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Abstract: An improved proccdure for the phenylselenation of saturated hydrocarbons has been
developed The reaction of tributylphosphine with diphenyl diselenide in the presence of Fell
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Subsequent or prior addition of the saturated hydrocarbon and final addition of 30% hydrogen
peroxide gives phenylselenation in excellent yield based on the oxidant added. The mechanism of
this reaction has been further studied; carbon and hydroxyl radicals are not part of the mechanism.

© 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION
Gif Chemistry was originally carried out using a simple iron catalyst in pyridine-acetic acid.! Later a
crystalline tri-iron complex was isolated.2 With metallic zinc and oxygen in the same solvent mixture

relatively efficient ketonization of saturated hydrocarbons was obtained. This subject has been taken up again
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theory to explain ail the data. The concept of the iron-carbon bond was oped from the chemistry of
adamantane where tertiary radicals were readily detected by their coupling to pyndme. There was no coupling
to the secondary position of adamantane. This was carefully confirmed by the appropriate model studies using
tertiary and secondary radicals generated from the appropriate Barton PTOC derivatives.* The recent results
of Stavropoulos are also in agreement with this.3

It was from these observations that the idea of the iron-carbon bond as an intermediate was developed

further.> During a systematic search for reagents that would capture an iron-carbon bond we added diphenyl

S
ide to a 7Zn0 iron catalvzed reaction and com
¢e 1o a 4nY iron calalyzed reaction ang con

digelen nletelv renlaced ketonization hv an eguallv efficient
diselen n n \ I n and completely replaced ketonization by an equally eriic
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H;0; oxidation of cyclohexane in pyridine-acetic acid gave at first phenyliselenation and then, when the iron

had been oxidized to Felll normal ketonization was seen.”

After we had recognized that the whole of Gif Chemistry could be explained by two manifolds®:
FelV and Felll.FeV: it was possible to determine the manifold involved by titration® for Fell The
phenylselenation reaction takes place in the Fell-FelV manifold.10 Phenylselenol gave higher yields than
diphenyl diselenide when Fe!l-H,0; was used. The original conditions employed® reduced diphenyl diselenide
to phenylselenol, as shown by quantitative methylation with methyl iodide.1! Since phenylselenol is a very
efficient trap!2 for carbon radicals we considered that the phenylselenation could not be taking place by a
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V' manifold,!® the phenyliselenation reaction is still very efficient using preformed
phenylselenol. Hence, the complication from Znl! does not apply. As previously cited, phenylselenol was said
to be so acidic that it was completely converted to its anion by pyridine.l3 However, the pKa of
phenylselenol14 is 5.9 as compared with the pKa of acetic acid at 4.8 and thiophenol at 6.5. So it would seem
improbable that the phenylselenol is extensively deprotonated, particularly in the new procedure reported later,
where most of the pyridine has been replaced by acetonitrile.

A further complication is that in the Fell-FelV manifold there is a very fast reaction of Fe!l with H203 to

furnish FelV=0, or its equivalent cvclic Fell peroxide. This then reacts witt

equt nt cvclic Fell neroxide. This with the bydrggarhnn with the same

selectivity towards adamamane as in the Felll-FeV manifold and the same kinetic isotope effect
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by pyridine.® In the presence of phenyiselenoi these radicals should be reduced back to the hydrocarbon in a
nearly diffusion controlied process. This does not happen. Our explanationl¥ is that the FelV intermediate has
phenylselenol and the hydrocarbon ligated to the iron. The product then is formed by ligand coupling.

One further explanation is needed. In the original work using Zn0 and Fell the oxidant that couples with
Fell is superoxide8, as is also established in the electrochemical process, where the cathode keeps Fell as Fell
and reduces oxygen to superoxide.!5 The reaction with Fell and superoxide affords Felll-OOH and leads into
the Felll.'FeV manifold. How then do we descend into the Fell-FelV manifold? In a recent paper!6 we
showed that Tempo trapping in the Felll-Fe!V manifold was due to reduction of FeV to Fe!V by Tempo which

Ez

ULTS AND DISCUSSION

Previously phenylselenation has given good yields of products with respect to diphenyl diselenide.
However, the reactions were relatively inefficient with consideration to the amount of oxidant required. This
is true when considering either the Zn® or Fell-H,0; systems. When repeating the reaction under Zn?-Fell
conditions it was observed that along with the formation of cyclohexylphenyl selenide, diphenyl selenide was

also produced. This was confirmed by GC-MS analysis and comparison with an authentic sample. The

day Lu Sl 4lid N I WY

formation was shown to occur indenendentlv of nhenviselenation of the hvdrocarbon as dinhenvl selenide
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reaction we studied the reaction using Fell-HyO5, with picolinic acid as the carboxylate ligand. As mentioned
earlier® the resuits are much better when phenyl selenol is used instead of the diselenide. This is due in part
to the selenol keeping the iron as Fell. We know that suitable phosphines can reduce disulfides to thiolsi? and

as such envisaged that diselenides should behave similarly in the presence of water (Scheme 1).
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The first reaction was carried out with a catalytic amount of Fell and sufficient triphenyl phosphine to
reduce the diselenide to selenol. These results are shown in Table 1.

Table 1: Effect of PPh3; on Phenylselenation

Entry | Cyclohexane [ PhSeSePh PPh3 Hy0, PhSeR Efficiency®
(mmol) (mmol) (mmol) | (mmol) (mmol) (%)3
1€ 20 2 2.5 4 1.90 (48%) 48%
2¢ 20 2 2.5 2 0.99 (25%) 50%
3¢ 20 2 4.5 4 1.92 (48%) 48%
4¢ 20 2 6.5 9 3.34 (84%) 37%
5d 30 2 8 6 3.95 (99%) 66%

a) Efficiecy with respect to diphenyldiselenide; reductive work up with NayS;04 gave the same yields indicatiung no
oxidation of the product. b) Efficiency is calculated with respect to HyO7 assuming 1lmmaol of HyO makes lmmol of PhSeR. ¢}

Reaction carried out in pyridine (30ml). d) Reaction carried out in acetonitrile (30ml) and 4-r-butylpyridine (2ml).

Initial reactions carried out in pyridine were complicated by the formation of phenylpyridyl selenide
(Entries 1-4). Recently we reported that pyridine could be largely replaced as the solvent by acetonitrile, but
the presence of a small amount of a pyridine base was essential.!8 Applied to the present work resulted in no
detectable pyridine coupling products. In most cases the efficiencies of the reactions were not greatly
enhanced until the addition of the phosphine and hydrogen peroxide was carefully controlled (Entry 5).
Hydrogen peroxide was added dropwise to the reaction mixture and upon the onset of a color change (to pale
orange from deep red) 2mmol of triphenylphospine was added before addition of hydrogen peroxide was
continued. This process was repeated until 6 mmol of hydrogen peroxide was added. At this point only
traces of diselenide could be detected by GC and the cyclohexylphenyl selenide was formed almost
quantitatively. However, this reaction took over 2h to perform. It was shown that the yields were less when
the hydrogen peroxide was added in one portion, or when there was a large excess of phosphine present.
Reaction with either the phosphine, the selenol, the selenide or all these compounds could explain this. The
reaction of hydrogen peroxide with Fell, however, must be faster than the alternative reactions. In order to
confirm that phenyl selenol was formed under the reaction conditions, we generated the selenol in the presence
of Felll which was rapidly reduced to Fell.

Ph—“S’(;'SC—Ph _ + H’)O
—>  PhSe PhSe=PBu; — 2 PhSeH + O=PBuy;
PBU3

Scheme 1
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Fe'l' and diphenyl diselenide gave 60% o
4h indicating that the formation of selenoi was siow. However, when tributyl phosphine was substituted for
triphenyl phosphine, all the Felll was reduced to Fell after 2min as determined by spectroscopic analysis.®
This confirms that we are operating within the Fell-FelV manifold. We also studied the reaction of the
phosphines with the diselenide by 31P and 77Se nmr spectroscopy. With triphenyl phosphine the reaction was
slow with only traces of the derived oxide detected after 2h. The oxide of tributyl phosphine was formed
much faster. By selenium nmr we clearly detected the formation of phenyl selenol by the appearance of a peak
resonating at 151ppm and the disappearance of the diselenide resonating at 475ppm.14 A final proof of the
presence of phenyl selenol under the reaction conditions was shown by the addition of methyl io
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solution of the diselenide, tributvl nhosnhine and Fell Thig
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As expected under defined conditions the formation of the cyclohexylphenyl selenide was efficient with
respect to both hydrogen peroxide and diphenyl diselenide (Entry 1). The rate of addition of hydrogen
peroxide was important, as indicated by Entry 2, but not as crucial as previously observed with triphenyl
phosphine. The hydrogen peroxide was added over 10 seconds in Entry 1 of Table 2. The reaction is
dependent upon the appropriate carboxylate ligand (Entry 3) and also the concentration of the hydrocarbon
(Entries 4-7). However, the amount of iron added has little effect on the reaction (Entries 8 and 9). When

more than 1mmol of phenylselenol was present from the start of the reaction the efficiencies dropped from
85% to ~33 and 41% (entries 10 and 11).
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increased by adding 1mmol of tributyl phosphine to the solution after the reaction mixture changed
red to orange. This resulted in the color changing back to red (Fe'l) and hydrogen peroxide addition was
continued. After 4mmoi of phosphine and 5.4mmol of hydrogen peroxide, most of the phenyiseienoi (85%)
had reacted (Entry 12). To ensure phenylselenol was still present during the addition of hydrogen peroxide,
methyl iodide was added after the addition of 0.5 mmol of oxidant. The efficency was still 80% with respect
to hydrogen peroxide and 0.18mmol of methyl phenylselenide was found confirming that selenol was still
present (Entry 13). In the appropriate blank experiment we found that diphenyl diselenide could not be

methylated except in trace amounts, to give methyl phenyl selenide (0.0lmmol). The best conditions for

making larger amounts of product were

found to be the addition of 0.5mmol of diselenide and 0.75mmol of

B3
o
-
o
C
c*
[ od
=8
=1 p
o
o o
m
3
3



D. H. R. Barton et al. / Tetrahedron 54 (1998) 1725-1734 1729

Table 2: Phenylselenation with PhSeSePh/PBus#

Entry | Cyclohexane | PhSeSePh PBu3 H,0, PhSeR Efficiency*
(mmol) {mmol) {mmol) (mmol) {mmol)
i 30 0.5 0.75 i 0.89 89%
2 30 5 0.75 12 0.49 49%
3b 30 0.5 0.75 1 0.05 5%
4¢ 5 5 0.75 1 0.32 32%
5¢ 10 0.75 1 0.53 53%
6¢ 15 0.5 0.75 1 0.74 74%
7¢ 20d 0.5 0.75 1 0.52 52%
8¢ 30 0.5 0.75 i 0.83 83%
of 30 0.75 1 0.71 71%
10 30 4 4 1.32 33%
11 30 4 4.9 2.02 41%
128 30 4 5.4 3.40 63%
13" 30 0.5 0.75 0.5 0.4 80%
PhSeCH; 0.18

14 30 2 6.5 4.9 3.53 72%
isi 30 0.5 0.75 1 0.82 82%
16 30 0.5 0.75 1 0.07 7%
17* 30 0.5 0.75 1 0.15 15%

# Reactions were carried out with FeCly (0.25mmol) and picolinic acid (0.75mmol) in CH3CN (30ml) and 4-f-
butylpyridine (2ml) under argon unless otherwise stated. * Efficiency was calculated with respect to H203. a) H;0; was added in

one nortio h\ Picolinic acid was omitted. c) R

3C DO 1L01

action carried out in CH2CN (15ml) and 4-f-butylpyridine (1ml). d) Solution was

7 = = hat i

3

j) Addition of 5mmol of ¢-butyltetramethylguanidine. k) Addition of Smmol of tricthylamine.

As mentioned above the proposal that the phenylselenol is converted completely to its anion in pyridine
is not justified by the known pKa values. Removal of most of the pyridine in the latter experiments makes this
proposal even less likely. However, in order to make quite sure, we added Smmol of trifluoroacetic acid
(Entry 15). The reaction proceeded with its usual (82%) efficiency. In contrast, the addition of Smmol of t-

butyltetramethylguanidine, a base strong enough to convert the phenylselenol to its anion, !9 gave only a 7%

vield (Entrv 16) SQuhgtituting triethvlamine for t-hutvitetramethvlouanidine gave onlv sl hlfv more nrodl_l(_:t
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{Entry 17). Furtnermore n the '/Se nmi stuaies, whnicn demonstratea tne compiete conversion Of Gipnchy:
PR LI DI S | | |

diselenide to phenyiselenol, there was no indicatio further signal for the selenide anion.<¥
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Phenylselenol is an excellent trap for carbon radicals!2 and even more so for hydroxyl radicals. So the
o digaiecinn P SN NTE Py | ) MU RS I SR FPU B, NS ST | Sy FII | RN ST R - | I - A V4
previous Giscussion Ol mecnanism™> can ve avoreviatéd. 1€ caroon raaicals usuaily seen in the Fe-Fe'"

manifold by fragmentation of the Fe!V-carbon bond cannot be present. Hence the ligand coupiing mechanism
(Scheme 2) that we preferred earlier!® must be correct. This must reflect the nature of the FelV-SePh bond.
The matter merits the attention of computational chemists.

UH
nr V4 \

F{l;v=0 — i—jSePh —_— U—Seph +  Fel
SePh |/ j
'\/
Scheme 2

As tellurium is the next element in the chaicogen series, it seemed possibie that this methodology couid
be extended to the synthesis of tellurium analogues from ditellurides. As postulated, we found that replacing
diphenyl diselenide with dianisyl ditelluride, under the optimum conditions for selenide formation, gave the 4-
anisyl cyclohexyl telluride in 50% yield. The product was identified by comparison with an authentic sample?!
prepared from the cyclohexyl Barton PTOC ester and the ditelluride (Scheme 3).

0 =\
N Fell/H202 /T \ /7 \ AnTeTeAn o-N )
I\/ AnTeTeAn/PBu )__ Te—ﬁ\ /)_ OCH,8 hv |/ Y />”_//

Scheme 3

The results in this paper confirm that carbon or oxygen radicals are not involved in the phenylselenation
of saturated hydrocarbons. They are also a perfect example of the Gif Paradox>, namely that saturated
hvdrocarbons are oxidized in preference to a far more easily oxidized substrate, phenylselenol. Our

rrrrrrr Sy UAILILEL auliatialé L e

Sleeping B Dpéauty-).

In an earlier paper we had shown that triphenylphosphine did not interfere in the ZnO-Fel! reaction until
after the formation of the derived hydroperoxide20, the precursor of the ketone. It reduced selectivley the
hydroperoxide to alcohol, but the total amount of ketone and alcohol was constant over a wide wariation of
triphenylphosphone concentrations. We have confirmed the accuracy of these observations (Figure 1).
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# ketane mmol
= alcohol mmal

sz total oxidation

mmol Triphenyl phosphine

FeCl; .4H,0 (O.25mrr;dl) Zn (20mmol), Cyclododecane (Smmol),

Triphenyl phosphine (Xmmol), acetic acid (2.3ml) and pyridine (28ml).

Fi

EXPERIMENTAL

Unless otherwise staied, ali solvents and chemicals were, after verification, used as received. Anisyi
cyclohexyl telluride was prepared by normal literature methods.”” Hydrogen peroxide was used as a 30%
solution in water. 77Se nuclear magnetic resonance spectra were performed on a Varian XL-200 Broad Band
Spectrometer. Chemical shifts were reported with respect to diphenyl diselenide (5 = 475ppm!4).Gas
chromatographic analyses were carried out on a Hewlett Packard 5890 series II gas chromatograph fitted with
a precolumn. Columns used were DB-wax (30 m, 0.32 mm i.d., 25 mm film thickness), DB-5 (30 m, 0.32 mm
i.d., 25 mm film thickness) or DB-1 (15 m, 0.32 mm i.d., 25 mm film thickness) capillary columns from J&W

Scientific. Gas chromatography-mass spectrometry (GC-MS) analysis was carried out on a Hewlett Packard

as> VS TV ] a2 Ll 11 VUt a 11v

gas chromataoranh counled with a Hawlett Packard 5971 ceriec anadronole macgs-selective
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HP-5MS (30 m, 0.25 mm i.d., 0.25 mm film thickness).
Known compounds were identified by comparison with authentic samples

General work up procedure for quantification of products by GC is as follows: An aliquot of the reaction
mixture (1ml) was added to a solution of naphthalene (1ml). Water (5ml) was added and the mixture was
extracted with ether (10ml). The extracts were dried (MgSO4) and the products quantified by gas
chromatography.

Phenylselenation of cyclohexane in the presence of tripheny! phosphine.
A solution of FeCl.4H,0 (50mg, 0.25mmol), m(‘nhmt‘ acid (Q?mn 0 7§mmgl) diphgnyldisglgnidc (624mg

LS LN AV, V. &22I000I000 ), pPARRILIL Ul 7

Anin AN mal il 2 AT 2N ~N A g bia et e n £\ S et £ N1 ne nranarad nedar
LHINVLJ, CYCIUHCAATITC {(O.441111, JVHHINOIL) dllQ S=/-~DUlYIPYIIUIIC (&I} 1 aCCLONNTIC (DI W picpaicu uiiati
atmosphere of argon and cooled to 0° with an ice bath. Triphenyl phosphine (656mg, 2.5mmol) was added

and the mixture stirred for Smin. Hydrogen peroxide was added dropwise to the red solution at which time
the color fades and then returns before further addition. Upon persistence of the pale color a portion of
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tnnhpl‘\\l‘ nhaenhine ME27mao 1mmal} wiae addad and tha enliitinm ctirrad far 1Nmin Additinn Af huderacon
piiviiyr pliVopiililv \&ULLg, R1HINNVIY wad aUulvud aliu Ly SQUIULIVIL JSLIoU 11Ul tviiaig oAUV UL uyulubuu
neraxide (6mmanl af HaNA) tn tho rad eahitian wae santiniiad and tha aranace ranantad nntil all tha dinhanyl
PWwi VAl \VIHMNIIVLI Ul L1/37) ] VWU HIW 1WA JULULIVLL Wad LVULILLHIULGAG aliu Liiv PIUUUDQ lCPCdtCu Ul ail uie ulpllbll 1
diselenide was consumed as indicated by GC analysis after a general work-up

Reduction of Felll by diphenyldiselenide/tributylphosphine.

Tributyl phosphine (250p1, Immol) was added to a mixture of FeCl3.6H20 (135mg, 0.5mmol), picolinic acid
(165mg, 1.25mmol), diphenyldiselenide (312mg, 0.1mmol) and 4-z-butylpyridine (1ml) in acetonitrile (15ml).
After 2min an aliquot was taken and the amount of Fe" determined by the method of Clark.® Analysis found
that all the Felll has been converted to Fell.

tmosphere of argon in a 10mm nmr tube. A drop of water was added and the
oom temperature for 1h before acquiring the nmr. 77Se-NMR (CH3CN) § : 152, (s).

Methylation of phenylselenol under the reaction conditions.

Tributyl phosphine (190pl, 0.7Smmol) was added to a mixture of FeCly.4H,0 (50mg, 0.25mmol), picolinic
acid (92mg, 0.75mmol), diphenyldiselenide (156mg, 0.5mmol) and 4-t-butylpyridine (2ml) in acetonitrile
(30ml). After Smin methyl iodide (310pul, 5Smmol) was added and the solution stirred for 1h. The mixture was
poured into water and extracted with diethyl ether (2x25ml). The extracts were washed with dil. HCI

(2x10ml), dried and the solvent evaporated to give methyl phenylselenide in 60% yield.

Camarnl memaadisen £ tlan sbinedanlaw el 1l nian S sben o Oa L a bl LI
Ucinciar pi CUUIC 107 i nenyisCiChidiion Or CyCliofi 1C 111 LNC presence O routytpnospnine.
Tafll- AIT.MN &Ny N DC o I 2 12 1 MOV N8 IV 1 L 18 11 18 Nneo_ N
FOLIZ2. 910172V (OVIIE, V.2o0moi), piconnic acia (vomg, v./ommol), aipnényiais€ieniac (1.,0mg, v.ommoi),

tributylphosphine (190ul, 0.7Smmol) and cyclohexane (3.24ml, 30mmol) were dissolved in a mixture of 4-¢-
butylpyridine (2ml) and acetonitrile (30ml) under an atmosphere of argon. The mixture was cooled to 0° in an
ice bath for 5min at which time hydrogen peroxide (1mmol) was added dropwise over 10sec. A general work-
up procedure was followed and the products quantified by gas chromatography.

Methylation of excess phenyl selenol after phenvlselenation.
FeCl.4H20 (50mg, 0.25mmol), picolinic acid (93mg, 0.75mmol), diphenyldiselenide (156mg, 0.5mmol),

Vifs B i

tributylphosphine (190pl, 0.75Smmol) and cyclohexane (3.24ml, 30mmol) were dissolved in a mixture of 4-t-

= fo 7 4 VU | W | = ad Lo — —

[ . Iy Y. i P < ae o S P = S S S PRt i 0 ° =
1) and aCCLONILNIC (JUml} unacr an atmospnerc or argon. T'ne mixuure was Coagica 1o 0 1l dnl

butylpyridine (2m
ice bath for Smin at which time hydrogen peroxide (0.5mmoil) was added dropwise over i0sec. t-
Butyltetramethylguanidine (244pl, Smmol) was added to the solution followed by methyl iodide (310pl,
Smmol) and the mixture stirred for 40min. An aliquot was taken and after a general work up the products
were quantified by GC analysis to give cyclohexyl phenyl selenide (0.42mmol) and methyl phenyl selenide

(0.18mmol).
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cyclohexane (3.24ml, 30mmol) were dissolved in a mixture of 4—t—butylpyndme (2ml) and acetonitrile (30ml)
under an atmosphere of argon. t-Butyitetramethyiguanidine (244pi, Smmol) was added to the solution
foliowed by methyl iodide (310pl, Smmol) and the mixture stirred for 150min. After general work up GC
analysis showed only a trace methyl phenyl selenide (0.01mmol) and unreacted diselenide.

Reaction of Diphenyl diselenide under Zn-Fe" conditions.

Diphenyl diselenide (624mg, 2mmol) was added to a rapidly stirred suspension of zinc dust (1.3g, 20mmol) in
a mixture of FeCl; .4H,;0 (50mg, 0.25mmol) and acetic acid (2.3ml) in pyridine (28ml) After consumption of
the zinc (~45mm) and almuot was taken and the m‘nductc determined hv GC annl T)lphgnyl selenide was

formed in 17% yield.

Synthesis of 4-anisyl cyclohexyl telluride,

T ALY M fen__ - e ~1 A N n e n 1 M 1 1. 1% o | 7~

FeCl2.4H20 (50mg, 0.25mmol), picolinic acid (93mg, 0.75mmol), dianisyl ditelluride (235mg, 0.Smmol),
tributyiphosphine (190, 0.7Smmol) and cyclohexane (3.24mi, 30mmol) were dissolved in a mixture of 4--
butylpyridine (2ml) and acetonitrile (30ml) under an atmosphere of argon. The mixture was cooled to 0° in an
ice bath for 5min at which time hydrogen peroxide (0.5mmol) was added dropwise over 10sec. An aliquot
was taken and after a general work up the products quantified by GC analysis. 4-Anisyl cyclohexyl telluride
was formed in 50% yield (0.5mmol).

We thank the Welch Foundation, Unilever Ltd. and the Schering Plough Coraration for the support of this
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