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It is noticeable from Table I that the hydrated form exists
to the extent of as much as 81% at pD 1.30. This could very well
retard the rate of decarboxylation of OPA when the partially
dissociated or undissociated forms are the predominant species
in solution. In this connection, it is interesting that a plot of the
variation of k; with pD seems to resemble a plot of the percent
of hydrate vs. pD more than it does the degree of dissociation
of the diprotonated species (e;) vs. pD. This interesting ob-
servation suggests that further quantitative studies of these
effects should be carried out. This interpretation of the in-
volvement of hydrate formation in rate retardation is in accord
with the concept that the five-membered hydrogen-bonded
chelate ring in Scheme I is the active intermediate in the de-
carboxylation process.

In summary, the findings in this work indicate: (1) the de-
carboxylation of 8-keto acids that also contain a-keto acid
functions must involve consideration of the hydrated form; (2)
the NMR method provides an effective means of determination
of the first-order rate constants of ketonization and evaluation
of the equilibrium constant governing the keto-enol equilib-
rium. The use of NMR to sort out these microscopic rates and
equilibria makes possible a more precise determination of rates
of decarboxylation in these systems.
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Abstract: Treatment of a mixture of cyclohexanol and ferrous perchlorate with hydrogen peroxide in acetonitrile led to a mix-

ture of cyclohexanediols and cyclohexanone.

In acetonitrile containing perchloric acid, cis-1,3-cyclohexanediol accounted

for 71.9% of the diol produced. Under these conditions, hydrogen removal at C-3 occurred stereoselectively cis to the hydroxyl
group. A mechanism for this aliphatic hydroxylation which involves an initial directed hydrogen abstraction (ky/kp = 1.18),
free radical oxidation by F#3+, and stereoselective carbonium ion capture was proposed. Evidence for the stepwise nature of
this process was derived from analysis of the Fe?*/H,0; oxidation of 7-hydroxynorbornane (6). Hydrogen abstraction from
6 was found to occur stereoselectively syn to the hydroxyl group and subsequent 2,6-hydride transfers result in a 1:1 ratio of

syn,exo and anti,exo diols (8 and 9).

The oxidative transformations mediated by the biological
oxidases have attracted much attention both for their mech-
anistic complexity and potential synthetic utility.? Of particular
importance are the heme-iron mixed function oxidases such
as cytochrome P-450, which are known to effect olefin epox-
idation, aromatic hydroxylation, and hydroxylation of satu-
rated carbon centers in a wide variety of organic compounds.
Aliphatic hydroxylation is of interest since there exist at present
no general, direct, synthetic methods for specific replacement
of an unactivated carbon-bound hydrogen with an hydroxyl
group. Indeed, biological fermentation is often the method of
choice for such transformations.

These enzyme systems are known to activate molecular
oxygen by sequential two-electron reduction to the formal

oxidation state of hydrogen peroxide.? The subsequent pro-
cesses, O-0 and C-H bond scission, are extremely rapid and
mechanistic details have remained obscure. If the extensive
chemistry of iron-hydrogen peroxide systems is used for
precedent and guidance, the closest historical “model” for
aliphatic hydroxylation is Fenton’s reagent,* a mixture of
ferrous ion and hydrogen peroxide. According to the generally
held mechanism first proposed by Haber and Weiss,? the
Fenton’s reagent oxidation of organic compounds proceeds by
initial one-electron reduction of hydrogen peroxide to yield free
hydroxyl radicals and subsequent hydrogen abstraction
(Scheme I).

There has been understandable reluctance to embrace hy-
droxyl radical as the active oxygen species in biological oxi-
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Table I. Product Distribution for Cyclohexanol Hydroxylation
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% cyclohexanediols % yield
1,2- 1,3~ 1,4-

Reaction conditions? Cis Trans Cis Trans Cis Trans Cyclohexanediols Cyclohexanone
Fe(Cl0,),, HCIO,, CH,CN 6.7 12.3 71.9 2.5 3.8 2.9 4.0% 66)° 200
Fe (ClO,),, HCIO,, CH,CN, 25° 4.8 8.8 70.1 5.1 3.7 7.1 4.2 60) 2.8
Fe (ClO,),, HCIO,, CH,CN 11.9 9.1 66.5 3.5 3.0 5.6 2.9 42) 4.1
Fe(Cl03,, CH,CN 1.5 2.1 30.5 19.5 20.4 25.6 2.4 30) 7.6
Fe(ClO,)s, CH,CN 2.1 4.1 31.7 15.3 21.6 25.4 1.9 32) 4.1
Cu(ClO,),, HCIO,, CH,CN 0.25 4.0 304 26.4 17.8 21.2 2.0 (29) 5.0
Fe(ClO,),, 1:1 CH,CN-H,0 5.2 14.3 37.0 15.0 17.5 11.0 6.1 36) 10.9
Fe(ClO,),,9:1 H,0-~CH,CNd 3.3 9.0 5.6 18.3 50.0 13.8 5.3 35 9.7
Fe(BF,),, HBF,, CH,CN¢ 7.3 14. 67.7 3.0 3.6 3.7 4.3 49 4.4

aSee Experimental Section. b Absolute yield based on starting cyclohexanol. ¢ Yield based on cyclohexanol consumed. 4 Data due to G. A.

McClusky. € Data due to W. W, Swanson.

Scheme 1
Fe’* + H,0, + HY — Fe** + H0 + HO:
RH + ‘OH — R: + H,0
R+ Fe’" — Fe** + R*
Rt + HO — ROH + H*

dases, since these reactions proceed with remarkable regiose-
lectivity and stereospecificity. Further, oxidation of free rad-
icals by iron(III), a requisite second step, is known to be se-
lective in water and dimeric products are often obtained from
primary and secondary radicals.6

More recently evidence has emerged from biological studies
that heme-iron(I11) complexes are readily oxidized to higher
oxidation states and that a two-electron oxidation of chloro-
peroxidase, a heme-iron enzyme closely related to cytochrome
P-450, leads to an iron(IV) oxo species-heme radical cation.”
In addition, treatment of cytochrome P-450 with alkyl hy-
droperoxides, also two-electron oxidants, has been shown to
effect a single turnover of the enzyme without additional
oxygen or electrons.® This information strongly suggests that
higher oxidation state iron species are important to the function
of heme-iron hydroxylases and leads to the consideration of
mechanisms such as Scheme 11 for the oxidative cycle. High

Scheme 11
Fe'"—Heme + 0, + RH + 2%~ — Fe!'—Q0H
i
Heme R

l—HO'
Fe''' + ROH <«— Fe!" =0

H
[Heme] '

+[Heme] R
1

selectivity in the hydrogen abstraction step can be attributed
in such a scheme to the bound nature of the active oxygen
species (1).

The formation of a ferryl ion intermediate (Fe!V=0) in
nonenzymatic iron-peroxide systems was first proposed by
Bray and Gorin® and several other suggestions of similar
species have appeared.'© Further, the possible competition of
hydroxyl radical and ferryl ion paths for the Fenton’s reagent
me(l:hanism have been discussed in terms of the equilibri-
um!!

Fe!ll + HO- = Fe!VOH = Fe!lV=0 + H* (1)

We report here a study of the hydroxylation of cyclohexanol
and 7-norborneol mediated by ferrous ion-hydrogen peroxide
in acetonitrile. The observed regioselectivities and stere-
oselectivities support the formation of a ferryl ion-like inter-
mediate in this nonaqueous system.,!2

Cyclohexanol Oxidation. Slow addition of H>O; to a solution
of cyclohexanol and ferrous perchlorate led to the formation
of cyclohexanone and a complete family of cyclohexanediols
(eq 2). Ketone-diol ratios and diol isomer distributions were

OH 0 OH
Fe!'/H,0,
(5 o é G‘OH @

found to be sensitive to reaction conditions (Table I).

Specifically, high regioselectivity for oxidation at C-3 was
observed in acetonitrile containing either ferric or ferrous ions
and perchloric acid. This regiospecificity was altered upon
addition of water to the medium, leading to predominant C-4
oxidation in 1:9 acetonitrile-water. Removal of perchloric acid
and substitution of copper for iron also diminished the C-3
regioselectivity,

Closer examination of the data reveals that C-2 is somewhat
more reactive than C-4 in acetonitrile containing perchloric
acid with either ferrous ion or ferric ion. Thus, about 90% of
the observed hydroxylation is found to occur at positions
available to an oxidant chemically bound to the hydroxyl
group, suggesting a directive effect. In contrast, the addition
of water, omission of acid, and substitution of copper for iron
all lead to preferential oxidation remote to the hydroxyl group.
This latter mode of reactivity, apparently lacking the directive
effect noted above, finds abundant precedent in hydrogen
abstraction reactions by electrophilic species and can readily
be attributed to a polar effect.!?

Stereochemistry and Isotope Effect. To examine the stere-
ochemistry of the hydrogen abstraction step, trans-3-trans-
5-cyclohexanol-d; (2) was prepared by treatment of phloro-
glucitol ditosylate with lithium aluminum deuteride according
to published procedures.!* The deuterium content of 2 was
found to be 2.0 by comparing its mass spectrum to that of cy-
clohexanol (Table II). Less obvious, however, was the extent
to which the deuterium had been incorporated trans to the
hydroxyl group.

The Eu(fod)s-shifted '"H NMR spectrum of 2 was found to
be sufficiently well resolved to allow unambiguous assignment
of all resonances.!3 Integration of this spectrum (Table III)
leads to the conclusion that the lithium aluminum deuteride
reduction which forms 2 proceeds with 88.5% trans deuterium
incorporation.

Oxidation of 2 with Fe>*/H»O; in acetonitrile again gave
cis-1,3-cyclohexanediol (3) as the major hydroxylation
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Table II. Mass Spectra of Cyclohexanols and Cyclohexanone (70 €V)

m/e
Compd 112 111 110 109 108 107 106
OH
. 7.4 100 47 17.2 15.3
d,
O
é\d ' 526 10.5 14.5
103 102 101 100 99 98 97
OH
é‘ 8.0 100 31 8.5 3.0
OH
1:5 7.2 100 30.0 13.0 2.0
D” D
(2
OH
. 97.6 41.8 30.2
d,
0
’ 100
d.

aCyclohexanol isolated from Fe?*/H,0, oxidation of cyclohexane—cyclohexane-d,, (1.05:1). Intensity assigned to cyclohexanold,, =
31.1, that assigned to cyclohexanol = 38.5 kyy/kp = 1.18. bCyclohexanone isolated from oxidation of cyclohexane—cyclohexane~d, ;. Inten-
sity assigned to cyclohexanone-d , = 20, that assigned to cyclohexanone = 38. ¢Cyclohexanol reference. 9 trans-3-trans-5-Cyclohexanold, (2).

product. Analysis of the mass spectrum of 3 showed that the
product was a 3:1 mixture of d, and 4 diols, 4 and 5, respec-
tively (Table 1V). Clearly there is a preference for cis-hydrogen
abstraction at C-3. This preference could be due either to a
large intrinsic stereoselectivity or to a substantial isotope ef-
fect.

D D(H)
D H D
H 11
OH Fe'VH;O. OH @
H H
2 4 (5)

The kinetic isotope effect for cyclohexane hydroxylation was
determined by examination of the deuterium content of the
products of a competitive oxidation of cyclohexane and cy-
clohexane-d; (Table II). The value of ky/kp was observed
to be 1.18 £ 0.01.16 Since oxidation of C-3 in cyclohexanol
represents a process very similar to cyclohexane hydroxylation,
it is assumed that the isotope effect will be similar, although
the value 1.18 appears to be quite low.

The relative reactivity of the cis and trans hydrogens at C-3
are related to the isotope effect and the known stereochemical
integrity of 2 according to the equation

3dy . 0.885kes + 0.115Kkans
3-d, (kp/k)(0.115k s + 0.885K rans)

Solution of eq 4 leads to kcis/kirans = 3.6, indicative of 78%
cis-hydrogen abstraction at C-3.

Oxidation of 7-Hydroxynorbornane, Further insight into the
nature of this Fe2*/H,0,-mediated hydroxylation was ob-
tained by the oxidation of 7-hydroxynorbornane (6). Addition
of an acetonitrile solution of 30% hydrogen peroxide to 6 and
ferrous perchlorate in acetonitrile led to the formation of 7-
norbornanone (7), exo,syn-2,7-dihydroxynorbornane (8) and

3.0 (4)

Table III. Assignments for Absorptions in Eu(fod),-Shifted ' H
NMR Spectrum of trans-3-trans-5-Cyclohexanold, (2)

Chemical Integra-
shift, & AFEu Multiplicity tion4 Assignment
33 -4.8 Doublets 1.01 trans-H,
of tri-
plets
3.8 -5.8 Doublet 1.24 cis-H,,
trans-H,
4.5 -6.9 Singlet 1.79 cis-H,
7.68 -13.8 Doublet 2.05 trans-H,
8.16 -16.1 Triplet 1.97 cis-H,
13.22 -22.5 Broad 0.93 H,
mul-
tiplet

aNormalized to nine protons.

exo,anti-2,7-dihydroxynorbornane (9) (Scheme III) in a ratio
of 1:5:5.

Scheme III
0
OH

Fe“
—
HOOH

6 7
OH OH
HO
+ OH +
8 9

Superficially, the formation of equal amounts of 8 and 9
would appear to indicate indiscriminate oxidation of the syn
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Table IV. Mass Spectra of cis-1,3-Cyclohexanediols (3) (20 eV) - Z { -

m/e < 2 X O~ g :

Com- g BormS wvwn | ©

pound 119 118 117 116 115 114 £ f e > Ji

3d, 72 100 43 53 N S

3d, 80 100 369 10.7 = £

g Z

and anti bridges and the absence of any other diol isomers, £ “g5=— T Y g

particularly the 2,3 isomer, would appear to mitigate against e s - AtV 3

carbonium ion intermediates. Typical 1,2-alkyl shifts of an s | 2

intermediate norbornyl carbonium ion would be expected to l | s

produce rearranged products. Closer examination reveals that f g £

2,6-hydride transfers in intermediate 7-hydroxy-2-norbornyl 3 = J o wvao s

carbonium ions could submerge any regioselectivity for syn- £ | —ggdan 2w b

hydrogen abstraction. An obvious clue that 2,6-hydrogen - = =

migrations had occurred emerged when norbornylene was & §

oxidized with performic acid in acetonitrile. A 1:1 mixture of ‘i

exo,syn and exo,anti diols again was obtained, suggesting that o [ £

these products represent an equilibrium mixture, 3 7 N t E

The occurrence of rapid 2,6-hydride shifts in the Fe*/H>0, £ nlesd L4 g

oxidation of 6 was confirmed by analysis of the products of two & { P27 AWM &

7-hydroxynornanes (12 and 13) with complementary deute- g ® S

rium labels.!” j ! =

Lo

OH _ E & N | g

H D ] g :: ; o :: : en e~ 3

OAc ﬁ)j H :.E? N ne &

. D :

3. H,/Pt <

12 £

L Ho OH = E

'3

3. DyDL D H - oo o=

D H She S|

13 j | 5

| | g

Mass spectral data (Table V) indicated deuterium incor- % = ) é

porations in 12 and 13 to be in excess of 97%. Subsequent hy- | = @ | “

droxylation of 12 and 13 again gave the syn and anti diols 8 and f < © t R o2 - E

9. The mass spectra of these products are compared in Table } = =g
V. As expected, parent ions were extremely weak but parent- l i =
H,O ions gave a prominent spectral pattern and these peaks ~ | ' i
were used to determine the deuterium content of the prod- 3 1 =
uct,18 2l g | j e
Inspection of the mass spectra of the diols 8 and 9 derived s I8 ae wD
from 12 indicated similar deuterium contents for both ste- £ } Tlegee 5o " T
reoisomers, with most of the product having lost one deuterium 2 CORREEE 1= &
atom upon hydroxylation. Diols 8 and 9 derived from 13 also z A { é:’:
have similar deuterium content, but significantly, most of the E ) Eg
deuterium has been retained in the course of the oxidation. b= t [ f;
Thus, significant quantities of 9-d; are formed from 13 while g 3 & 2 f;
9-d is derived from 12. Sz R S e
The only reasonable explanation for this result is hydride 2 8 ®g0 EN | 3%
migration subsequent to hydrogen abstraction (Scheme IV). § - Al | 5%
Further, the similarity in deuterium content of the stereoiso- 8 TE
mers 8 and 9 indicate that the 2,6-hydride shifts are rapid with 2— > §‘ 2
respect to diol formation, as would be expected if a bona fide g o
2-norbornyl carbonium ion is an intermediate in the reac- -§ g - =
tion. 3 . PR =3
A more quantitative and illuminating interpretation of these s gz § g5
data can be made by employing the known mass spectral be- g S 3
havior of 8 and 9.!8 Specifically, the M — H,O ion in the mass S EE
spectrum of 8 has been found to result from loss of the elements o P2 i
of water from hydroxyl groups, and the M — H,O ions in Table g B3
V for 8 accurately reflect deuterium content of the parent diol. = o 8 3 é -
Less selective loss of H>O has been observed for 9. Thus, the > F|2Io3z=88 @N%- 58
loss of carbon-bound hydrogen in the mass spectral fragmen- £ TTTTTTT eEE 2z
tation of 9 derived from 12 and 13 would account for the small & | 52
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Scheme IV

OH

- @éy
A @
z@*w&z@

,_A 8‘d2

12

but significant difference in the apparent deuterium content
of syn and anti isomers.

This information allows the construction of a complete re-
activity profile for the Fe2* /H,0, hydroxylation of 6. If it is
assumed that the only reasonable path to 8 and 9 is initial hy-
drogen abstraction at C-2 or C-6 in 6, three mechanistically
discreet hydrogen-abstraction processes must be considered,
abstraction of the syn,exo hydrogen (ks), the anti,exo hydrogen
(k,), and the endo hydrogens (k,) (Scheme V). Thus, from the

Scheme V
H = H. —8+9
OH
é o
HS
H,

deuterium content of 8 from 12, one obtains eq 5 and 6 and,
similarly from the isotopic content of 8 from 13, eq 7 and 8 can
be derived.

ks(kp/kn) _ 0.672 _

2k, + k, 0275 2.05 )
ks = 2.05(2k, + ka)(ku/kp) (6)
ka(kp/ku) _ 0.119 _

ket 2kn 0881 013 @

ka(kp/ku)
0.135

From substitution of eq 8 into eq 5 with an isotope effect as-
sumed to be in the range of that obtained for cyclohexane,
ku/kp = 1.2, the relative reactivity of the exo,syn and exo,anti
hydrogens (ks/k,) is found to be 5.1. Similarly, kn/k, is found
to be 0.54. It should be noted that the ratio k/k, calculated
in this way is relatively insensitive to the isotope effect. For
example, an isotope effect of 2.0, certainly outside the limits
of experimental error, gives ks/k, = 3.8, still an appreciable
directive effect. We conclude, therefore, that the Fe2*/H,0,

2k, = — ks (8)

(13)H. _OH
(1.0) H,
H, (4.5)
H, H, (0.52)

@ Relative reactivity (per hydrogen) toward Fe**/H,0, in CH,CN.

induced hydroxylation of 6 proceeds predominantly by initial
stereoselective syn,exo-hydrogen abstraction reflecting the
directive effect (k;/k, = 5.1) of the proximate hydroxyl group.
Further, the regioselectivity observed here is in reasonable
quantitative agreement with that observed for cyclohexanol.
Subsequent oxidation of the carbon radical by ferric ion gives
the rapidly equilibrating 7-hydroxy-2-norbornyl carbonium
ions 10 and 11. In contrast to cyclohexanol, these carbonium
ions are then captured to give the 1:1 mixture of product diols
8 and 9, perhaps reflecting the greater stability of the 2-nor-
bornyl cation.

Mechanism. The regioselectivity observed for hydrogen
abstraction from cyclohexanol and 7-hydroxynorbornane
clearly indicates a directive role of the hydroxyl group. The
most reasonable explanation of this behavior is metal-alcohol
complexation, which is expected to be appreciable in acetoni-
trile. Indeed, obvious spectral changes observed upon addition
of cyclohexanol to acetonitrile solutions of ferrous or ferric
perchlorate indicate appreciable metal-alcohol interaction in
this medium.!® The nature of this directive effect can be con-
sidered economically in terms of two mechanistic extremes:
(a) a propinquity effect in which a free hydroxyl radical is
generated close to the hydroxyl function as a result of metal-
alcohol complexation, and (b) formation of a reactive ferryl
ion species (Fe!Y=0) by two-electron oxidation of ferrous ion
and subsequent methylene hydroxylation by an intracomplex
reaction (Scheme VI).

Scheme VI
Fe!! Fe''—0—OH
/Y
H
0 g Fe'! HO" 4 HOOH O u H*
| T=] ] ™= ]
C——C —( CrC
15
Felv Felv=0
HO OH HO o
=]
C~—C C~C
16

Several arguments favor Scheme VI. There is ample evi-
dence for the oxidation of Fe(II) and Fe(III) salts by hydrogen
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peroxide to give Fe(VI) in alkaline aqueous solution,?? and
since hydrogen peroxide is a two-electron oxidant, intermediate
Fe(IV) and Fe(V) states are implicated in these reactions.?!
Stable salts of Fe(IV) have been isolated recently by electro-
chemical oxidation well below the oxidation potential of water,
and ozonization of ferrous ion has been proposed to afford
transient Fe(IV) species in water.22 The decomposition of a
ferrous ion-alcohol-hydrogen peroxide complex (15) by formal
loss of water to give 16 would be analogous to ferrous ion
ozonization. The observed regioselectivities for cyclohexanol
and 7-hydroxynorbornane parallel the anticipated chemical
availability of nearby hydrogen toward hydrogen abstraction
by the iron-oxo intermediate 16 through a cyclic transition
state reminiscent of the Barton reaction.??

For the hydroxylation of cyclohexanol two stereoisomeric
complexes representing the equatorial and axial conformers
of the alcohol would be expected (Scheme VII). Only the cis

Scheme VII
m___
HOO /Fe OOH
, H HO
Fe' OH
H H
| = COH
8
” 18 21
) } Jr’
0 Fe'V=0 Felll
H e
/ Ao
Ff 4 HO H HO
lf 20 22
OH
Fe”
F‘em OH o~ ol
—
i o
g OH

hydrogen at C-3 would be accessible to the bound ferryl ion
and accordingly predominant cis-hydrogen abstraction is ob-
served there. We have recently shown that metal complexation
does not appreciably alter the equatorial-axial equilibrium for
cyclohexanol and approximately 30% of this less stable com-
plex (18) would be expected in solution.!s

The higher relative reactivity of C-3 vis-a-vis C-2 is more
difficult to explain, but may be due either to a polar effect or
to a more favorable transition-state geometry in the axial
complex 20. CPK space filling models of 19 and 20 indicate
approach of the iron-bound oxygen to the side of the C-H bond
at C-2, but end-on approach occurs at C-3. Thus, in further
analogy with the Barton reaction, the cyclic hydrogen ab-
straction observed here appears to favor a collinear O«..H..-C
geometry.24-26

Another important conclusion derived from the deuterated
cyclohexanol oxidation was that the stereoselectivity for hy-
drogen abstraction at C-3 (78% cis) is /ess than the observed
stereoselectivity for C-3 diol formation (96%). Accordingly,
some radicals generated by trans-C-3 hydrogen abstraction,
presumably from a nondirected component of this reaction,
lead to cis diol formation. This result suggests that if hydrogen

5295

abstraction is the intial step in this process, 3-hydroxycyclo-
hexyl radicals generated by an independent route would lead
to stereoselective radical oxidation by ferric ion, until recently
an unprecedented process. Indeed, we have found that the
reductive decarboxylation of cis- and trans-3-hydroxycy-
clohexanepercarboxylic acid (21) gave rise to the same mixture
of cis and trans diols (85:15, respectively) with a pronounced
preference for cis diol formation.2’

Accordingly, 3-hydroxycyclohexyl radicals (22), generated
by decarboxylation, do undergo a stereoselective oxidation in
accord with their intermediacy in Scheme VII. Subsequent
electron transfer to give carbonium ions is supported both by
the loss of stereospecificity in more aqueous media and by the
clear indication of 2,6-hydride transfers observed during the
hydroxylation of 7-hydroxynorbornane.?®

These findings have important implications with regard to
the mechanism of biological hydroxylation. Mechanisms have
been proposed which involve an “‘oxene’ insertion process for
these enzymic reactions largely to explain the net retention
which is observed. As we have shown here, however, oxidation
with net retention can also be the result of two successive ste-
reoselective processes, hydrogen abstraction and radical oxi-
dation, both of which now find precedent in simple, nonenzy-
mic iron chemistry.

Experimental Section

General, Analytical GLC work was done on a Varian Aerograph
gas chromatograph Model 1200, equipped with a flame-ionization
detector. Preparative VPC was done on a Varian Aerograph 90-P gas
chromatograph. Infrared spectra were recorded on a Perkin-Elmer
457 model and NMR spectra were taken on a Varian Associates T-60
or T-60A spectrometer or a Joel PS-100 NMR spectrometer. Mass
spectra were run on an Associated Electrical Industries MS-902
spectrometer. Melting points are uncorrected as recorded with a
Mel-Temp melting-point apparatus.

Cyclohexanol was treated with NaBH, and distilled, and acetoni-
trile, unless reagent grade, was distilled over POs. Commercial H>O»
was used without further treatment. Ferrous, ferric, and cupric per-
chlorates were used as received from the G. Frederick Smith Chemical
Co. (reagent grade). All other common materials were reagent grade.
Where necessary, hydrogen peroxide was titrated with permanganate
and ferrous perchlorate was titrated with potassium dichromate using
sodium diphenylaminesulfonate as the indicator.

Oxidation of Cyclohexanol by Metal-Hydrogen Peroxide. A mix-
ture of 0.69 g (6.9 X 1073 mol) of cyclohexanol, an equivalent amount
of metal perchlorate or fluoroborate as indicated in Table I, and 0.6
ml of 70% perchloric or 2 ml of 50% fluoroboric acid in 50 ml of ace-
tonitrile was placed in a jacketed reaction vessel and purged with ni-
trogen for 20-30 min. The mixture was cooled to —18° with a re-
frigerated circulator bath. Hydrogen peroxide (3.68 equiv, 3.0 g of
30%) was dissolved in 10 ml of acetonitrile and purged with nitrogen
for 20-30 min. The hydrogen peroxide solution was added to the
metal-alcohol solution by slow constant addition over 30 min with
continuous stirring and nitrogen purging. The product distribution
was independent of the rate of peroxide addition. After stirring for
about 0.5 h after complete addition of the peroxide, 1 ml of 5%
Na3S0; was added to insure complete decomposition of hydrogen
peroxide. Metal salts were precipitated by the addition of 2 ml of 50%
sodium hydroxide. Two phases were present at this time. Potassium
carbonate was added until the lower aqueous phase was saturated,
resulting in a thick sludge. The clear acetonitrile layer was filtered
through Whatman No. 3 filter paper and the sludge was washed
several times with CH3CN. The combined acetonitrile portions were
dried over K»C03-Na3S04. GLC analysis for cyclohexanol and cy-
clohexanone were not reliable prior to this point. For analysis of the
diol products, the above dilute solution was concentrated under vac-
uum, dissolved in 50 ml of 5:1 acetic anhydride-pyridine and refluxed
for 1 h. The reaction mixture was poured onto ice and extracted with
three 50-ml portions of ether. The combined ether extracts were
washed with 10% HCl, 5% sodium bicarbonate, and saturated NaCl.
Quantitative analysis for cyclohexyl diacetates was performed on this
solution.

The amounts of alcohol and ketone were determined by glc analysis
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ona 10 ft, 20% DEGS column at 100 °C, adding 1-phenylethanol as
the internal standard to the acetonitrile solution after removal of metal
salts with NaOH. For the cyclohexyl diacetates the conditions were
80-160 °C at 6 °C/min on the same column; retention times: cis-1,2
(24 min), trans-1,2 (25.6 min), trans-1,3 (29.5), trans-1,4 (32), cis-1,3
and cis-1,4 (34.3). The yields of diols could be determined prior to
acetylation on an OV-225 at 100 °C.

Cyclohexanols and cyclohexenyl acetates were shown to be absent
by GLC comparison of reaction mixtures to authentic materials.

Ditosylate of cis-Phloroglucitol. Anhydrous phloroglucitol (10 g,
0.0757 mol) was dissolved in 150 ml of anhydrous pyridine at 0°.
Freshly purified tosyl chloride (28.85 g, 0.148 mol) in 80 ml of dry
pyridine was added slowly to the above with stirring. After chilling
in the refrigerator overnight, the precipitated pyridine hydrochloride
was removed by filtration and the filtrate was poured onto 1 1. of ice
and water. The gummy mass which formed was extracted with three
500-ml portions of ether. The combined ether extracts were washed
with cold 10% HCI and water and dried over Na,SQ4. Evaporation
of the ether gave 24 g of crude product, which was recrystallized from
CHCl;-pentane and dried in vacuo: NMR (CDCl;) 6 7.52 (d of d,
8 H), 4.37 (brs, 6§4.7-4.0,2 H), 3.42 (br s, 6 3.9-3.0, 1 H), 2.67 (s,
6 H),2.6-1.8 (m,4 H), 1.5(t,3H,J=12Hz).

trans-3- trans-5-Cyclohexanol-d; (2). The ditosylate of cis-phlo-
roglucitol (3.0 g, 7.35 mmol) was added to0 0.626 g of LiAID,4 (14.7
mmol) in 50 ml of dry ether and stirred at room temperature for 21.5
h. The mixture was quenched by the addition of saturated N2a,SO,.
The ether layer was separated and dried over Na;SOg. The product
was purified by preparative GLC (10 ft, 20% DEGS at 85 °C; yield:
0.1165 g, 16%).

Determination of the Stereospecificity of Hydrogen Abstraction at
C-3. The above dideuteriocyclohexanol (2, 0.0980 g), 0.06 mi of 70%
HCIO4, and 0.381 g of ferrous perchlorate hexahydrate were dissolved
in 5 ml of acetonitrile. While under N, 0.08 ml of 30% H>0, in 2 ml
of CH3CN was added to the above at =14 °C over 13 min. Workup
and acetylation were performed as described earlier and the cis-
1,3-cyclohexane diacetate was isolated and purified by preparative
VPC (S ft, 20% DEGS, 150 °C). The sample weighed 5.0 mg. This
product was reduced with LiAlH, in ether and the product again was
isolated and purified by VPC (3% OV-225, 120 °C) and submitted
for mass spectral analysis (see Table IV).

Oxidation of Cyclohexane, Determination of the Deuterium Isotope
Effect. In 60 ml of acetonitrile was placed 2.015 g of Fe(C104)»6H,0,
0.5321 g (6.33 mmol) of cyclohexane, 0.5775 g (6.02 mmol) of cy-
clohexane-d |, (99.0%), and 0.5 ml of 709 HClO,. The entire mixture
was cooled to —11 °C and purged with nitrogen. A solution of 0.8 ml
of 30% H>0; in 5 ml of CH3CN was then added over a period of 35
min, and the reaction was quenched immediately by the addition of
Na»S0s;. The yield of cyclohexanol was 0.045 g and the yield of cy-
clohexanone was 0.0064 g, as determined by GLC. The deuterium
content of the products was determined by mass spectrometry (Table
).

Oxidation of 7-Hydroxynorbornane, The procedure was similar to
that used with cyclohexanol. A solution of 0.48 g of 7-hydroxynor-
bornane, 1.9 g of ferrous perchlorate hexahydrate, and 0.1 ml of 70%
perchloric acid in 20 ml of acetonitrile was purged with nitrogen and
cooled to —16 °C. A solution of 0.5 ml of 30% H,0, in 2.5 ml of
CH;CN was then added over 35 min. Stirring was continued for [ h.
Yields of dihydroxynorbornanes were determined by GLC (10 ft, 20%
DEGS, 110-160 °C at 6 °C/min). The yields of 7, 8, and 9 were 10,
45, and 42%, respectively; conversion was 6.7%.

exo,exo0-2,3-Dideuterio-syn-7-hydroxynorbornane. A modification
of the procedure described by Franzus and Snyder22 resulted in a
somewhat better yield. 7-Acetoxynorbornadiene (1.46 g) was dissolved
in 20 ml of dry ether (freshly distilled from LiAlH4) and added to a
solution of 0.738 g of LiAlD, in 30 ml of dry ether over a period of 20
min. The mixture was stirred overnight at room temperature under
nitrogen. Unreacted LiAID4 was decomposed by the addition of 3 mi
of D;0 saturated with anhydrous Na>SQ,, followed by 2 ml of D,0.
A small sample of the product, exo,exo-5,6-dideuterio-anti-7-hy-
droxynorbornene, was isolated by preparative VPC from the con-
centrated ether solution. Its NMR spectrum was identical with that
reported:22 NMR (CDCl3) 6 5.92 (t, 2), 3.55 (brs, 1), 2.5 (q, 2), 2.09
(s. 1), 1.0 (d, 2). The product was then combined with 15 ml of ethanol
and 0.055 g of Pd/C, and hydrogenated at atmospheric pressure and
room temperature. The 7-hydroxynorbornane obtained was sublimed
twice to give 0.474 g (43% yield).

exo,ex0-5,6-Dideuterio-exo-2-syn-7-dihydroxynorbornane (14).
exo-5-anti-7-Diacetoxynorbornene2® (0.41 g) was dissolved in 10 ml
of absolute ethanol and 0.065 g of 5% palladium on carbon was added.
The mixture took up 42 cm? of D5 after 20 min at room temperature
and atmospheric pressure (0.96 equiv). A small sample of crude ex-
o.exo-dideuterio-exo-2-syn-7-diacetoxynorbornane was purified by
GLC (5 ft DEGS at 150 °C) and analyzed for deuterium content by
mass spectrometry (Table V). Three-quarters of the crude diacetate
was dissolved in 2 ml of ether and added dropwise to a mixture of 0.25
g of LiAIH4 in 20 ml of ether at 0°. After 15 min, unreacted LiAlH,
was decomposed with aqueous Na»SQy. After recrystallization from
ether, 0.13 g (69%) of exo-2-syn-7-dihydroxynorbornane (14) was
obtained. The presence of two exo-deuterium atoms was evident by
the appearance of a two-proton singlet at § 1.0 in the NMR spectrum
for the endo hydrogens at C-5 and C-6.
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Abstract: The relative reactivities of 37 selected olefins toward hydroboration by 9-borabicyclo{3.3.1]nonane (9-BBN) in tet-
rahydrofuran solution were determined by two competitive techniques. The data for these reactions are presented to make
clear the effect of each structural feature on the relative rate. Wherever comparable data are available, a comparison is made
between 9-BBN and a second dialkylborane, disiamylborane, and the similarities and differences in the selectivities of the two
reagents are pointed out. Both reagents have large steric requirements, reacting preferentially with the least hindered double
bond. On the other hand, 9-BBN is far more sensitive to electronic influences, attributed to the greater electrophilic character

of the bridging >BH moiety in the strained 9-BBN structure.

The utility of the 9-BBN group as a blocking groupin syn-
theses via organoboranes? and its highly selective hydrobo-
rating ability? have been reported. 9-BBN exhibits remarkable
regio- and stereoselectivity giving the highest degree of selec-
tivity yet achieved.? For example, 1-hexene reacts to give 99.9%
of the 1 isomer (regioselectivity) and norbornene reacts to yield
99.5% of the exo isomer (stereoselectivity). 9-BBN shows a
remarkable preference for forming a carbon-boron bond to
the least hindered terminal of a double bond, 4-methyl-2-
pentene reacting to give 99.8% of the 2 isomer.? In view of these
unique characteristics, it appeared appropriate to explore the
effect of olefin structure on the rate of hydroboration with
9-BBN. Accordingly, we undertook a relative rate study of
olefin hydroboration utilizing 9-BBN in THF solution at room
temperature.

Results

Competitive Hydroboration of Olefins with 9-BBN in THF.
The previous study? established the time required to achieve
essentially complete hydroboration for olefins of different
structural types. To obtain more precise reactivity data, se-
lected pairs of olefins were treated with 9-BBN and the relative
reactivities determined competitively. Two different experi-
mental procedures were utilized. Both involved the mixing of
two olefins in equimolar amounts (0.5 M in THF) in a reaction
flask and the subsequent addition of only 1 equiv of 9-BBN (0.5
M in THF). An inert hydrocarbon (internal standard) was also
added. In procedure A the mixture was analyzed by GLC for
residual olefin after the hydroboration was complete. A
stripper column® (1 X 6 in. — 20% THEED column) was used
to retain the intermediate organoborane and not allow it to pass
into the second column (‘% in. X 6 ft — 10% adiponitrile). The
ratio of unreacted olefin to internal standard could now be
easily determined. In procedure B the intermediate organo-
borane was oxidized with alkaline hydrogen peroxide to give
1,5-cyclooctanediol and the two alcohols corresponding to the
organoboranes produced from the starting olefins. The alcohol
to internal standard ratio was determined by GLC (}s in. X 12
ft — 10% SE-30) for each product. In both procedures the

concentration of unreacted olefin can be determined following
completion of the hydroboration. With these values in hand
along with the initial concentration of each olefin, the relative
rate is obtained by use of the Ingold and Shaw? expression:
relative rate = k,/k, = (Inxg— In x)/(In yo — In p), where x¢
and yg are the initial concentrations and x and y are the re-
sidual concentrations of the two olefins being compared. Many
olefin pairs were run using both procedures A and B and the
results proved consistent.® Unless otherwise stated, the reac-
tions lead cleanly to a quantitative conversion of product and
all relative rates reported are at 25.00 £ 0.03 °C (procedure
A) or ambient room temperature (procedure B).

The relative reactivities data for 9-BBN are summarized
in Table 1.

Discussion

9-BBN proved to be a highly selective reagent, with major
similarities and difference from the selectivity exhibited by
disiamylborane.”-® (On the other hand, diborane itself is a
relatively insensitive reagent, exhibiting only minor effects of
structure upon rate.®) Accordingly, it is of interest to compare
the selective properties of 9-BBN with those of disiamylborane
where such data are available, for examination of the simi-
larities and differences.

Terminal Olefins, RCH=CH,. The data for straight-chain
1-alkenes indicate that the rate of hydroboration is nearly in-
dependent of chain length. Thus, 1-hexene, 1-octene, 1-decene,
and 1-dodecene all show similar reactivity with either 9-BBN
or disiamylborane, as indicated by the relative rates.

CHy(CH,),CH==CHj CH4(CH,),CH==CH,

9BBN 100 110
Sia,BH 1.00 1.08

Branching in the R group decreases the rate of hydrobora-
tion significantly. Thus in going from 1-hexene to 3-methyl-
1-butene, the rate with 9-BBN decreases by a factor of two and
3,3-dimethyl-1-butene reacts four times slower than the
straight-chain olefin, A more dramatic decrease in rate is re-
alized with disiamylborane.
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