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The bromination of diamantane (I) may be controlled to give mono-, di-, or polybrominated derivatives. At 2 5 O  
in neat bromine, 1-bromodiamantane (111) is obtained in high yield. In refluxing bromine, 1,6- and 1,4-dibromodi- 
amantane (V and VI) predominate. 4-Bromodiamantane (IV) is best prepared as a 59:41 equilibrium mixture with 
111, by reaction of I with tert- butyl bromide-aluminum bromide at Oo. Reaction of I in neat bromine with trace 
amounts of AlBr3 gives 4,9-dibromodiamantane (VII) as the major product together with dibromides V and VI. 
Addition of larger quantities of Lewis acid produces 1,4,9-tribromodiamantane (VIII) and 1,4,6,9-tetrabromodi- 
amantane (IX). The structure of the various bromides can be determined from their nmr spectra, as a chemical 
shift additivity relationship holds. The monobromides and dibromides were solvolyzed in 8090 aqueous ethanol. 
The relative rates at 7 5 O  follow: 111,l.O; IV, 3.2 X V, 2 X VI, 8 X VII, 7 X 1-Bromodiaman- 
tane (111) solvolyzes eight times faster than 1-bromoadamantane (11), and IV three times slower. Although carbo- 
cation strain is less favorable for I11 and IV than for 11, I11 is accelerated by relief of axial leaving group strain and 
by the greater stability of the 1-cation owing to 0-chain branching. No detectable hydroxy bromide intermediates 
formed during solvolysis of V and VI. The solvolysis rates of dibromides V, VI, and VI1 were analyzed in terms of 
two limiting models for the transmission of nonconjugative substituent effects-+ inductive (through bond) and 
field models. The field effect contribution was evaluated by calculations based on the Tanford modification of the 
Kirkwood-Westheimer ellipsoidal model. The magnitude of each transmission mode is independent on the geo- 
metrical relationship between the two bromines. Through-bond coupling is favored by the parallel arrangements 
found in V and VII, and contributes factors in the range of %-Y45 to the rate depressions observed. 

Diamantane (I), first prepared3 in 1965, became readily 
available in 1970.4,5 Initial chemical studies of this second 
member of the diamondoid family centered on methods of 
functionalization,6-10 substituent inter~hange,~-lO relative 
reactivity of the two bridgehead positions,6 and equilibra- 
tion studies of substituent preferences for the three differ- 
ent positions.11 

Ionic bromination of adamantane proceeds in a relatively 
uncomplicated manner to give only the bridgehead mono- 
substituted derivative;12 no polybrominated compounds 
are obtained even after prolonged reflux.12J3 However, by 
addition of greater amounts of Lewis acid catalysts and in- 
creasing the severity of the reaction conditions, adaman- 
tane may be selectively di-, tri-, or tetrabrominated at  the 
bridgehead p o ~ i t i o n s . l ~ - ~ ~  The reaction is thought to pro- 
ceed by an ionic pathway with intermediate formation of 
bridgehead carbocations.12J3J7 These adamantane bro- 
mides are versatile starting materials for a variety of syn- 
theses leading both to substituted adamantanes and to un- 
usual ring s k e l e t ~ n s . ~ ~ - ~ ~ J ~ - ~ ~  It was expected that diaman- 
tane also might be selectively brominated. However, owing 
to its lower symmetry, two types of bridgehead positions, 
termed “medial” 21 (C-1, -2, -6, -7, -10, -11) and “apical” 
(C-4, -9) are available for substitution. We have found that 
the bromination of diamantane may be controlled to give a 
variety of mono- and polybromides. The solvolysis rates of 
these compounds provide insight into relative reactivities 
of the substituent positions.6 

Results 
Preparation of Diamantyl Bromides. Scheme I sum- 

marizes the bromination results and Table I provides 
greater detail. In neat bromine, after only 2 hr at  room 
temperature, diamantane gives 1-bromodiamantane (111) in 
80% yield. Refluxing I in bromine for longer periods results 
in mixture of the 1,6- and 1,4-dibromides (V and VI). Addi- 
tion of catalytic amounts of aluminum bromide to a di- 
amantane-bromine solution gives mixtures of 1- and 4-bro- 
modiamantane (111 and IV) and 1,6- 1,4- and 4,g-dibromo- 
diamantane (V, VI, and VII). The monobromide/dibromide 
ratio is determined by the amount of catalyst, the tempera- 
ture, and the reaction time. It is difficult to control the bro- 
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mine-aluminum bromide reactions to obtain 4-bromodi- 
amantane but the dibromo derivatives VI and VI1 are best 
prepared in this manner. The optimum preparation of 1,6- 
dibromodiamantane (V) utilized refluxing bromine without 
added AIBr3 catalyst. By successively increasing the 
amount of aluminum bromide added to the reaction mix- 
ture, 1,4,9-tribromodiamantane (VIII) and 1,4,6,9-tetrabro- 
modiamantane (IX) were obtained selectively as major 
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Table I 
Bromination of Diamantane. Effect of Temperature,  Catalyst, and Brominating 

Agent on Product Distribution 
Brz, t-BuBr, AlBra, Temp, Time, ------- Products, %---------- Unidentified 

I, g ml g g OC hr I11 I V  V V I  VI1 VI11 IX products, % 

2.0 10 25 2 80" b b 

1.0  5 0.10 0 5 4c 6c 3 ~ 3 ~  48c b 
2.0 10 0.08 Reflux 2 40 530 b 
2 . 0  10 2 .0  Reflux 1 b  b b b b b 41a b 
2.0 2.0 0 . 1  0 24 40e 588 b b b 

10.0 50 Reflux 16 1gC 48< 7.7c 25 .3c 

a Per cent yield, determined after work-up and purification. b Present, but amounts were not determined. Composition of 
product determined by glc before separation. d Mixture was not separated. e Composition of product determined by glc analy- 
sis of the hydrolyzed mixture. 

Table I1 
Solvollysis Ra te  Constants  of Adarnantyl and Diamantyl  Bromides in 80% (v/v) Aqueous Ethanol  

AH*, AS*, 
krei 75' kcal/mol eu Ref Registry No. Compd Temp, OC k ,  sec-1 a 

1-Bromoadamantane (11) 

2-Bromo-2-methyl- 
adamantane (XVII) 

1-Bromo-3-methyl- 
adamantane (XVIII) 

1-Bromodiamantane (111) 

4-Bromodiamantane (IV) 

1,6-Dibromodiamantane 
(V) 

1,4-Dibromodiamantane 
(VI) 

4,9-Dibromodiamantane 
(VII) 

1,3-Dibromoadamantane 
(X) 

25 .0  
70.0 
75 . O  

75 .O 

75 .o  
25 . O  
49.8 
70.0 
75 . O  
75.4 
25 . O  
70.0 
75 . O  
75.3 

100 .8 
103.0 
25 . O  
70.0 
75 . O  
88.9 

100.2 
123.5 
125.8 
25 . O  
70.0 
75 .O 
75.2 

100.4 
25 . O  
70.0 
75 . O  

100.20 
115.50 

25 .O 
70 .O 
75.0 

100.4 
125.1 
126.0 

5 . 1  x 1 0 - 7 *  
8 . 3  x 10-6 
1.35 x 10-4b 

7 .4  x 10-1 
9.76 x 10-5 
3.67 x 
6.62 x 10-4b 
1.09 x 10-3* 
1 .13  i 0.025 X 10-3 
1.05 x 10- 
2.16 X 
3.60 x 10-5b 
3.69 i 0.13 X lo-$ 
4.29 x 10-4 
4.53 x 10-4 

7.64 j, 0.025 X 

1.13 X 
2.18 X 
4.51 X 1 0 +  
1.97 i= 0.11 x 10-5 
4.39 i= 0.025 x lo-& 
3.14 x 10-4c 
5.42 x 10-4 
1.91 x 10-b 
5.17 X 
8.82 x 
8.98 f 0.10 X 
1.08 A 0.10 x 10-4" 
4.41 x 10-9b 
9.11 x i o - ? *  
1.60 i= 0.01 x 10-5 
5.78 =t 0.10 x 10-5 

1.51 X lob6 

3.20 X 
9.22 X 
1.58 X 10-7 
1.98 j, 0.05 X 
1.70 X 
1.82 X 

22.4 

24 . O  

22.8 

1 

3 .2  X 23.4 

2 x 10-i 
24.1 

8 X 24.7 

7 x 10-4 23.5 

25 .O 

-12.3 

-10.1 

-6.8 

-11.9 

-14.2 

-11.1 

-18.1 

-18.3 

768-90-1 

27852-61-5 

702-77-2 
30545-17-6 

30545-30-3 

32401-10-8 

32401-09-5 

30651-02-6 

876-53-9 

a Determined conductometrically unless otherwise noted. Average of duplicate determinations. Calculated from other 
temperatures. c Determined titrimetrically. d Reference 28c. e Rate constant determined by Dr. J. L. Fry. f Reference 37. 

This work. h Average of three runs. i Statistically corrected. 

reaction products. All the bromo and polybromo deriva- 
tives are readily separable by column chromatography on 
alumina. 

Alternatively, bromination can be achieved by reaction 
of diamantane with a slight excess of tert- butyl bromide 
and catalytic amounts of aluminum bromide. After 24 hr at 
Oo, a mixture of monobromides (40% 111, and 58% IV) and 
trace amounts of dibromides V, VI, and VI1 were obtained. 
4-Bromodiamantane (IV) was also prepared by selective re- 
duction of 4,9-dibromodiamantane (VII) with 1 mol of tri- 

n- butyltin hydride,6 but this is less convenient than the 
preparation of the 111-IV mixture from tert- butyl bro- 
mide-aluminum bromide isomerization, and separation of 
the two components either directly or after conversion to 
alcohols by column chromatography on alumina. 

Solvolysis Reactions. Solvolysis rate constants for 111, 
IV, V, VI, VII, and 1,3-dibromoadamantane (X) were mea- 
sured in 80% ethanol either conductometrically or titrime- 
trically (Table 11). Product studies to detect the presence 
of monobromo intermediates were undertaken for dibrom- 
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ides V and VI. In both cases, solvolyses were carried out in 
60% acetone for half of one half-life. The products were an- 
alyzed by gas chromatography but no evidence for the 
build-up of intermediates was found. 

Discussion 
Preparation of Monobromides. Diamantane (I) is 

more reactive toward bromination than adamantane, since 
I reacts rapidly at  room temperature. Furthermore, the me- 
dial bridgehead (C-1) is substituted more readily than the 
apical (C-4); in the absence of Lewis acid catalyst the 4- 
monobromo derivative is not formed in significant 
amounts. This is quite understandable when one considers 
the 3:l statistical advantage for medial over apical attack 
and the inherently greater stability of the medial over the 
apical cation. 

The 24-fold greater solvolysis rate of l-bromodiaman- 
tane (111) over 4-bromodiamantane (IV) at  25’ (Table 11) 
provides documentation for the greater stability of the 1 
cation. The solvolysis rate of 1-diamantyl bromide (111) 
also is eight times faster than that of 1-adamantyl bromide 
(11), consonant with the greater ease of bromination of di- 
amantane than that of adamantane. Furthermore, diaman- 
tane in SbF5-FS03H at  -78’ gives the 1- and not the 4- 
diamantyl cation, the structure being readily assigned from 
the proton nmr spectrum.22 

Apical (4) derivatives are expected to  be thermodynami- 
cally more stable owing to their equatorial character and 
more favorable enthalpy; however, medial (1) derivatives, 
while axial, nonetheless have a statistical advantage (great- 
er entropy owing to lower symmetry, A A S  = R In 3/1), but 
this effect is of lesser magnitude except when the substitu- 
ents are small. Apical products would thus tend to result 
from thermodynamic control by eq~ i l ib ra t ion .~~  

Addition of trace amounts of AlBr3 to the diamantane 
bromination produces much 4-substituted product by 
equilibration of the first formed 1-bromodiamantane (111) 
(Scheme 11). Primary formation of 1-bromodiamantane 
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Br,-A1Br3 1 
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(111) was indicated by following the reaction of I with tert- 
butyl bromide-aluminum bromide at 0’ for 24 hr. After 1 
hr, 111 predominated, but a t  the end, the reaction mixture 
was richer in IV than I11 (59:41). This ratio is in agreement 
with that obtained by McKervey by direct equilibration of 
111 and IV.5c 

4-Bromodiamantane (point group C3”) has symmetry 
number 3, which lowers its entropy by R In 3 or 2.18 cal/ 
deg mol relative to 1-bromodiamantane (point group C,, 
symmetry number 1). This would contribute -0.65 kcal/ 
mol (-2’AS) to the equilibration free energy at  25°.23 The 
enthalpy difference between axial and equatorial cyclohex- 
yl halides is rather small (0.28-0.53 kcal/m01)~3 and the en- 
tropy term is of comparable importance in the I11 + IV 
equilibration. The entropy term becomes more important 
a t  higher temperatures and the formation of the 1 isomer is 
favored under such conditions.5cJ1,24 

Preparation of Dibromides. Formation of the dibromo 
derivatives is governed not only by the relative reactivity of 
the apical and medial positions but also by the position of 
attachment and the inductive effect of the bromine already 
present in the precursor monobromide. For l-bromodi- 
amantane (111) further uncatalyzed bromination occurs a t  
C-4 and C-6 (ratio VI:V 1:6) since both are four carbon 
atoms away (eq 1). The greater amount of C-6 attack is due 
to the greater reactivity a t  the medial position. We expect- 
ed 4-bromodiamantane (IV) to react preferentially a t  C-9, 
since it is the only available bridgehead six carbons re- 
moved. In fact, uncatalyzed bromination of IV gave a mix- 
ture of 1,4-dibromide (VI) and 4,9-dibromide (VII) in an 
8:l ratio (eq 2) instead of the statistical 3:l. Here the me- 

I V 6 : 1  B~ 

I11 

IV 

VII 
dial position was again preferentially attacked despite its 
smaller separation from the 4-bromine originally present. 
This suggests the possibility of the operation of a specific 
( “ t h r ~ u g h - b o n d ” ) ~ ~  net effect enhancing the inductive in- 
teraction between the 4 and 9 positions (see below). 

In the presence of aluminum bromide, equilibration of 
the initially formed monobromides or product dibromides 
may occur. This is shown most directly by the obtention of 
VI1 as one of the products from I11 (eq 3). 

1,6-Dibromodiamantane (V) when treated with traces of 
aluminum bromide in bromine gives a mixture of V, VI, 
and VII, but it is not clear that complete equilibration was 
obtained under the conditions employed. 

Preparation of Polybromides. By increasing the sever- 
ity of the bromination conditions, a tribromide (VIII) and 
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Br 
I 

I11 IV 

AIBr, 1 Brz Br 
I 

I I 
Br Br V 

VI VI1 
Br,-AIBr,, 16 h r  

ratio 
v + V + VI + VI1 

5 : 4 :  1 

tetrabromide (IX) were obtained from diamantane (I). As- 
signment of structures was made by nmr analysis (dis- 
cussed below) and by synthesis from dibromides. 

Excluding unlikely vicinal dibromides, five bridgehead 
tribromides, VI11 and XI-XIV, are possible. Tribromides 

Br Br 

VI11 could result directly from bromination of VI and VII; 
XI1 can be produced from V and VI but XI11 only from VI 
(Chart I). Bromination of VI1 in the presence of aluminum 
bromide gave a product identical by nmr, ir, and melting 
point with the tribromide VI11 isolated by direct polybro- 
mination of I (Chart I). Gas chromatographic analysis of 
the progress of the reaction revealed that equilibration of 
VI1 prior to reaction with bromine did not occur. Moreover, 
bromination of V under similar conditions produced after 
16 hr only an equilibrium mixture of V, VI, and VI1 with 
only a small amount of tribromide. (3) 

Chart I 
Br 

I 

I XI XI1 
3 (1.3) 1,3; 2 (1,4) 

Br 
VI11 

1,3: 1,4; 1.6 

Br 
I 

Br 
I 

XI11 XIV 
1,3; 2 (1A) 3 (1,3) 

relationship of bromines 

XI and XIV are less likely candidates however, owing to 
the three 1,3 bromide-bromine relationships. No vicinal or 
1,3-type dibromodiamantanes have ever been observed as 
bromination or even as rearrangement products, suggesting 
that substitution is strongly inhibited at positions close to 
bromines already present. 
Of the remaining three isomers (VIII, XII, and XIII), 

VI11 seemed most likely since two of the bromines have a 
1,6 relationship. Furthermore, the observed nmr spectrum 
was in closest agreement to that calculated for VIII. Isomer 

XI1 / v 

Br Br 
XI11 \ 

Br Rr 

VI1 VI11 

The tetrabromide isolated by addition of large quantities 
of aluminum bromide to bromination of I seemed likely to 
have one of the structures IX, XV, or XVI. 

Br Br H 

Br Br Br 
IX xv XVI 

2 (1,3); 3 (1.4); 1,6 3 (1,3); 2 (1,4): 1,6 3 (1,3): 3 (1,4) 

relationship of bromines 

The observed nmr spectrum was in closest agreement to 
that calculated for IX (see below). Furthermore, IX was 
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produced by bromination of VI1 with larger quantities of 
aluminum bromide. Equilibration of VI1 prior to reaction 
with bromine and equilibration of tetrabromide after reac- 
tion were excluded by careful glc monitoring of reaction 
progress. 

Solvolysis of Monobromo Derivatives. Since elimina- 
tion and back-side solvent attack do not occur, diamantane 
derivatives, like their adamantane analog~,l5?~8 undergo 
mechanistically uncomplicated solvolysis. It might be ex- 
pected that the apical 4-bromodiamantane (IV) would be 
about as reactive as 1-bromoadamantane (11) and the me- 
dial isomer (111) two to three times faster owing to relief of 
1,3-diaxial Br - - - H interactions destabilizing the starting 
m a t e r i a I . 5 ~ ~ ~ 3 ~ ~ ~  

In actual fact, the diamantyl bromides exhibit a 24-fold 
rate difference between the bridgehad positions, favoring 
the "medial" isomer. Apical 4-bromodiamantane (IV) sol- 
volyzes three times slower and the medial isomer (111) eight 
times faster than 1-bromoadamantane (11) (Chart 11). 

Chart I1 
Br 

I1 IV 111 
krei, 75"; 1 0.34 8.0 
80% EtOH 

Molecular mechanics c a l ~ u l a t i o n s ~ ~ - 3 ~  were carried out 
to assess the steric contributions to these rate differences 
(Table V).33 The method utilizes the hydrocarbon as a 
model for the ground-state strain, and .the free carbocation 
as a model for strain in the transition ~ t a t e . ~ ~ - ~ ~  This ap- 
proach has been applied successfully to other bridgehead 
systems whose solvolysis rates vary nearly 20 powers of ten; 
the average deviation is only a factor of 3.33-36 

From these calculations, the effect of strain on solvolysis 
was expected to be a small rate deceleration for both 1- and 
4-bromodiamantane (ca. 0.5 and 0.4) compared to 1-bro- 
m ~ a d a m a n t a n e ~ ~  (Table V). Diamantane is more rigid than 
adamantane, and resistance toward flattening of the 
bridgehead cations is greater. Agreement of calculations 
and experiment for the apical isomer (IV) is excellent, but 
the higher reactivity of I11 is not explained. 

111 

These calculations neglect the greater steric requirement 
of bromine compared to hydrogen. WinsteinZ9 has invoked 
ground-state steric strain relief to explain the three- to 
fourfold solvolysis rate difference between cis- and trans- 
4-tert- butylcyclohexane p -  toluenesulfonate; despite 
mechanistic differences, these appear to be reasonable 
models for axial and equatorial substrates. This effect may 
be neglected for 1-bromoadamantane (11) with 4-bromodi- 
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Table V 
Calculated Steric Energies of Adamantane and 

Diamantane and Their Bridgehead Carbocationsajb 

kre l  krel 
Hydrocarbon Cation A strain (calcd)e (obsd) 

Adamantane 8 . 9 1  21.18 12.27 1 1 
Diamantane 13.50 26.93 13 .43  0 . 4  0 . 3  

26.51 13.01 0 . 5  8 . 0  
(apical) 

(medial) 

a In kilocalories per mole. Reference 33. Calculations 
with a revised force field. Cf. J. L. Fry, E. M. Engler, and 
P. v. R. Schleyer, J .  Arner. Chem. SOC., 94, 4628 (1972); and 
E. M. Engler, J. D. Andose, and P. v. R. Schleyer, ibid., 95, 
8005 (1973), give comparable results. c Calculated from the 
linear free energy relationship -log h bromide (80% EtOH, 
70') = 0.41A strain - 0.12; cf. ref 35. 

Table VI 
Contributions to Solvolysis of Monobromides 

1-Adamantyl 4-Diamantyl 1-Diamantyl 
(11) (117) (111) 

A strain effect relative 
rates 1 0 . 4  0 . 5  

Relief of leaving 
group strain factor 1 1 2 . 8 h  

+%Alkyl branching 
factor 1 1 5.7c 

Total hre1 (calcd) 1 0 . 4  8 . 0  
Experimental hrel (25 ") 1 0 . 3 4  8 .O 

a Molecular mechanics calculations (Table V). * Corre- 
sponds to  an enthalpy difference of 0.6 kcal/mol for IV and 
III.Sc Based on acyclic models; see ref 37 and text. Prod- 
uct of the three factors. 

amantane (IV), since in both cases the bromines are equa- 
torial with respect to all composite cyclohexane rings. How- 
ever, for l-bromodiamantane (111) the bromine is axial with 
respect to one cyclohexane ring. Consequently, the diaman- 
tane is inaccurate as a model for the ground state. The ef- 
fect of the diaxial interactions may be estimated from the 
enthalpy difference between 1- and 4-bromodiamantane, 
0.6 k ~ a l / m o l ~ ~ J ~ b  (slightly larger than the axial strain in the 
more flexible bromocyclohexane, 0.5 kcal/mol) .23 

This ground-state steric effect, not taken into account in 
the calculations of Table V, should result in a -2.8-fold 
rate enhancement for medial bromide (111) if the strain is 
completely relieved in the transition state. On this basis, 
111 should be 1.4 times more reactive than 1-adamantyl 
bromide (II), still less than the experimental eightfold ef- 
fect, We attribute the remaining difference, a factor of 5.7 
(8/1.4), to electronic effects (inductive and hyperconjuga- 
tive) due to differences in chain branching, particularly on 
two a t  the /3 carbons. 

The magnitude of this effect is in agreement with that 
observed experimentally in acyclic compounds. Streit- 
wieser has shown that the 80% ethanolyses of tertiary ha- 
lides correlate with L la*c~~  of the substituents with p* = 
-3.29.37 Assuming that the difference between 111 and IV is 
equivalent to substitution by two ethyl groups (&*cH~ = 
0.2301, a rate enhancement of 5.7 is calculated. Table VI 
summarizes our rate analysis. That p branching is capable 
of preferentially stabilizing diamondoid carbocations is 
shown by the obtention in superacid media of only the 1- 
diamantyl cation from diamantane22 or either 1- and 4-bro- 
m ~ d i a m a n t a n e ; ~ ~  triamantane (XVII)39 similarly gives the 
2-triamantyl cation. In both cases, the most highly p- 
branched cation is formed (eq 4-6). 
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Table VI1 

Relative Rates of Hydroxy Bromo Compounds 
Extrapolated from Graph of Log kR/kH us. SbF,-S0,CIF 

( 4 )  Ta€& r*cH2 Constants 
Positions of Bromo Temp, 
substitution Dibromide alcohol O C  Ref 

4,9-Diarnantane (VII) 1 5 . 6  70 a 
1,6-Diamantane (V) 1 17.4 70 a 
173-Adamantane (X) 1 28.6 70 a 

1 36 75 b 
1 51 100 C 

a This work; two points used, H and Br; OH derived from 
graphical interpolation. Extrapolated from data of P. V. R. 
Schleyer and C. W. Woodworth, J. Amer. Chem. Soc., 90, 
6528 (1968); p * c ~  = -2.70 from plot of log kR/kH us. 
U*CH,. q Data were taken from ref 45. 

Br (5) 

@-@+ 
__t c--. 
S0,CIF S0,CIF 

@ SbF,- @+ SbF,- 8 
XVII 

Solvolysis of Dibromides. Rate-Determining Step. 
Solvolyses of compounds containing two leaving groups can 
well be expected to be complicated. Nevertheless, all of the 
diamantane dibromides solvolyzed exhibited apparent 
first-order behavior over a t  least 2.5 half-lives. Product 
analyses after partial solvolysis (0.5 half-life) of V and VI 
did not reveal significant build-up of intermediates; very 
small glc peaks (<I%) believed to be due to hydroxybromo- 
diamantanes were observed, but isolation attempts failed. 

A large build-up of hydroxyl bromide intermediate is not 
to be expected during solvolysis of the symmetrical di- 
bromides V and VII. Replacing one bromine ( ~ * c H ~ B ~  = 
l.0)40-42 by a less electron-withdrawing hydroxyl group 
(U*CH~OH = 0.555)40-42 should result in a hydroxy bromide 
more reactive than the original dibromide, despite the sta- 
tistical advantage of the latter. Analysis of such sequential 
processes43 show that if loss of the first bromine ( k l )  is ten 
times slower than loss of the second (kz), then the maxi- 
mum build-up of intermediate should only be 8%. The ki- 
netics are complex, but the observed rate approximates k 1. 
If k 2 > lOk 1, then the concentration of intermediate would 
be undetectable by the methods employed. 

To assess the rate enhancement to be expected from re- 
placement of one bromine by a hydroxy substituent, we ap- 
plied a rough two-point (H and Br) Taft-Hammett treat; 
ment44 to experimental data of VII, V, and X, and interpo- 

lated a relative rate for the hydroxy bromo intermediate 
(Table VII). For a check, we also supplied a Taft-Hammett 
treatment to published data of some 1,3-disubstituted ada- 
m a n t a n e ~ ~ ~ ? ~ ~  and interpolated a relative rate for the hy- 
droxy substituent (Table VII); satisfactory agreement was 
obtained. 

The hydroxy substituent retards the rate less than bro- 
mine. The roughly estimated 5.6 rate acceleration for 9-OH 
relative to 9-Br and VI1 indicates that -14% maximum 
build-up of intermediate should have occurred and the 
measured rate constant should be complicated by contribu- 
tions from k 2. In V, the calculated rate acceleration for OH 
is >10 (17.4) and therefore build-up of intermediate is ex- 
pected to be negligible and k 1 should be the rate-determin- 
ing step. Solvolysis of VI is the most complicated, since the 
bromines are a t  two different types of bridgeheads, which 
differ 24-fold in reactivity. The medial bromine should sol- 
volyze first, to  yield a 1-hydroxy-4-bromodiamantane. A 
two-point Taft-Hammett treatment here is not possible, 
and is difficult to assess the exact acceleration for an OH. 
Although VI is like V in that the two polar substituents are 
separated by four carbons, the orientations are different. 
We did not experimentally observe an intermediate from 
VI, suggesting that the first step (kl) is rate determining. 

Application to  Polar Effects Models. Marked rate de- 
celerations with respect to the monobromides were ob- 
served for all four dibromides with the effect generally fall- 
ing off with the distance between the substituents (Table 
VIII). The decrease is caused by the diminishing electron- 
withdrawing polar effect of the second bromine. 

Two propagation mechanisms for the polar effect are be- 
lieved to operate. Through-bond induction is dependent 
on the number and orientations of paths between the sub- 
stituent and reaction site.25146 Alternatively, in the 
through-space field effect model, 46 the polar effect is 
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Table VI11 
Calculated and  Experimental Solvolysis Rates of Diamantane Dibromides Relative to  

Diamantane Monobromides in 80% Ethanol  (by Volume) a t  70” 

Calcd rate 
deceleration range- 

Calcda Calcdb normal and 
Compd (normal model) (flattened model) flattened models Obsd 

I V  1 .o  1 .o 1 .o 1 .o  
VI1 2.85 x 10-1 7.46 X 1/4-13 2 .O X (1/50) 
VI 1 .66 x 1/60 
111 1 .o  1 . Q  1 . o  1 . o  
V 7.23 x 2.26 x 10-3 1/14-442 1 . 6  X (1/625) 

1/98-562 5 . 2  x e (1/193) VI 1 .03  x 10-2f 1 .76 x 10-3f 

a Rirkwood-Westheimer model with tetrahedral carbons. Kirkwood-Westheimer model with distance between center of 
cavity and reaction site decreased by flattening t o  the extent of an adamantane bridgehead carbocation. Statistically cor- 
rected by dividing original value by 2. d For solvolysis of apical bromine e Statistically uncorrected. f For solvolysis of medial 
bromine. 

transmitted according to the classical laws of electrostatics, 
the magnitude being dependent on distance, the angular 
relationship between the reaction site and substituent, and 
the nature of the medium between and around them. Most 
studies of propagation mechanisms have dealt with substit- 
uent effects on PKa’S, e.g., of carboxylic acids in rigid sys- 
t e m ~ . ~ ~  Carbonium ion processes would appear to provide 
even better tests, since charge is created directly upon the 
molecular framework.46b 

The rigid diamantyl bromides are ideally constituted for 
investigation of the two polar mechanisms. Calculations 
based on the Tanford m ~ d i f i c a t i o n ~ ~  of the Kirkwood- 
Westheimer elipsoidal cavity mode148 were employed to 
evaluate the contribution of the field effect to the dibrom- 
ide rate depressions (Table VIII).49 Two sets of calcula- 
tions were performed, both employing the point-charge ap- 
proximation for the carbocation (the leaving group was ig- 
nored). The first set used ground-state geometries but in 
the second the distance between the reaction site and cen- 
ter of the diamantane molecule was shortened to simulate 
the flattening expected in such bridgehead cation systems. 
The calculations predict rate decelerations of 4 (ground- 
state geometry) to 13 (flattened model) for VI1 compared 
to IV, 14-442 for V compared to 111, and 98-562 for VI 
compared to 111. These calculations suggest that the rate 
depressions due to a field effect should be small for VII, 
and comparable for V and VI. Solvolysis of VI exhibits a 
193-fold rate depression relative to 111, a magnitude brack- 
eted by the two field model calculations. This is to be ex- 
pected, since the unsymmetrical dibromide VI does not 
possess the favorable parallel alignment of bonds and or- 
bitals necessary for optimum operations of the through- 
bond effectz5 (Chart 111). 

In contrast, the observed 50-fold rate depression for VI1 
is appreciably larger than that calculated even with the 
flattened model. We attribute the discrepancy (3-13) to the 
operation of the through-bond inductive effect.46 Although 
the interaction appears to be remarkably large for such a 
long distance, multiple pathways are available which pos- 
sess the favorable parallel alignment of the “vacant” cation 
orbital with the C-C bonds (darkened in Chart 111) and the 
bromine s u b s t i t ~ e n t . ~ ~  The inductive model also seems 
able to account for the 625-fold rate depression of V com- 
pared to 111 which exceeds by 1.4-45 times that calculated 
by the field effect model. V also possesses a favorable align- 
ment of the “vacant” carbocation orbital with the C-C and 
C-Br bonds (Chart 111). 

In summary, it appears that transmission of substituent 
effects in these diamantyl dibromides may occur by both 
the through-bond and through-space mechanisms. This is 
evident in the solvolysis of dibromides V and VII, both of 

Br 
VI1 

1 

@ Br 

Chart I11 

Br 

which display rate depressions much greater than that cal- 
culated for a direct through-space interaction. The neces- 
sary criterion for a strong a-inductive interaction appears 
to be a parallel arrangement of orbitals. Effects of other 
substituents are currently being studied and will be re- 
ported later. 
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Syntheses o f  marinobufagin (5b) and mar inobufotox in  (5e) have been achieved. T h e  pr inc ipa l  synthetic trans- 
formations involved selective dehydrat ion o f  telocinobufagin (2) and addi t ion o f  hypohalpus acid t o  the  result ing 
olefin (2 -+ 3 - 4) followed by dehydrohalogenation t o  y ie ld  mar inobufagin (5b). Appl icat ion of a careful ly devel- 
oped mixed carbonic anhydride reaction t o  the  condensation o f  marinobufagin suberate (512) w i t h  arginine 
monohydrochloride prov ided mar inobufotox in  (5e). 

Almost 50 years elapsed between isolation2 of marino- 
bufagin (5b) from the American toad, Bufo marinus, and 

assignment3 of structure 5b. Nearly 40 years passed before 
the structure of marinobufotoxin (5e)4 was firmly estab- 


