0 (14.8) 1.16 6.03d 

-8.2 -17.4 25.2 (27.3) 3 . v  3.08 

-8.1 -16.7 25.7 (26.7) 0.2w 

- - 

* 
/-7 

-7.8 >=/ 
-7.5 

-16.0 35.0 (37.0) 0.21 2.42 

-15.3 (45.6) f 0.27 

a Reference 26 (HF/4-31G//STO-3G, the values in parentheses are STO-3G). bRelative to cyclohexene. cReference 14. 1-Hexene. 
e ttas-2-0ctene. 'Too small to measure. 

range of chemical shifts extending over 4OOO ppm." Since 
the equilibrium involving the metal and the ligand is rapid 
on the NMR time scale, only one resonance, which is the 
weighted average of the signals of the uncomplexed and 
the complexed metal species, is observed. 

For the equilibrium involving the interaction of a mer- 
curic salt with added alkene ligand L, it follows that 

&C==CR2 + HgX & [complex] 

if one assumes no prior dissociation or association of the 
reactants. In these experiments the initial concentration 
of alkene (a) remains constant while the concentration of 
the ligand (b )  is varied. The equilibrium constant may 
then be expressed in terms of the reciprocal of the observed 
change in chemical shift as follows:le 

(1) 

The procedure employed in the evaluation of Kf is to 
substitute the experimental parameters A6, 6, (the initial 
chemical shift of a), and vary the two adjustable param- 
eters Kf and 6, (the chemical shift of fully complexed a) 
until the calculated chemical shifta correspond to the ex- 
perimental AS values within given error limits.1eJ8 The 
general nonlinear curvefitting program m - 4 1 g  was used 
with the appropriate equations given here (eq 1) and 
elsewhere.16 This general method for measuring formation 
constants has been amply demonstrated by several 

The argentation constants for the alkenes were deter- 
mined by an analogous method in which the 13C chemical 
shift changes of the sp2 carbon of the alkene upon com- 
plexation with the Ag+ species were measured. For the 
unsymmetrical alkenes, the Kf were caldated by utilizing 
the 13C shift change of both alkene carbons. The two 
values were in good agreement with one another, within 
experimental error limits. The formation constants for the 

(a - x )  ( b  -3 (4 

A6-' = Kt'(6, - 6 , ) W 1  + (6, - 

gr0ups.m 

complexation of the series of substituted acyclic and cyclic 
alkenes with silver trifluoromethanesulfonate (Ago and 
HgC12 were measured in methanol, which has been the 
solvent of choice for many of the kinetic studies. AgOTf 
was chosen because of its high solubility and because it 
is capable of complexing strongly with alkenes.2l Mercuric 
chloride was used as the Hg(I1) electrophile since it does 
not add to normal Unstrained alkenes and only reade very 
slowly with strained alkenes. 

Results and Discussion 
The mechanism of the oxymercuration reaction can be 

described as a continuum of equilibria, which may be 
depicted as in Scheme I. The "C-T complexn, A, is a 
transient charge-transfer complex as observed utilizing W 
spectr~acopy.~~ The molecular complex, B, is a thermo- 
dynamically stable, outersphere molecular complex,22 
whose formation constant (K, = k l / k J  we have been able 
to measure. The formation constants for the charge- 
transfer complexes are usually measured utilizing the 
hnesi-Hildebranda procedure. The formation constants 
for the alkene-HgX, C-T complexes are difficult to mea- 
sure accurately by this method. However, estimated values 
of 0.8 f 0.1 for cyclohexene, 0.4 f 0.1 for cis-cyclooctene 
with HgC1, in methanol are of the same order of magnitude 
as our measured formation constants (see Table I) for the 
equilibria represented by Kl. The chargetransfer complex 
involves an electron transfer from an occupied molecular 
orbital on the alkene to a higher lying virtual orbital on 
the acceptor. 

An examination of the data presented in the Table I 
reveals that the trends in the formation constants for the 
complexation of the alkenes roughly parallel one another 
for both Ag+ and Hg(I1). However, the increase in com- 
plexation is not linear with increasing strain energies,U 
although highly strained alkenes such as norbornene and 
trans-cyclooctene do complex strongly with silver ion.% In 
contrast, 1-octene exhibits a rate of oxymercuration com- 
parable to that of trans-cyclooctene and greater than that 

(17) (a) Maciel, C.; Bono, M. J.  Magn. Reson. 1973,10,388. (b) Sene, 
M. A.; Wilson, N. K.; Ellis, P. D.; Odom, J. D. Zbid. 1975,19, 323 and 
references therein. (c) Goggin, P. L.; Goodfellow, R. J.; McEwan, D. M.; 
Griffiths, A. J.; Keader, K. J. Chem. Res. Miniprint 1977, 2315 and 
references therein. 

(18) (a) Popov, A. I. Characterization of Solutes in Non-aqueous 
Soluents; Momontov, C., Ed.; Plenum Preee: New York, 1978; Chapter 
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Figure 2. Coefficients of the HOMO of ethylene, (ZJ-Z-butene, 
and tetramethylethylene showing the interaction of the Ir-bond 
with the filled rCH, orbitals on the methyl groups. 

of norbornene, suggesting that there is minimal relief of 
strain in the transition state. Normally, alkyl substitution 
on the alkenes is expected to increase the reactivities (by 
raising the HOMO) of the alkenes toward electrophiles. 
However, the formation constant data presented in Table 
I are contrary to such an expectation. 

The ionization potential of an alkene constitutes an 
important component of the activation process for an 
electrophilic addition. In the absence of steric or solvent 
considerations, a very simple perturbation of an alkene is 
to remove one of its 7-electrons. We have used ab initio 
calculations to determine the total energies for a series of 
alkenes and their corresponding radical cations.26 The 
results in Table I1 clearly indicate that a methyl group 
imparts a stability to the HOMO of both the alkene and 
its radical cation, but the magnitude of this electronic 
effect is larger for the radical cation than for the neutral 
alkene. The stabilization energies for the isodesmic re- 
action RlR2C=CR3R4+ + CH2=CH2 - R1&C=CH2 - 
R1&C=CR3R4 + CH2=CH2+ are summarized in Table 
11. This stabilizing effect of 10-15 kcal/mol for each ad- 
ditional methyl group is reflected in the relatively low 
ionization potential (EHoMo) of the more highly Substituted 
alkenes and is primarily due to the strong hyperconjugative 
stabilization of the radical cation relative to the neutral 
alkene.27 The formation of a molecular complex involves 
the transfer of 7-electron density into a suitable empty 
orbital on the electrophile without significant rehybridi- 
zation a t  the carbon atoms. Thus, the corresponding 
radical cation should serve as a suitable model to assess 
the effects of an alkyl substituent on the stability of an 
alkene that has been extensively perturbed by an attacking 
electrophile. 

The enhanced nucleophilicity of alkyl-substituted al- 
kenes has been attributed to a raising of the energy of the 
HOMO of the alkene and an attendant lowering of the 
ionization potential. The more highly substituted alkenes 
have traditionally been referred to as having "electron-rich" 
double bonds. Ironically, the x-bond contribution to the 
HOMO of alkenes actually decreases with increasing alkyl 
substitution. Since the filled orbitals of the alkyl groups 
with x-symmetry mix in an antibonding manner into the 
higher lying alkene 7-bond, the 7-contribution to the 
HOMO of an alkene in a normalized wave function is 
diminished as a consequence of the out-of-phase contri- 
bution of the filled rCH, orbitals of the methyl (alkyl) 
groups (Figure 2). A lower lying bonding interaction of 
these orbitals is largely responsible for the increased 
thermodynamic stability of more highly substituted al- 
kenes? The origin of the increased reactivity of more 
highly substituted double bonds toward electrophiles 
should be attributed to the increased energy of the frontier 
x-MO which makes it a better "electron donor" and not 
to its electron "richnessn. 

When an alkene interacts with a neutral mercuric salt, 
the molecular complex B initially formed can dissociate 
to a mercuronium ion C (Scheme I) by the loss of X-. An 

(26) Bach, R. D.; Wolber, G. J.; Prom, A. J. Zsr. Chem. 1983,23,97. 
(27) Krause, D. A.; Taylor, J. W.; Fenske, R. F. J .  Am. Chem. SOC. 

1978, 2 0 0 ,  718. 

ionic salt such as Hg(N03),, which is highly ionized in a 
polar solvent (log Kf = 0.83)28 such as water or methanol, 
can lead directly to the mercuronium ion as depicted by 
the equilibrium K3 = k3/k-3.  This x-complex clearly has 
a sufficient amount of charge delocalization that a nu- 
cleophilic solvent could attack it in a rate-limiting step 
leading to the formation of an oxymercurial D. This 
picture is consistent with the currently accepted mecha- 
nism for 0xymercuration,3~*~~ which proposes a rapid 
preequilibrium formation of the mercuronium ion and a 
rate-limiting attack by the nucleophile on this species. 
When the mercuric salt used is not highly dissociated, for 
example HgC1, ( K h  = 1.23 X 10-7),28 then K1 = k1/k- ,  and 
the corresponding ionization to the mercuronium ion K 2  
= k2/k- ,  would be expected to be small and dissociation 
to the mercuronium ion could become rate limiting. Since 
HgC12 is only slightly dissociated in polar solvents (<I % 
in water), it is unreactive toward most typical alkenes, and 
one would only expect to see a slow rate of oxymercuration. 
For such a covalent mercuric salt the rate-limiting step 
may indeed be k,, the formation of the mercuronium ion. 
The lack of reactivity of HgC1, with normal alkenes could 
be attributed to a lack of dissociation of the molecular 
complex to the mercuronium ion. If the rate-limiting step 
were to be a loss of a C1-, then one might anticipate that 
tetramethylethylene should exhibit a faster rate than 
ethylene since the tetrasubstituted alkene can stabilize the 
positive charge more effectively (see Table 11). However, 
the silver complex of tetramethylethylene does not form 
strongly, indicating that either steric interactions or sol- 
vation effects due to the hydrophobic nature of the four 
alkyl groups must dominate. The same is very likely true 
for the mercuronium ion. Further, such data clearly 
preclude a classical open carbenium ion'*e as being in- 
volved in the rate-limiting step since the more highly 
substituted alkene would exhibit a faster rate of addition. 
The lack of molecular rearrangement in the oxy- 
mercuration of substituted norbornenes and cis-di-tert- 
b~ty le thylene~~ also argues against an intermediate with 
a high degree of positive charge a t  carbon. 

If one assumes a steady-state concentration of mercu- 
ronium ions to be present under typical oxymercuration 
conditions, then the overall rate constant should be: k h  
= k a 3  where K3 is the formation constant for the mer- 
curonium ion. Since the mercuronium ion and the sil- 
ver-alkene 7-complex have similar bonding characteristics, 
the formation constants for these species should be similar. 
For a mercuric salt such as Hg(N03),, which is highly 
dissociated, the formation of the mercuronium ion would 
be rapid and reversible, and it is reasonable to expect this 
highly electrophilic metal cation to form such a x-complex 
with little or no activation barrier. Equilibrium is rapidly 
established during measurement of the comparable ar- 
gentation constants. An increase in the electrophilicity of 
the mercuric salt does result in an increased rate of oxy- 
mer~urati0n.l~ However, this could also be a consequence 
of an increase in k3. If we examine the rate data and 
formation constant data summarized in Table I, it is clear 
that although the trends in the formation constants par- 
allel the trends in the rate constants, the magnitude of the 
differences in the rates is significantly greater. For ex- 
ample, while the K, for HgC12 decreases by a factor of 5.1 
on going from l-hexene to 2-octene, the corresponding rate 
decreases by a factor of 28.6. The increase in K ,  from 
tram-2-octene to 2-methyl-l-hexene is about 3-fold while 
the rate changes by a factor of almost 300. Along similar 

(28) Sillen, L. G.; Martell, A. E. Chem. SOC. Spec. Publ. 27 1964,25, 
1971. 
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lines, the rate falla off by a factor of 22 on going from tri- 
to tetrasubstituted alkenes, while the related formation 
constant decreases by a factor of 9. These trends are 
indicative of a large steric requirement in either the for- 
mation of the mercuronium ion k3 or the attack of the 
nucleophile on the mercuronium ion kg, or both. Since the 
magnitude of the absolute values of the formation con- 
stants is small (Table I), the rate trends observed are 
consistent with the suggestion that the rate decreases are 
due to a steric inhibition to the attack of the solvent on 
the reactive intermediate, i.e. kg. 

In the absence of steric inhibition, one would anticipate 
that an electrophilic addition to a highly substituted alkene 
that involves an electron-transfer component should ex- 
hibit an enhanced rate. However, the measured formation 
constants presented (Table I) clearly decrease with in- 
creased alkyl substitution. The different extent to which 
alkyl groups impart stability to an adjacent electron-de- 
ficient carbon in these two electrophilic processes points 
to yet another major distinction between them. The in- 
creased demand for hyperconjugative stabilization in the 
transition state for bromination is reflected in the rate 
trends noted and is consistent with the failure to observe 
reversible bromonium ion formation from the dibromide 
product under typical bromination conditions. Reversible 
formation of both mercuronium ion C (k3) and oxy- 
mercurial D (k,) are known to take place with ionic 
mercuric ~alts.~J" If mercuronium ion formation was in 
fact rate-limiting, a comparable stabilizing influence would 
be anticipated. 

Further examination of Kochi's datal3 reveals a number 
of interesting consequences due to structural changes in 
the alkene. It is very instructive to plot the steric param- 
eter e versus the log of the relative rates of bromination 
and oxymercuration (Figure 1). This dramatically dem- 
onstrates that the relative rates versus the steric parameter 
e show distinctively opposing trends as stressed previ- 
o~s ly . '~  While the relative rates increase with increasing 
e for the bromination of acyclic alkenes, the relative rates 
of oxymercuration correspondingly decrease but in a ran- 
dom manner. Also of interest is the fact that the changes 
in e (he) for Hg(OAc), are larger than the corresponding 
Ae for Br2 addition to the same set of alkenes. Thus, these 
data demonstrate that with increasing alkyl substitution 
(increasing eBr& the rates of bromination increase, while 
the corresponding increase in the steric parameter for 
oxymercuration ('Hg(OAd2) is attended by a decrease in 
the rate. 

Among the mechanistic discrepancies that must be 
reconciled is the origin of differences in the steric factor 
6. A series of equilibria comparable to that shown for 
oxymercuration (Scheme I) may be envisaged for the 
bromination reaction. Steric effects clearly manifest 
themselves in the equilibrium constant for formation of 
B (K,) and C-T complex formation A (K4) with HgCIP. 
Parallel behavior was noted with AgOTf complexation (Le. 
K3). In each case increasing alkyl substitution should make 
the reverse reaction (k+ k+ k4) faster due to steric re- 
pulsion and increased demand for solvation. Both reac- 
tions exhibit faster rates in more polar solvents which could 
be either a consequence of rate-limiting bromonium ion 
formation or an increase in K3 for mercurinium ion for- 
mation which will be reflected in the observed rate con- 
stant for overall addition. Indeed, the increase in the steric 
factor e noted with increased substitution is accompanied 
by a decrease in charge-transfer complexation, but a dra- 
matic, nearly h e a r  increase (correlation coefficient = 0.81) 
in the rate of bromination (Figure 1). These facta are all 
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consistent with rate-limiting bromonium ion f~rmation.'~ 
The mechanistic picture for oxymercuration is far more 

complex. A change in the ionic nature of the mercuric salt 
or in the solvent can effect rate changes in the oxy- 
mercuration of isobutylene of 1Oe. Trimethylethylene and 
1-hexene have similar rates of oxymercuration, but e differs 
by a factor of nearly 19 (Figure l ) . I3  The dramatic decrease 
in oxymercuration rate on going from a tri- to a tetra- 
substituted double bond is quite consistent with a decrease 
in k3 and in k6 due to steric inhibition of nucleophilic 
attack on the mercuronium ion. In our opinion, these data 
are consistent with a difference in the mechanism of these 
reactions and therefore different rate-limiting steps for 
the two electrophilic additions. 

In conclusion, the evidence in support of the formation 
of the bromonium ion in the rate determining step is fairly 
conclusive? We feel that our results tend to support the 
accepted mechanism for oxymercuration, viz. a rapid 
preequilibrium leading to the formation of a cyclic mer- 
curonium ion which in a subsequent rate-limiting step is 
attacked by the n~cleophile.~ At the minimum our data 
suggest that a second step following alkene ?r-complexation 
is involved in the oxymercuration reaction. It is reasonable 
to assume that this rate-limiting step involves attack by 
solvent on the mercuronium ion. Unfortunately, this 
mechanistic question remains unresolved since an explicit 
partition of the two requisite rate constants k3 and k6 is 
not yet feasible. 

Experimental Section 
Materials. Mercuric chloride was recrystallized from methanoL 

Methanol used for spectral measurements was distilled from 
magnesium activated with iodine and stored under argon. All 
other solvents were of spectroscopic grade. All the alkenes were 
commercially available and were used as received (>98% by GC), 
except cyclohexene and cisq&"e which were distilled and 
norbornene which was sublimed (40 "C) prior to use. tram-Cy- 
clooctene was prepared according to a literature procedurea and 
collected by gas chromatography on a 6-ft 25% NMPN (3- 
nibe3-methylpimelonitde) on Chromosorb P-NAW (&&mesh) 
column at  70 "C, or a 20-ft 10% SE30 on Chromomrb P column 
at  90 "C. 

Measurement of lWHg Spectra. All the lWHg spectra" were 
measured using a Nicolet NT-300 spectrometer as described 
previously16 at a frequency of 53.670 20 MHz. The spectra rep- 
resent 4096 scans measured in 10" sample tubes utilizing a 
solution of 1.0 M HgC1, in CH,OD as the external lock and 
reference. No proton decoupling was used. No bulk susceptibility 
corrections were made. 

Fresh stock solutions of HgCl? were prepared before each set 
of experiments. Calculated amounts of the ligands were carefully 
measured (using 10-1W~L syringes) into a 2-mL volumetric flask 
containing a solution of HgC12, mixed well, and then transferred 
to the NMR tube using a Pasteur pipette. 

Measurement of *W Spectra. The spectra for the ar- 
gentation constant determinations were measured on the JEOL 
JNM-FX6O spectrometer at 15.03 MHz. The spectra were 
measured in CH,0DCH30H (32) solvent using tebamethylsilane 
as the internal standard. Calculated amounts of silver triflate 
were added to freshly prepared 0.1 M samples of the alkene. 
Appropriate amounts of a solution of sodium triflate were added 
to keep the ionic strength constant a t  0.5 M. 

Silver Trifluoromethanesulfonate. Silver oxide was pre- 
pared using an adaptation of the procedure by Whiteside@ by 
slow addition of a solution of AgNO, (17.0 g, 0.1 mol) in water 
(50 mL) to a well-stirred solution of 1.0 M NaOH (150 mL, 0.15 
mol). The dark brown solid was washed well with water (5 X 50 
mL) followed by ether (3 X 25 mL) and resuspended in water (100 

(29) Hines, J. N.; Peagram, M. J.; Thomas, E. J.; Whitham, G. H. J. 
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mL). The well-stirred slurry was cooled to 0 OC, and trifluoro- 
methanesulfonic acid (9.0 mL, 0.102 mol) was slowly added over 
a period of 1 h. The reaction mixture was brought to room 
temperature and stirred for an additional 1 h, filtered, and con- 
centrated to dryneas to afford 26.3 g (98.5%) of an off-white solid. 
The solid was recrystallized from warm ether-hexane (1:l) and 
washed well with ice cold ether-hexane (1:l) until colorless. The 
white crystalline solid was then dried in vacuo to yield 24.6 g 
(96%). The solid was stored in a dark desiccator. IR (Nujol): 
1630 (e), 1250 (81, 1170 (e), 1020 ( 8 )  cm-’. 
Sodium Trifluoromethanemlfonab. An adaptation of the 

procedure of De Levie31 was used. NazC03 (5.3 g, 0.05 mol) was 
carefully added in several small portions to a well-stirred solution 
of trifluoromethanesulfonic acid (8.85 mL, 0.1 mol) in acetone 

(31) De Levie, R.; Kreuser, J. C. J.  Electroanol. Chem. Interfacial 
Electrochem. 1972,38, 239. 

CHzClz (21, 120 mL). The red solution was stirred until the 
evolution of COz ceased. The solution was then diluted with 
CHzClz (100 mL) and cooled to -78 OC. The precipitate formed 
was filtered and washed with small aliquots of cold CHzClz (to 
decolorize the solid) and dried to yield 17.0 g (100%) of an off 
white solid. Recrystallization from acetone-CHZClz followed by 
washing with cold CHzClz yielded 16.05 g (93%) of a white hy- 
groscopic solid. IR (KBr): 1610 (w), 1385 (w), 1280 (sh), 1260 
(s), 1230 (sh), 1195 (sh), 1170 (e), 1040 (e), 635 (4, 515 (w), 420 
(m) cm-’. 
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The reactions of 6-bromo-4-(l’,l’dimethylethyl)hexanal(4), 5bromo-3-(l’,l’-dimethylethyl)pentanal (ll), and 
5-bromo-4-(l‘,l’-dimethylethyl)pentanal(17) with tributylstannane have been investigated in detail. The major 
producta are the debrominated aldehydes and cycloalkanols which arise from the cyclization of the intermediate 
u-formyhlkyl radicals. The stemxhemical outcome of the cyclization of thw radicals is dependent on the etanuane 
concentration. At high concentrations of stannane the cyclization is essentially irreversible with the cycloalkoxy 
radicals being trapped before &scission can occur. Under these conditions the relative amount of cis and trans 
cycloalkanols formed are equal to the ratio of the rate constants for the two modes of cyclization; both 4 and 
17 show a small preference for trans cyclization, but 11 gives equal amounts of the two diastereomers. When 
the stannane concentration is lowered, the lifetime of the cycloalkoxy radicals increases allowing 8-scission to 
occur. Thus, the cis and trans cycloalkoxy radicals approach a thermodynamic equilibrium which is reflected 
in the relative yields of the cis and trans cycloalkanols. 

The formation of carbon-carbon bonds through intra- 
molecular addition of carbon-centered radicals to alkenes, 
alkynes, and other unsaturated centers is of considerable 
mechanistic interest’ and synthetic utilitye2 Such cycli- 
zations of subetituted bhexenyl radicals have been studied 
in detail,’ and the factors controlling the stereochemical 
outcome are well understood. 

A useful guidelines for the ring closure of substituted 
5-hexenyl radicals states that 1- or 3-substituted radicals 
preferentially give cis disubstituted products, while 2- and 
4substituted radicals give mainly trans. The explanation 
for the behavior of species substituted at C(2), C(3), or C(4) 
resta on the hypothesis that the transition structure re- 
sembles the chair form of cyclohexane, the most favorable 
conformer of which will contain the substituent in a 
pseudoequatorial position. A theoretical study? involving 
an approach based on a combination of molecular orbital 
and molecular mechanics methods, provided a means for 
calculating the cis/trana ratio of the cyclization products. 
Such calculations show very good correlation with exper- 
imentally measured data.‘ A later refinement by Spell- 
meyer and Ho& demonstrated that the inclusion into the 
scheme of a low-energy boatlike transition structure for 
the formation of the lesser diastereoisomer led to closer 
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correlation between calculated and measured data. This 
has recently been confirmed by experiment.” 

Cyclizations involving intramolecular homolytic addition 
to the carbonyl group of ketones6 or aldehydes7* have 
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