Hydrogen peroxide is a powerful oxidant thermodynamically
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Abstract: Dendrimeric polyphenylsulfides, -selenides, and -tellurides are prepared in high yield using propyloxy
spacers to connect the phenylchalcogeno groups to the dendrimeric core. The selenides and tellurides catalyze
the oxidation of bromide with hydrogen peroxide to give positive bromine species that can be captured by
cyclohexene in two-phase systems. The corresponding sulfides show no catalytic activity. The increase in the
rate of catalysis followed statistical effects for 1, 6, and 12 phenyltelluro groups. However, the increase in the
rate of catalysis exceeds statistical contributions for the first few generations with 1, 3, 6, and 12 phenylseleno
groups and suggested cooperativity among phenylseleno groups. The increase in catalytic rate was lost upon
replacing all but one phenylseleno group with phenoxy groups. On the basi®©etHnsumed, the dendrimer

with 12 phenylseleno groups has a turnover number @ 000 mol of HO, consumed per mole of catalyst.

yet is environmentally friendly, yielding water and oxygen upon
decomposition. Many reactions with,&, are limited by the
kinetics of reaction, even though the reactions may be favored
by thermodynamics. Examples of such reactions are the oxida-
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tion of halides to the corresponding halogen/hypohalous‘acid, ReTe

which are slow at neutral pH and ambient temperature and the b)

oxidation of thiols to disulfided3 Nature has solved the R, &M _ THO o Nu
problems associated with the kinetics gf®4 oxidation in these M R,||5 + Nu F;"'IE
examples through the evolution of enzymes such as the OoH OH
haloperoxidases (chloroperoxidasesid bromoperoxidas®s Nu™

and the thiolperoxidases (glutathione peroxidase and other seleno ‘/\Nu _
enzymes)%ﬁj7 To use !-102 in a broader range of syn'th'enc @ R., Il;) RoE + Nuj
transformations, chemists strive to achieve similar reactivity and R?

selectivity
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with catalysts designed in the laborat®ry.

Organotellurides and selenides are catalysts for the activationrigure 1. The catalytic cycle of diorganochalcogenides with hydrogen

of H,0O, t

hat undergo two-electron redox processes at the peroxide. (a) Direct nucleophilic attack at a hydroxy ligand of the
dihydroxy selenane or tellurane intermediate. (b) Ligand exchange
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chalcogen atom during the catalytic cyéfS-°Peroxide oxida-

tion of the organochalcogenide gives the corresponding oxide
(or its hydrate), which then acts as an oxidant (kinetically
superior to HO,) for a variety of substrates. The organochal-
cogenide is regenerated in the process to resume the catalytic
cycle.

For the selenide and telluride catalysts that have been
described, the rate-limiting step in the catalytic process is the
rate of oxidation of the chalcogeni@eFollowing oxidation,
selenoxides and telluroxides reversibly adgDHo form stable
hydrates-the trigonal-bipyramidal dihydroxy selenanes and
telluranes of Figure %210 It has been proposed that the
oxidation of substrates such as the halides or thiols by dihydroxy
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chalcogenanes involves either direct attack of the nucleophile Chart 1

at a hydroxy ligand (Figure 1pr ligand substitution at the
chalcogen followed by nucleophilic attack or reductive elimina-
tion (Figure 1bf

Traditionally, the molar activity of catalysts has been
optimized through structureactivity relationships derived from

substituent changes. While the catalytic properties of selenides

and tellurides can be improved through proper choices of
substituents, stereoelectronic effects can only go so far with
respect to increasing rates of oxidation of the chalcogen &fom.
Recent developments in the synthesis of dendrimeric mol-
eculed! suggest that molecules with improved catalytic proper-

ties can be designed through statistical means in addition to

conventional structureactivity relationships. In dendrimeric
molecules, catalytic functionality can be placed at the terminus
of the individual arms of the dendrintéior within the dendrimer
architecturé? The reactivity of the molecule on a molar basis
then becomes a function of the total number of individual
reactive groups as well as a function of the reactivity of the
individual groups. Dendrimers also impose order within the

molecules since, on average, reactive groups will be the same
distance from the central core. In certain catalytic systems, a

“dendrimer effect?! is observed in which the catalytic activity
of individual groups increas&s!® or decreasé8 with each
successive dendrimer generation.
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aKey: (a) PhSH, NaOEt/EtOH/THF, 83%. (b) NaEPh«(ESe, Te)
from (PhE)}NaBH, in 1 M NaOEt in EtOH/THF.

We have prepared catalysts for peroxide activation that are be attached has been elegantly developed byHeté’ Den-

based on dendrimeric molecules terminating in phenylséteno

drimeric ethers derived from compoutdshould be relatively

or phenyltelluro groups. These molecules are efficient catalysts unreactive toward either @, or the hypohalous acids produced

in two-phase systems and illustrate not only statistical effects
for the phenyltelluro-containing systems with respect to the
number of catalytic groups but also the “dendrimer effect” with

under the conditions described herein.
3,5-Dihydroxybenzyl alcohol?) can be used to construct
dendritic wedges that are also stable tgOpl Attachment of

greater than statistical increases in catalytic activity per reactive arms containing single arylchalcogenide functionality directly

group in each successive generation for the phenylseleno-

to 2 would provide the first-generation dendritic wedge, which,

containing systems. The corresponding dendrimeric moleculeswhen joined withl, would produce molecules with six reactive

terminating in phenylthio groups show no catalytic activity with

groups. Higher generations can be derived by the linking of

H,0,, which suggests that the dendrimer architecture alone is compound? to itself in an iterative process to produce dendritic

not responsible for the observed catalytic activity.

Results and Discussion

Part A. Synthesis of CatalystsDendrimer catalysts for the
activation of HO, must survive an oxidizing environment,
which limits the types of functional groups that can be employed
in their synthesis. The use of 1,1,1-tris(4-hydroxyphenyl)ethane
(1, Chart 1) as a core molecule to which dendritic wedges can
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Org. Chem.1997 62, 5116-5127. (c) Bourque, S. C.; Maltais, F.; Xiao,
W.-J.; Tardif, O.; Alper, H.; Arya, PJ. Am. Chem. S0d999 121, 3035~
3038. (d) Liao, Y.-H.; Moss, J. Rorganometallics1996 15, 4307-4316.
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A. J. Am. Chem. S0d998 120, 7355-7356. (c) Piotti, M. E.; Rivera, F.,
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121, 9471-9472.

(14) Lee, J.-J.; Ford, W. T.; Moore, J. A,; Li, ¥lacromolecule4994
27, 4632-4634.

(15) Parts of this manuscript were previously communicated: Francavilla,
C.; Bright, F. V.; Detty, M. R.Org. Lett.1999 1, 1043-1046.

(16) (a) Enomoto, M.; Aida, TJ. Am. Chem. Sod999 121, 874-875.

(b) Kleij, A. W.; Gossage, A.; Jastrzebski, J. T. B. H.; Boersma, J.; van
Koten, G.Angew. Chem., Int. ER00Q 39, 176-178.

wedges such a3that can then be joined to the central core to
produce molecules with 12 reactive groups (Charf1).

The introduction of the chalcogenide groups can be done early
in the construction of the dendrimer or in a final step for
construction of either a dendritic wedge or the final dendrimer.
Phenylchalcogenide groups were successfully linked to phenols
via propyloxy spacers as shown in Scheme 1. We have
demonstrated that replacing aryl groups with alkyl groups gives
chalcogenides that are more readily oxidized than diaryl
chalcogenide® Similarly, the propyloxy spacers should provide
more electron-rich organochalcogenides for catalysis relative
to the diaryl tellurides previously examined. In addition to
demonstrating the feasibility of the chemistry, the 3-phenoxy-
propyl phenylchalcogenidePNE—1, E= S, Se, Te) represent
control, unit-functionality chalcogenides to which the catalytic
activity of the dendrimeric molecules described below can be
compared.

Catalysts derived from dendritic wedg2®r 3 terminating
in 3-hydroxypropyl ethers require a synthetic sequence to
differentiate the phenolic, benzyl, and alkyl hydroxyls. Two
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Scheme 2
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aKey: (a) MsCl, EtN, CHxCl,. (b) LiBr, THF, 94% of6 from 4.
(c) 1, 18-crown-6, KCO;, acetone, 91% of. (d) BwNF, THF/DMF,
91% of 8. (e) i. MsCl, EgN, THF/CH.ClIy; ii. LiBr, 94% of 10. (f)
NaSePh from (PhSgNaBH, in 1 M NaOEt in EtOH/THF, 85%. (g)
NaTePh from (PhTe)NaBH, in 1 M NaOEt in EtOH/THF, 82%.

equivalents of 1-bromo-3€rt-butyldimethylsilyloxy)propan®
were attached to benzyl alcotivith potassium carbonate and
catalytic 18-crown-6 to givé in 73% yield (Scheme 2). Benzyl
alcohol4 was converted to the corresponding benzyl bromide
in two steps. The mesylagewas first prepared, but not isolated,
and was then treated in situ with lithium bromide to give benzyl
bromide6 in 94% isolated yield overafit Three equivalents of
dendritic wedge6 were attached to core molecule with
potassium carbonate in acetone to give dendrithaith six
arms terminating intert-butyldimethylsilyl ethers in 91%
isolated yield. The silyl-protecting groups were removed with
BusNF in THF?? to give alcohol8 in 91% yield andB was then
converted to bromid&0 in 94% yield via the mesylat®. The
addition of arylchalcogenide anions 0 gave dendrimers
PhE—6 bearing six functional groups.

J. Am. Chem. Soc., Vol. 123, No. 1, 8001

Scheme 3
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aKey: (a)2, 18-crown-6, KCO;, acetone, 24 h, 91% dfl. (b)i.
MsCI, EgN, THF/CHCIy; ii. LiBr, THF, 81% of13 from 11. (c) 1,

18-crown-6, KCO;, acetone, 91% of4. (d) BwNF, THF/DMF, 91%
of 15. (e)i. MsCI, EgN, THF/CH,Cly; ii. LiBr, THF, 81% of17 from

The proof of structure for the dendrimers in this series was 15. (f) NaSPh, THF/EtOH, 90% d?hS—12. (g) NaSePh from (PhSg)

the 3-fold symmetry apparent in tHéC NMR spectra. Den-
drimer 7 terminating in six tert-butyldimethylsilyl ethers
displayed the expected 17 signals in’#€ NMR spectrum for

a 3-fold symmetric molecule. Dendrim8rterminating in six
3-hydroxypropyl groups and dendrim&0 terminating in six
3-bromopropyl groups each displayed 14 signals in thir
NMR spectra. Dendrimer8 and 10 also gave the expected
parent ions by positive FAB mass spectrometry. H@&NMR
spectra of bottPhSe-6 and PhTe—6 displayed the expected
18 signals for 3-fold symmetric molecules. The MALDI-TOF
mass spectrum d?hSe-6 gave the expected parent ion cluster
following protonation, which was superimposed on a weak M

+ 18 cluster corresponding to the addition of water to the parent

ion. The telluride analoguehTe—6 was easily fragmented and
did not give a parent ion by either MALDI-TOF or electrospray
mass spectrometry. However, the elemental analysiBtioe—6
was within 0.1% of theoretical for C and H.

(20) Ramurthy, S.; Miller, M. JJ. Org. Chem1996 61, 4120-4124.

(21) Wendler, N. L.; Graber, R. P.; Hazen, G. Tetrahedronl1958 3,
144—159.

(22) Corey, E. J.; Venkateswarlu, A. Am. Chem. So&972 94, 6190~
6191.

NaBH, in 1 M NaOEt in EtOH/THF, 68% oPhSe-12. (h) NaTePh
from (PhTe)NaBH, in 1 M NaOEt in EtOH/THF, 84%.

Two equivalents of bromidé were attached to the phenolic
hydroxyls of 3,5-dihydroxybenzyl alcohoR) with potassium

carbonate and acetone as shown in Scheme 3 to give alcohol

11in 87% isolated yield. The alcohdll was converted to the
corresponding bromide in two steps via initial formation of the
mesylatel2, which was then treated in situ with LiBr in THF
to give the dendritic wedg#3 in 81% overall yield. Dendritic
wedgesll and 13 gave satisfactory elemental analyses, ap-

propriate parent ions by positive FAB mass spectrometry, and

the expected 16 signals in théfiC NMR spectra to confirm
their structural assignments.

Compound13 was attached to the core moleculewith
potassium carbonate in acetone to give dendriftdewith 12
silyloxypropyl arms in 91% yieldX99% per arm). The silyl-
protecting groups were removed with BiF to give alcohol
15in 88% yield. Dendrimed5 was converted to mesylaf
and then to bromidé&7 in 75% overall yield.

The addition of phenylchalcogenide anions 1@ gave
dendrimersPhE—12 in 68—90% isolated yield (Scheme 3).
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Scheme 4
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Even though the isolated yields are far from quantitative, they
correspond to 9799% yields for reaction of each individual
arm of the dendrimer.

As before, the 3-fold symmetry of the dendrimeric molecules
simplified their structural assignments. Dendrindrterminat-
ing in 12tert-butyldimethylsilyl ethers displayed the expected
22 signals in its®®C NMR spectrum for a 3-fold symmetric
molecule. Dendrimef5 terminating in twelve 3-hydroxypro-
pyloxy groups and dendrimédi7 terminating in six 3-bromopro-
pyloxy groups displayed 19 signals each in th&i€ NMR
spectra. Dendrimet5 gave the expected parent ionnalz 2101
(C11dH144033 + H') by MALDI-TOF mass spectrometry, and
dendrimerl7, the immediate precursor to tHRhE—12 den-
drimers, gave a weak, poorly resolved isotope cluster for the
parent ion of the dodecabromiderafz 2845 (G19H13,"°Br1,0,1
+ H™). The 13C NMR spectra ofPhS-12, PhSe-12, and
PhTe—12 displayed the 23 signals expected for 3-fold sym-
metric molecules. AlthoughPhSe-12 and PhTe—12 were
easily fragmentedP?hS—12 gave a weak parent ion cluster at
the expectedn/z 3205 (GgiH19202:1S12 + H) and a stronger
ion atm/z 3259 corresponding to the sodium adduct of a bisoxide
of PhS—12 (C191H102023S;2 + 23Na’). The IH NMR spectra
of the molecules in this series were also consistent with the
expected functionality and the 3-fold symmetry.

Part B. Oxidation of Bromide with Hydrogen Peroxide
in the Presence of Dendrimeric Organochalcogenide Cata-
lysts.

The “Model” Reaction for Catalysis. Control Studies for
the Uncatalyzed Bromination of Cyclohexeneln our earlier
studies, we examined the rate of bromination of cyclohexene
in two-phase systems with,8, (3.0 M) and NaBr (2.0 M) in
the presence of various telluride catalysts as well as the ratio
of trans1,2-dibromocyclohexanel8) and trans-2-bromocy-
clohexanol 19) products (Scheme 4)-or comparison purposes,
we used the same conditions to evaluateRh&—1, PhE—6,
and PhE—12 molecules for catalytic activity with $0,. The

3.0 M Hy0p, 2.0 M

NaBr in pH-6
phosphate buffer/
CH,Cl,

Frarniltza et al.

Scheme 5

Br~ + HxOp M
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—_—

"Brt" + 2HO"

"B + HyOp —— Br + O, + 2H"

2H,0, —» 0O, + 2H,0 3)
cyclohexene H.0
18 + 19 <y— "Brt i» HBr + O, + H*

Preparative reactions were run to examine the efficiency of
the two-phase reactions for scavenging*Bwith cyclohexene.
Bromine was dissolved in pH-6 phosphate buffer, and excess
cyclohexene in dichloromethane was added to the aqueous
solution. The organic phase was concentrated to give a 46:54
mixture of 18 to 19 in >95% isolated yield based on added
bromine in the absence of,B,.

Since we had demonstrated that cyclohexene under our
standard conditions would scavenge positive bromine sources
efficiently, we next examined the percentage of NaBr oxidized
by H,O; that is actually trapped by the cyclohexene. Under our
standard conditions, 100 mmol o%8;, are present. The number
of mmoles of18 and 19 produced during reaction would give
a direct indication of the efficiency of bromide oxidation. A
control reaction of 20 mL of 0.5 M cyclohexene in &, and
an aqueous phase ob6, (3.0 M) and NaBr (2.0 M) in pH-6
phosphate buffer was stirred at 234 K for 48 h. Evolution
of gas was noted upon mixing that persisted during the time
course of reaction. After 48 h, the reaction was complete. The
guantities of brominated products were determined (1) by gas
chromatography relative to an internal standard of known
concentration and (2) by concentrating the organic layer and
determining yield and composition B4 NMR. The control
reaction produced (2.2% 0.06) mmol of brominated 8 and
19 per 100 mmol of HO; as a 45:55+ 2%) mixture of18to

While bromide is oxidized to “Bf” by H,O, as shown in eq
1 of Scheme 5, “Bf” reacts with HO, to produce HBr, @,
and a proton as shown in eq 2 of Schenté Bhe net reaction
is the disproportionation of $#D, with either bromide or “Bt”
as a catalyst (eq 3, Scheme 5). Thus, in competition with the
addition of a “Brt” source to cyclohexene is the disproportion-
ation of HO, from reaction with some form of “Br".

two-phase conditions were necessitated by the lack of aqueous  1nq rate of oxygen formation in 40 (3.0 M) and NaBr (2.0

solubility of PhE—1, PhE—6, andPhE—12.

The oxidation of bromide with kD, in control experiments
was followed by the rate of formation d8 and19in a two-
phase system of 0.5 M cyclohexene in £H} for the organic
phase and an aqueous phase e®H(3.0 M) and NaBr (2.0
M) in pH-6 phosphate buffer (0.1 M) at 2960 0.1 K. The
control experiments were compared to the catalyzed reactions
described below at 2964 0.1 K in which catalyst®hE—1,
PhE—6, andPhE—12 were present in 0:42.5 mM concentra-
tions in the organic phase and the aqueous phase consisted
H20, (3.0 M) and NaBr (2.0 M) in pH-6 phosphate buffer (0.1
M). We do not know the exact nature of the brominating species
(Brp, HOBTr, Brz™) and refer to them collectively as “Bt in
the text. Under these standard conditions, the uncatalyzed

&

M) in pH-6 phosphate buffer at 296 1 K was monitored with

an oxygen electrode. The reaction was initiated by the addition
of NaBr to a degassed solution of,®, in pH-6 phosphate
buffer. Following a short induction perioc<@00 s)?3athe initial

rate of (2.34 0.2) x 1074 M s~ observed for the formation of
dioxygen can be compared to the initial rate of (58%.05)

x 1076 M s~1 observed for the formation of brominated products
in the two-phase reactions with cyclohexene. The roughly 40:1
tio of initial rates is consistent with the 2.25% conversion of
20, to brominated products observed in the preparative studies
above. The evolution of oxygen accounts for the gas evolved
during the process as well as the remainder of tb®;Hn the
preparative studies.

reaction gave the appearance of products Wjth= (5.521+
0.004) x 107 s71 with a 45:55 & 2%) ratio of 18 to 19
(average of five runst standard error from the mean). The
value ofkgps for the uncatalyzed reaction was subtracted from
values ofkgps for the catalyzed reactions described below to
correct for the background reaction not catalyzed by the
chalcogenide.

(23) (a) Bray, W. C.; Livingston, R. S1. Am. Chem. Sod 923 45,
1251-1273. (b) Everett, R. R.; Butler, Anorg. Chem.1989 28, 393—
395. (c) Everett, R. R.; Soedjak, H. S.; Butler, A.Biol. Chem.199Q
265 15671+15679. (d) de la Rosa, R. I.; Clague, M. J.; Butler,JAAm.
Chem. Soc1992 114, 760-761. (e) Espenson, J.; Pestovsky, O.; Huston,
P.; Staudt, SJ. Am. Chem. S0d994 116, 2869-2877. (f) Colpas, G. J.;
Hamstra, B. J.; Kampf, J. W.; Pecoraro, V. L. Am. Chem. Sod994
116, 3627-3628. (g) Colpas, G. J.; Hamstra, B. J.; Kampf, J. W.; Pecoraro,
V. L. J. Am. Chem. S0d.996 118 3469-3478.
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Table 1. Observed Pseudo-First-Order Reate Constants for the Bromination of Cyclohexene with MaBramtl Catalyst in a Two-Phase
System of Dichloromethane and pH-6 Phosphate Buffer

catalyst mM Kobs S7* Keay M72 571 Krel ke/PhE  ratiol819 mmol (18+ 19)/100 mmol HO,
none (5.521 0.004)x 1075 45:55 (1) 2.25+ 0.06
PhTe-1 25  (2.96£0.02)x 10* (4.82+£0.04)x 102 1.0 1.0 37:634£ 1) 1.96+ 0.02
PhTe-6 0.5  (3.16+0.04)x 10* (2.61+0.04)x 10' 55 0.9 30:704 1) 2.03+ 0.05
PhTe-12 0.45 (6.690.04)x 104 (6.82+0.04)x 10! 14.1 1.2 27:734£ 1) 2.104+ 0.05
PhSe-1 25  (6.12+0.05)x 105  (1.2+0.1)x 102  0.025 0.025 42:584 1) 2.26+ 0.03
PhSe-3 25  (1.94+0.02)x 10 (2.78+£0.04)x 102 058 0.19  37:63L 1) 2.284 0.03
PhSe-6 25  (1.08+0.02)x 103 (2.05+£0.04)x 10t 4.3 071  44:564 1) 2.35+0.02
PhSe-12 040 (9.17:0.02)x 104  1.08+0.02 22.4 1.9 38:62 1) 2.374+0.02
PhSe-1-PhO-5 0.63  (6.00+ 0.03)x 107°° (3.8£0.2)x 1073 0.079 0.079 42:58f 1) 2.26+ 0.02
Phs-1 25 (5.2+£0.1)x 10 45:55 @ 1) 2.1240.02
PhS-12 1.0  (4.95:0.09)x 1075 45:55 @ 1) 2.06+ 0.02
Telluride-Catalyzed Reactions.In our earlier studies, tel-  Chart 2
lurides were far superior catalysts fop®} activation relative A~
. . . AN, Q

to the corresponding selenide#én organic phase of 0.5 M (X 0@);00%
cyclohexene in CBCl, and a catalysPhTe—1, PhTe—6, or 20 X = OTBS ar
PhTe—12 present at 0.452.5 x 1073 M were added to an 21, X = OH 0‘@90H3
aqueous phase of 8, (3.0 M) and NaBr (2.0 M) in pH-6 PG = SoPh PRO_~0 Ar
phosphate buffer (0.1 M) at 296 1 K. A more rapid initial gg, §§8;2, ﬁr'_=;\1-|HOCeH4
evolution of oxygen was noted upon mixing that persisted during PhO._~_.O OR 30, X = OTBS, Ar = Ar
the time course of reaction. After reaction was complete, the 33 %= OH Ar=Ar
guantities of brominated products were again determined (1) PhSe-1-PhO-5, X = SePh, Ar = A
by gas chromatography relative to an internal standard of known o

X . i (CHp)3OPh
concentration and (2) by concentrating the organic layer and gg §=8H, R=H

S - , X = OH, R = -(CH,);QTBS

determining the composition byH NMR. These values were gg §=CB>r|’-| RR= .(cgﬁ)soggﬁ
also used as infinity points in the calculation of rate constants 57 ¥ Z g 'Fz=_-((CH2)23) Ph Ar= @O O(CH,),0Ph

for catalysis kca). The PhTe—1, PhTe—6, or PhTe—12
catalysts gave 1.962.10 mmol of brominated products per 100 o ) )
mmol of H;0, consumed (Table 1). The initial pH of 6 remained Phase). Dividingke: by the number of dendrimer arms gives
constant throughout the course of reaction. the rate constant for catalysis per PhTe group. These values
The rapid decomposition of 4, with “Br*” consumes KO, are compileq in Tgble 1 as valueslef/PhE group wheréca;
while reducing “Br” to Br—. The net reaction is primarily the ~ for PhTe—1is assigned & value of 1. ThePhTe—1, PhTe—
disproportionation of 0,, and the original 2.0 M concentration 6, andPhTe—12 catalysts have nearly identical reactivity on a
of NaBr remains relatively unchanged during the course of Per functional group basisk¢/PhTe of 1.0, 0.9, and 1.2,
reaction (loss of 2 mmol from the initial 65 mmol at the start respectively) as one would expect if statistical effects were
of the reaction). Thus, the kinetics for formation of brominated dominant with an increasing number of dendrimer arms.
cyclohexene products follow pseudo-first-order behavior in  Selenide-Catalyzed Reactiond/Ve had originally prepared
which the concentration of bromide remains nearly constant at the selenide molecules for comparison to what we thought we
2.0 M. In the reactions described, roughly half of theOpl would be the much better telluride molecules. We were
consumed produces “Bf via oxidation of the catalyst. The  particularly surprised by the catalytic activity of tihSe-6
“Br*” then partitions between reaction with cyclohexene andPhSe-12molecules as described below. The phenylselenide

(roughly 2% of the “Br”) and reaction with a second molecule  catalystsPhSe-1, PhSe-6, and PhSe-12 gave 2.26-2.37

of H,0; (roughly 98% of the “Bt™). mmol of brominated products per 100 mmol of hydrogen
The observed pseudo-first-order rate constakyg) (for the peroxide consumed (Table 1). These values were independent
formation oftrans-1,2-dibromocyclohexanel8) and trans-2- of the concentration of catalyst over a range of-24 x 1073

bromocyclohexanol 19) in a two-phase system of 0.5 M M.

cyclohexene in CkCl, for the organic phase and an aqueous  Values ofkysfor the formation ofl8 and 19 with the selenide

phase of HO; (3.0 M) and NaBr (2.0 M) in pH-6 phosphate catalysts are compiled in Table 1 as well as valuek.gf ke

buffer at 296.0+ 0.1 K are compiled in Table 1. Values for  (in comparison tcPhTe—1), andk./PhE group. The selenide

the catalyzed reactions are the average of duplicate runs. Itcatalysts show increasing values kf/PhSe in successive

should be noted that in our initial communication of this wbrk,  generations with values of 0.025, 0.71, and 1.9 PtiSe-1,

we reported values of the initial rates out of concern that PhSe-6, and PhSe-12, respectively. In fact, thé®hSe-12

concentrations of both 40, and bromide might be changing catalyst surpasses thithTe—12 catalyst in catalytic activity.

with time. Since only the concentration of,®, is changing The increase was sufficiently dramatic that we prepared two

significantly with time, pseudo-first-order rate constants are additional catalysts: selenide catali#tSe-3 with three arms

reported here and were measured over two or more half-lives.to have an intermediate data point between RiwSe-1 and

The pseudo-first-order rate constants are intrinsically more PhSe-6 molecules andPhSe-1—-PhO—5 with six dendrimer

accurate for determination of valuesl@f;than the initial rates. arms but only one phenylseleno group and five phenoxy groups
The rate constants for catalysik) are also compiled in (Chart 2).

Table 1. These values were calculated by subtracting the rate Attachment of three 1-bromo-3eft-butyldimethylsilyloxy)-

for uncatalyzed bromination of cyclohexene from valuek,gf propane molecules tb gave trisilyl ether20 in 46% isolated

and then dividing by the concentration of NaBr (2.0 M) and yield. The trisilyl ether20 was desilylated with BINF to give

the concentration of catalyst (assumed to be in the organicthe triol 21 in 91% vyield followed by conversion 021 to
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20 (2.64 x 10 M~ s71) is roughly 6 times théx, value of 4.8x
—_ Phie 102 M2 s ! observed folPhTe—1 with one arm and for
—O— PhSe oA . .
PhTe—12(6.82x 1071 M~2s 1) is roughly 12 times this value
151 with comparable reactivity per PhTe group (Figure 2). The
statistical nature of the increase in reactivity suggests that each
kafPhE phenyltelluro group acts independently of the others and that
104 there is no cooperativity among the phenyltelluro groups from

proximity within the dendrimer architecture. In contrast, the
increase in catalytic activity observed in the selenide series is
much greater than that expected from statistical effects, which

057 suggests cooperativity among the PhSe groups and a higher-
order dependence &f/PhSe on the number of dendrimer arms,
n.

0-00 5 A 5 5 10 12 14 The value ok.,for PhSe-1-PhO—5(3.8x 103M2s71)

is comparable tdky for PhSe-1 (1.2 x 103 M2 s71) and

) ) ) kre/PhSe forPhSe-1—-PhO—5 (0.079) is approximately 10%

Figure 2. The relative ra_te constants for _cataIyS|s of eac_h pheny_lchal- of the value ok./PhSe forlPhSe-6 (0.71). These data suggest

c?]genlo hgrloup Ke/PhE) in }T;]olec;nes W':mt?rms :elfm'é‘ﬁg"%l'” that cooperativity among PhSe-groups is responsible for the

5\/ a(;n;/ rgit?acri(l)gzggiggéplz; /PheEr?/aeluCé) 2? ;m or calalysEtoe nonstatistical increase in catalytic _activity observeq with
PhSe-6 and PhSe-12 and not a quirk of these particular

tribromide22in 95% isolated yield with CBrand PPp2¢ The ~ dendrimer architectures.

number of reactive groups, n

molecule in 83% isolated yield. Values &fx, e, and ke catalytiq activity with RO, in these kinds of reactions, and a
PhSe group foPhSe-3 are compiled in Table 1, arlge/PhSe comparison of the catalytic effects of tRaS—1 andPhS—12
group forPhSe-3 is roughly 8 times that foPhSe-1 and is molecules might indicate contributions from the dendrimer

roughly one-fourth that oPhSe-6. Experimental details for ~ architecture to catalysis. Values lohsfor the formation ofl8
the formation of 20-22 are compiled in the Supporting @and 19 with PhS-1 and PhS-12 are compiled in Table 1.

Information. Phenylthio groups do not catalyze the reaction eOiwith

One equiva|ents of l_bromo_wt_buty|dimethy|si|y|oxy)_ halide salts in either the unit-functional Specml orin
propané® was attached to benzyl alcoh@lwith potassium the dendrimer specig3hS—12 with twelve arms. In point of
carbonate and catalytic 18-crown-6 to gi®&in 27% isolated fact, both molecules appeared to inhibit the bromination of
yield and4 in 49% isolated. Compoun#3 was converted to cyclohexene slightly under our standard conditions, which
24 with 1-bromo-3-phenoxypropane, potassium carbonate, andSuggests that one of the heavier chalcogen atoms selenium or
18-crown-6 in 80% isolated yield. The benzyl alcoBdlwas tellurium must be present for catalysis to occur.
converted to benzyl bromid25 in 92% overall yield through Control Reactions to Determine Reaction Order with
initial formation of the mesylate followed by displacement with Respect to Bromide and CatalystWhile we had assumed that
LiBr. The addition of 2 equiv of 1-bromo-3-phenoxypropane the catalytic process was first order with respect to both bromide
to benzyl alcohol2 gave benzyl alcoho26 in 99% isolated and catalyst, we ran control reactions with various concentrations

yield, which was then converted to benzyl bromRigin 97% of PhSe-3 and bromide to confirm this assumption as shown
overall yield via formation of the mesylate and displacement in Figure 3. PhSe-3 has a convenient rate range from 0.0015
with LiBr. to 0.015 M in catalyst and from 0.5 to 4.0 M in bromide at

The addition of 2.2 equiv of dendritic wedd7 to core 0.0025 M catalyst for our studies.) Figure 3a shows the effects
moleculel gave a nearly 1:1 mixture &8 with two arms and of increasing bromide concentration from 0.5 to 4.0 M on the
dendrimer29 with three dendritic wedges attached. While these rate of catalysis in the two-phase system vtiSe-3 at 0.0025
two compounds were not readily separated, the mixture was M and HO; at 3.0 M. The linear relationship is consistent with
separated from unreactddand the product with one dendritic  a first-order dependence in bromide concentration. Similarly,
wedge attached via chromatography on SiCompound®8was the rate of catalysis increases linearly with increasing concentra-

combined with bromid@4 to give a mixture of dendrimer29 tion of PhSe-3 as shown in Figure 3b, which is consistent with
and30. Desilylation of30 gave alcohoB1, which was readily a first-order dependence in catalyst. Tihmtercept of 8.73x
separated fron29. The overall yield of31 was 15% from1. 105 s! is close to the rate constant of 5.52 105 s71
Alcohol 31was converted to bromidg2 via the mesylate. The  measured for the uncatalyzed oxidation of bromide bpPH
addition of sodium phenylselenide to bromi82gavePhSe- under these conditions.

1-PhO—-5in 78% isolated y|e|d EXperimentaI details for the Turnover Numbers with the PhE—12 Dendrimers. A
formation of23—32are compiled in the Supporting Information.  preparative run with th®hSe-12 catalyst at 4x 1074 M in
The value ofke,: for PhSe-1—PhO—5 compiled in Table 1is  an organic phase of 2.5 M cyclohexene in £t and an
comparable t®°hSe-1 andk./PhSe is roughly 6 to 7% of the  aqueous phase of -8, (3.0 M) and NaBr (2.0 M) in pH-6
value of PhSe-6. phosphate buffer (0.5 M) at 296 K was complete within 1 h.

Comparison ok./PhE values for the selenide and telluride Four additional aliquots of D, (100 mmol each) were added
catalysts is shown graphically in Figure 2. The telluride catalysts sequentially following the initial reaction at 30-min intervals,
PhTe-1, PhTe—6, andPhTe—12illustrate the statistical effects  and the reaction mixture was allowed to stir an additional hour
one might associate with increasing the number of reactive following the final addition. A total of 16.1 mmol of brominated
groups per molecule. As shown in Tablekis for PhTe—6 products was isolated (4.8 mmol ®8 and 11.3 mmol ofL9),

(24) Axelrod, E. H.; Milne, G. M.; van Tamelen, E. B. Am. Chem. which corresponds to 3.2% oxidation of bromide from 500 mmol
Soc.197Q 92, 2139-2141. total of HO..
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Figure 3. Effects of (a) increasing bromide concentration with 3.0 M
H.0, and 0.0025 MPhSe-3 and (b) increasinghSe-3 concentration
with 2.0 M NaBr and 3.0 M HO, on the rate constants for the
bromination of cyclohexene in two-phase systems of dichloromethane
and pH-6 phosphate buffer.

A second reaction without catalyst was run, duplicating the
intervals between additions of,8, and products were isolated
after 3.5 h. A total of 0.47 mmol of brominated products was
isolated (0.22 mmol ofl8 and 0.25 mmol ofl9) from the
uncatalyzed process.

The 16.1 mmol of product were produced from 0.008 mmol
of PhSe-12 catalyst. This corresponds to a turnover number
of >2000 mol of brominated product/mol &hSe-12 and to
a turnover number of60 000 mol of HO.,/mol of PhSe-12
for the decomposition of $D,. Half of the HO, consumed
during the reaction is most likely from the reaction of “Br
with H,0, as shown in Scheme 5. Thus30 000 mol of “Brt”/
mole of PhSe-12 is produced under these conditions. These

turnover numbers are based on when we stopped reactions fo

convenience of scale, not on degradation of the catalyst.
RecoveredPhSe-12 showed no loss of catalytic activity when
resubmitted to the conditions of reaction.

J. Am. Chem. Soc., Vol. 123, No. 1, 8301

Summary and Conclusions

Our original hypothesis was that attaching multiple reactive
groups to dendrimer architectures would enhance catalytic
activity through statistical effects based on the number of
reactive groups. The validity of this hypothesis was demon-
strated with thePhTe—1, PhTe—6, andPhTe—12 molecules
where values of th&/PhTe group are fairly constant for 1, 6,
and 12 arms (Table 1). However, the “dendrimer effect” or
cooperativity observed in the phenylseleno series was unex-
pected with thek/PhSe group increasing by a factor of 80
from monoselenidéhSe-1 to dendrimerPhSe-12.

Dendrimeric molecules can be treated as spherical molecules
within a few generation¥' The surface area of a sphere
increases more slowly than the volume. Consequently, func-
tionality on the surface of a dendrimer is packed more tightly
in each successive generation. If adjacent functionality were to
interact, then each generation of dendrimer should bring the
functional groups closer together and increase cooperativity. In
the telluride series, the nearly constant catalytic activity for each
individual phenyltelluro group suggests that there is little if any
cooperativity between the phenyltelluro groups. In contrast, the
catalytic activity of each individual phenylseleno group increases
with each generation, which argues for interaction between
adjacent phenylseleno groups.

The catalytic activity of th&hSe-1—PhO—5 dendrimer with
a single catalytic functionality is nearly identical to that of
PhSe-1 with a single arm. Furthermore, the phenylthio groups
in neither the monomeric speci@hS—1 nor the dendrimer
speciesPhS—12 with 12 arms catalyze reactions with,®b.
These observations affirm that the dendrimer architecture alone
does not contribute to the catalysis observed with the selenides
and tellurides and that the nonstatistical increase in catalytic
activity observed in the phenylseleno series is due to cooper-
ativity among selenium atoms.

If one assumes that oxidation of the organoselenium groups
is rate-limiting, several scenarios are plausible to explain the
cooperativity observed in the selenide dendrimers. The intramo-
lecular interaction of dihydroxy selenanes in molecules with
more than one oxidized phenylseleno group might create new
functionality (perhaps with SeO—Se linkages) that is readily
oxidized by BO, and undergoes a similar catalytic cycle with
halide salts. Both organoselenides and organotellurides are
known to form intermolecular contacts that are less than van
der Waals’ radii apa® As the local concentration of phen-
ylseleno groups on the dendrimer surface increases, intramo-
lecular selenium(Ih-selenium(ll) interactions might accelerate
oxidation and, consequently, the rate of catalysis. Similarly, the
interaction of a selenium(ll) center with an adjoining selenium-
(IV) center might also lead to enhanced rates of oxidation. Early
generation dendrimers are capable of folding back on the core
to provide “buried” reactive groups, which may be more reactive
than groups on the dendrimer surf@é€&inally, dendrimers may
form aggregates that have increased reactivity relative to single

Imoleculesz.7 In ongoing work, we are exploring several of these

issues to explain the unexpected reactivity of the organoselenide
dendrimers.

Experimental Section

The reaction sequence was repeated with 0.010 mmol of the  General. All reactions were performed under dry argon. All

PhTe—12 catalyst to produce 14.4 mmol of brominated products
(4.3 mmol of 18 and 10.1 mmol ofl9). This corresponds to
turnover numbers of 1400 mol of brominated product/mol of
PhTe—12, >50 000 mol of HOy/mol of PhTe—12 for the
decomposition of KO,, and >25 000 mol of “Br*"/mole of
PhTe—12

glassware was previously dried in an oven at E&Dprior to use.

(25) For a review: Detty, M. R.; O'Regan, M. In The Chemistry of
Heterocyclic Compounds series; Taylor, E. C., Ed.; Tellurium-Containing
Heterocycles, Vol. 53; Wiley-Interscience: New York, 1994.

(26) Naidoo, K. J.; Hughes, S. J.; Moss, J.NMacromoloeculed999
32, 331-341.

(27) Huang, B.; Parquette, J. Rrg. Lett.200Q 2, 239-242.
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Chemicals were purchased from Aldrich Chemical Co. and used as 1250, 1170, 1100, and 840 cf Anal. Calcd for GsH156015Sis: C,
received. Melting points were uncorrected. Flash chromatography was 66.85; H, 9.21. Found: C, 66.95; H, 9.26.

performed using silica gel (40m 60 A) from Mallinckrodt Baker,
Inc. Concentration of solvents was performed on'alBuotoevaporator.
Preparation of 1-Bromo-3-(tert-butyldimethylsilyloxy)propane.
4-(Dimethylamino)pyridine (1.89 g, 0.015 mol), 3-bromo-propanol (28.0
mL, 0.310 mol), EfN (56.0 mL, 0.402 mol), TBSCI (56.00 g, 0.372
mol), and anhydrous THF (450 mL) were stirred at ambient temperature
for 18 h. The reaction was quenched with aqueous, saturate@INH
and extracted with CkCl,. The organic layers were combined, dried
over MgSQ, filtered, and concentrated. The crude product was purified
by flash chromatography (1:4 GBIl,—hexanes) followed by distillation
(50—100 °C, 5 Torr) to give 78.0 g (99.5%) of 1-bromo-8ft-
butyldimethylsilyloxy)propan€ as a colorless oil*H NMR (300 MHz,
CDCly) 8 3.71 (t, 2 H,J = 6 Hz), 3.50 (t, 2 HJ = 6 Hz), 2.05 (quint,
2 H,J = 6 Hz), 0.87 (s, 9 H), 0.04 (s, 6 H}*C NMR (75 MHz,
CDCls) ¢ 60.36, 35.49, 30.61, 25.85, 18.245.44.
Preparation of 3,5-Bis[3-tert-butyldimethylsilyloxy)propyloxy]-
benzyl Alcohol (Dendritic Wedge 4).3,5-Dihydroxybenzyl alcohol
(2, 17.5 g, 0.125 mol), 18-crown-6 (6.61 g, 0.025 molHCO; (51.9
g, 0.375 mol), acetone (800 mL), and 1-bromot&ttbutyldimethyl-
silyloxy)propane (64.9 g, 0.256 mol) were stirred at reflux for 48 h.

Desilylation of the 3-gert-Butyldimethylsilyloxy)propyl Groups
of 7. Preparation of 1,1,1-Tris[4-(3,5-bis[3-hydroxypropyloxy]ben-
zyloxy)phenyllethane (Dendrimer 8).A solution of 7 (18.5 g, 10.8
mmol) in 1.0 M BuNF in THF (130 mL, 130 mmol, 2 equiv/TBS
group) was allowed to stir at ambient temperature for 16 h. The solution
was poured into water (250 mL), and the pH was adjusted to 6 with
0.05 N HCI. The products were extracted into EtOAc. The organic
layers were combined, dried over Mg&@iltered, and concentrated.
The crude product was purified via by flash chromatography on silica
gel (1:2:9 MeOH-THF—Et0) to yield 10.1 g (91%) 08 as a colorless
oil: *H NMR (300 MHz, DMSOsg) 6 6.89 (s, 12 H), 6.56 (s, 6 H),
6.41 (s, 3 H), 4.97 (s, 6 H), 3.98 (t, 12 Bl= 6 Hz), 3.54 (t, 12 H)
= 6 Hz), 2.01 (s, 3 H), 1.82 (quint, 12 H,= 6 Hz); *C NMR (75
MHz, THF-&) 6 161.58, 158.09, 142.89, 140.70, 130.40, 114.66,
106.29, 101.11, 70.57, 65.63, 59.08, 51.71, 33.62, 30.94; IR (film, NaCl)
3500-3200, 2930, 1665, 1600, 1455, 1385, 1165, 1065, and 835;cm
FAB(+)MS, m/z 1021 (Q9H72015 + H+) Anal. Calcd for G9H72015:
C, 69.39; H, 7.11. Found: C, 69.58; H, 7.22.

Preparation of 1,1,1-Tris[4-(3,5-bis[3-bromopropyloxy]benzyl-
oxy)phenyl]lethane (Dendrimer 10).The alcoholic dendrimes (3.85

The solution was concentrated, and the white paste was partitionedg, 3.77 mmol), EN (4.60 g, 45.5 mmol), MsClI (5.18 g, 45.2 mmol),

between equal volumes of GEI, and water. The CKCl, layer was
separated, dried over Mg3@iltered, and concentrated. The crude oil
was purified by flash chromatography on silica gel, eluting with,CH
Cl, to give 44.1 g (73%) of alcohet: *H NMR (500 MHz, CDC}) 6
6.48 (s, 2 H), 6.37 (s, 1 H), 4.60 (d, 2 B= 6 Hz), 4.02 (t, 4 HJ =
6 Hz), 3.77 (t, 4 HJ = 6 Hz), 1.95 (quint, 4 HJ) = 6 Hz), 1.69 (t, 1
H, J = 6 Hz), 0.87 (s, 18 H), 0.02 (s, 6 H}*C NMR (126 MHz,
CDCl3) 6 160.38, 143.16, 105.06, 100.49, 65.42, 64.49, 59.51, 32.37,
25.92, 18.31-5.38; IR (film, NaCl) 3506-3200, 2960, 1590, 1465,
1255, 1160, 1100, 840 criy FAB(+)MS, m/z 485 (GsH4g0sSi> +
H™). Anal. Calcd for GsHagOsSip: C, 61.93; H, 9.98. Found: C, 61.64;
H, 10.03.

Preparation of 3,5-Bis[3-tert-butyldimethylsilyloxy)propyloxy]-
benzyl Bromide (Dendritic Wedge 6).The dendritic alcohol wedge
4 (43.8 g, 0.0903 mol), BN (12.5 g, 0.126 mol), MsCI (15.5 g, 0.135
mol), and anhydrous THF (150 mL) were stirred at® for 30 min
and then warmed to room temperature and stirred2fch to give
mesylateb. Lithium bromide (41.6 g, 0.479 mol) was added, and the
resulting mixture was allowed to stir 16 h. The reaction mixture was

CH.CI; (70 mL), and anhydrous THF (70 mL) were stirred &®for
2 h to give mesylat®, which was not isolated. Anhydrous, granular
LiBr (15.0 g, 173 mmol) was then added, and the resulting mixture
was allowed to stir for 16 h at ambient temperature. The reaction
mixture was concentrated, and the oil was partitioned between equal
volumes of water and Ci€l,. The organic layer was separated, and
the aqueous layer was extracted twice more with@ld The combined
organic extracts were dried over Mgg@iltered, and concentrated.
The crude product was purified by flash chromatography on silica gel
(CH,ClIy, then 50% EtOAc in CbLCly) to give 3.91 g (74%) ol0as a
glass: *H NMR (500 MHz, CDC}) 6 6.98 (d, 6 HJ = 9 Hz), 6.85 (d,
6 H,J=9 Hz), 6.58 (s, 6 H), 6.41 (s, 3 H), 4.95 (s, 6 H), 4.08 (t, 12
H, J= 6 Hz), 3.58 (t, 12 HJ = 6 Hz), 2.29 (quint, 12 HJ = 6 Hz),
2.10 (s, 3H);*3C NMR (126 MHz, CDC¥) 6 159.99, 156.68, 142.01,
139.59, 129.59, 113.93, 105.96, 100.81, 69.83, 65.31, 50.60, 32.24,
30.72, 29.98; IR (film, NaCl) 3035, 2975, 1605, 1515, 1250, 1180,
1030, and 830 cnit; FAB(+)MS, mVz 1405 (GeHsf'BrsOg + H) Anal.
Calcd for GeHeeBreOo: C, 50.67; H, 4.76. Found: C, 50.71; H, 4.81.
Preparation of 3,5-Bis(3,5-bis[3-{ert-butyldimethylsilyloxy)pro-

concentrated, and the residual oil was partitioned between equal volumespyloxy]benzyloxy)benzyl Alcohol (Dendritic Wedge 11).3,5-Dihy-

of water and CHCI,. The organic layer was separated, dried over
MgSQ,, filtered, and concentrated. The crude product was purified by
flash chromatography on silica gel eluted with £H} to give 46.5 g
(94%) of bromides as an oil: *H NMR (300 MHz, CDC}) 6 6.50 (d,
2H,J=2Hz),6.37 (t, 1 HJ = 2 Hz), 4.39 (s, 2 H), 4.02 (t, 4 Hl
=6 Hz), 3.77 (t, 4 HJ = 6 Hz), 1.95 (quint, 4 H) = 6 Hz), 0.87 (s,

18 H), 0.03 (s, 12 H)®C NMR (75 MHz, CDC}) 6 160.33, 139.55,
107.47, 101.43, 64.58, 59.46, 32.32, 25.90, 18:29,41; IR (film,
NacCl) 2930, 1600, 1460, 1255, 1100, 835¢nFAB(+)MS, m/z 549
(C25H47SlBrO4Si2 + H+). Anal. Calcd for G5H47BFO4Si2: C, 5482, H,
8.65. Found: C, 54.54; H, 8.58.

Attachment of 6 to the Core Molecule 1. Preparation of 1,1,1-
Tris[4-(3,5-bis[3-(tert-butyldimethylsilyloxy)propyloxy]benzyloxy)-
phenyllethane (Dendrimer 7).1,1,1-Tris-(4-hydroxyphenyl)ethang, (
0.21 g, 0.69 mmol), 18-crown-6 (50 mg, 0.19 mmol}CQ; (0.14 g,

1.0 mmol), acetone (5.0 mL), and dendritic wedgd..50 g, 2.7 mmol)
were stirred at reflux for 48 h. The solution was concentrated, and the
white paste was partitioned between equal volumes 0fGLHand
water. The CHCI, layer was separated, dried over MgS@ltered,

and concentrated. The crude product was purified by flash chroma-
tography (CHCI, and then 10% EtOAc in Ci€l,) to give 1.06 g (91%)

of 7 as an oil: '"H NMR (500 MHz, CDC}) 6 6.97 (d, 6 HJ = 9 Hz),

6.83 (d, 6 HJ = 9 Hz), 6.55 (d, 6 HJ =2 Hz), 6.30 (t, 3HJ =2

Hz), 4.92 (s, 6 H), 4.02 (t, 12 Hl = 6 Hz), 3.77 (t, 12 HJ = 6 Hz),

2.08 (s, 3 H), 1.95 (quint, 6 Hl = 6 Hz), 0.86 (s, 54 H), 0.02 (s, 36
H); °C NMR (126 MHz, CDC4) ¢ 160.32, 156.76, 141.93, 139.28,

droxybenzyl alcoholZ, 4.63 g, 33.0 mmol), 18-crown-6 (1.75 g, 6.62
mmol), KxCO; (13.7 g, 99.1 mmol), acetone (500 mL), and dendritic
wedgeb (38.0 g, 69.4 mmol) were stirred at reflux for 48 h. The solution
was concentrated, and the white paste was partitioned between equal
volumes of CHCI, and water. The CKCl, layer was separated, dried
over MgSQ, filtered, and concentrated. The crude oil was purified by
flash chromatography (1:1 F2—petroleum ether) to give 31.0 g (87%)

of 11 as an oil: *H NMR (500 MHz, CDC}) ¢ 6.59 (d, 2 HJ =2

Hz), 6.52 (t, 1 HJ = 2 Hz), 6.39 (t, 2 HJ = 2 Hz), 4.94 (s, 4 H),
4.61 (d, 2 HJ =7 Hz), 4.02 (t, 8 HJ = 6 Hz), 3.77 (t, 8 HI =6

Hz), 1.95 (quint, 8 HJ = 6 Hz), 1.62 (t, 1 HJ = 7 Hz, exchanges
with D,0), 0.86 (s, 36 H), 0.02 (s, 24H¥C NMR (75 MHz, CDC})

0 160.41, 160.17, 143.36, 138.99, 105.74, 105.67, 101.28, 100.75,
70.03, 65.32, 64.52, 59.53, 32.35, 25.90, 18:28.41; IR (film, NaCl)
3500-3200, 2955, 1600, 1460, 1255, 1165, 1100, 840 ¢rRAB-
(+)MS m/z 1073 (Q7H1000118i4 + H+) Anal. Calcd for G7H100011-

Siy: C, 63.76; H, 9.39. Found: C, 63.82; H, 9.52.

Preparation of 3,5-Bis(3,5-bis[3-{ert-butyldimethylsilyloxy)pro-
pyloxy]benzyloxy)benzyl Bromide (Dendritic Wedge 13)The den-
dritic alcohol wedgel1 (5.79 g, 5.39 mmol), EN (0.80 g, 7.9 mmol),
MsCI (0.92 g, 8.0 mmol), CkCl, (100 mL), and anhydrous THF (100
mL) were stirred at 0°C for 30 min and then warmed to room
temperature and stirredrf@ h to give mesylatel2. Lithium bromide
(2.34 g, 26.9 mmol) was added, and the resulting mixture was allowed
to stir 16 h. The reaction mixture was concentrated, and the residual
oil was partitioned between equal volumes of water and@} The

129.55, 113.90, 105.66, 100.66, 69.92, 64.40, 59.43, 50.56, 32.33, 30.74prganic layer was separated, dried over MgSiltered, and concen-

25.90, 18.26,-5.40; IR (film, NaCl) 2955, 1740, 1600, 1510, 1460,

trated. The crude product was purified by flash chromatography (1:1
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Et,O—petroleum ether) to give 4.92 g (81%) b8 as a colorless oil:
H NMR (500 MHz, CDC}) 6 6.60 (d, 2 H,J = 2 Hz), 6.54 (d, 4 H,
J=2Hz),6.52(t 1HJ =2 Hz), 6.40 (t, 2 HJ = 2 Hz), 4.93 (s,

4 H), 4.39 (s, 2 H), 4.02 (t, 8 H] = 6 Hz), 3.77 (t, 8 HJ = 6 Hz),
1.95 (quint, 8 HJ = 6 Hz), 0.87 (s, 36 H), 0.002 (s, 24 HYC NMR
(126 MHz, CDC}) 6 160.27, 159.86, 139.56, 138.67, 107.93, 105.58,
101.98, 100.66, 69.91, 64.32, 59.34, 33.38, 32.27, 25.85, 183.85;

IR (film, NaCl) 2930, 1600, 1460, 1255, 1100, and 835 ¢ntAB-
(HMS, Mz 1137 (G7Ho®*BrO10Sis + H*) Anal. Calcd for GHgg-
BrO1Sis: C, 60.23; H, 8.78. Found: C, 60.33; H, 8.83.

Attachment of 13 to 1. Preparation of 1,1,1-Tris(4-[3,5-bis(3,5-
bis[3-(tert-butyldimethylsilyloxy)propyloxy]benzyloxy)benzyloxy]-
phenyl)ethane (Dendrimer 14).1,1,1-Tris-(4-hydroxyphenyl)ethane
(1, 0.860 g, 2.81 mmol), 18-crown-6 (0.22 g, 0.83 mmoRCIO; (1.55
g, 11.2 mmol), acetone (500 mL), and dendritic wedge(10.2 g,
8.98 mmol) were stirred at reflux for 48 h. The solution was

J. Am. Chem. Soc., Vol. 123, No. 1, 8601

(Clld‘|132818r12021 + H+) Anal. Calcd for ngl-|13zBr12021: C, 5002,
H, 4.66. Found: C, 50.12; H, 4.69.

Preparation of Phenylchalcogenide Anions. A. Sodium Phenyl-
sulfide. Benzenethiol was dissolved in 1.0 M NaOEt in EtOH [0.055
g (0.5 mmol)/mL] to generate an ethanol solution of 1.0 M NaSPh.

B. Sodium PhenylselenideSodium borohydride was added slowly
in 0.2 equivalent aliquots to a solution of diphenyl diselenide in 1.0 M
NaOEt in EtOH [0.078 g (0.25 mmol) of PhSeSePh/mL] heated at reflux
under an argon atmosphere until the solution became colorless and
transparent.

C. Sodium Phenyltelluride. Sodium borohydride was added slowly
in 0.2 equivalent aliquots to a solution of diphenyl ditelluride in 1.0 M
NaOEt in EtOH [0.102 g (0.25 mmol) of PhTeTePh/mL] heated at
reflux until the solution became colorless and transparent.

Preparation of 1-Phenoxy-3-(phenylthio)propane (PhS1). 1-Phe-
noxy-3-(phenylthio)propane was prepared via the addition of 1-bromo-

concentrated, and the white paste was partitioned between equal3-Phenoxypropane (5.38 g, 25.0 mmol) in 50 mL of THF to 29 mL

volumes of CHCI, and water. The CkCl; layer was separated, dried
over MgSQ, filtered, and concentrated. The crude oil was purified by
flash chromatography on silica gel (@Ely) to give 8.92 g (91%) of
14 as a colorless glassH NMR (300 MHz, CDC}) 6 6.99 (d, 6 H,
J=9Hz), 6.85(d, 6 HJ = 9 Hz), 6.66 (s, 6 H), 6.54 (s, 15 H), 6.39
(s, 6 H), 4.93 (s, 18 H), 4.01 (t, 24 KH,= 6 Hz), 3.76 (t, 24 HJ =

6 Hz), 2.09 (s, 3 H), 1.94 (quint, 24 H,= 6 Hz), 0.85 (108 H), 0.01
(s, 72 H);13C NMR (126 MHz, CDC}) ¢ 160.41, 160.14, 156.76,

(29 mmol) d 1 M NaSPh in EtOH. The reaction mixture was stirred
at ambient temperature for 16 h and was then poured into water. The
products were extracted with ether. The combined ether extracts were
washed with saturated NaOs; solution, dried over MgS§) and
concentrated. The product was purified via flash chromatography on
silica gel eluted with 20% C}Cl, in hexanes to give 5.35 g (83%) of
PhS—1 as a colorless oil:'H NMR (500 MHz, CDC}) ¢ 7.34 (dxd,
2H,J=15,8Hz),7.28(m, 4 H), 7.16 (t, 1 H,= 7.5 Hz), 6.93 (t,

142.16, 139.37, 138.91, 129.67, 113.91, 106.45, 105.81, 102.70, 100.781 H. J = 7.5 Hz), 6.87 (d, 2 H) = 8 Hz), 4.06 (t, 2 H,J = 6 Hz),

70.08, 64.51, 59.50, 50.70, 32.35, 31.80, 25:98.42; IR (film, NaCl)
2955, 1740, 1595, 1460, 1165, 1100, and 835mnal. Calcd for
Ci91H312033Sh2: C, 66.04; H, 9.05. Found: C, 65.66; H, 9.31.
Desilylation of the 3-¢ert-Butyldimethylsilyloxy)propyl Groups
of 14. Preparation of 1,1,1-Tris(4-[3,5-bis(3,5-bis[3-hydroxypropyl-
oxy]benzyloxy)benzyloxy]phenyl)ethane (Dendrimer 15)A solution
of 14(8.72 g, 2.51 mmol) in 60 mL of 1.0 M BMF in THF (60 mmol,

2 equiv/TBS group) was allowed to stir at ambient temperature for 16
h. The solution was poured into water (250 mL), and the pH was
adjusted to 6 with 0.05 N HCI. The products were extracted into EtOAc.

The organic layers were combined, dried over MgSfdtered, and

concentrated. The crude oil was purified by repeated digestion with

CH,CI; to give 4.65 g (88%) o5 as a colorless glassH NMR (300
MHz, THF-dg) 6 6.96 (d, 6 H,J = 9 Hz), 6.82 (d, 6 HJ = 9 Hz),

3.11 (t, 2 H,J =7 Hz), 2.10 (m, 2 H)*3C NMR (75 MHz, CDC}) 6
158.69, 136.15, 129.35, 129.00, 128.82, 125.82, 120.64, 114.40, 65.77,
30.00, 28.80; EIMSm/z 244.094 (Calcd for GH160S: 244.092) Anal.
Calcd for GsH160S: C, 73.73; H, 6.60; Found: C, 74.00; H, 6.74.
Preparation of 1-Phenoxy-3-(phenylseleno)propane (PhSd).
1-Phenoxy-3-(phenylseleno)propane was prepared via the addition of
1-bromo-3-phenoxypropane (2.30 g, 10.7 mmol) in 50 mL of THF to
30 mL (15 mmol) of 0.5 M NaSePh in EtOH. The reaction mixture
was stirred at ambient temperature for 16 h and was then poured into
water. The products were extracted with £#. The combined ether
extracts were washed with saturated,8@; solution (3 x 20 mL),
dried over MgS@, and concentrated. The product was purified via flash
chromatography on silica gel eluted with 20% £Hp in hexanes to
give 2.66 g (85%) oPhSe-1 as a colorless oil*H NMR (500 MHz,
CDClg) 6 7.52 (d, 2 H,J = 8 Hz), 7.24-7.30 (m, 5 H), 6.95 (t, 1 H,

6.66 (s, 6 H), 6.56 (s, 15 H), 6.40 (s, 6 H), 4.95 (s, 18 H), 403 (t, 24 327’11y 65’89 (d. 2 M, — 8 Hz), 4.06 (t. 2 H.J = 6 H2), 3.11 (t,

H, J= 6 Hz), 3.65 (t, 24 HJ = 6 Hz), 3.59 (s, 12 H, exchanges with
D,0), 2.06 (s, 3 H), 1.90 (quint, 24 H} = 6 Hz); 3C NMR (126

2 H,J = 6 Hz), 2.18 (quint, 2 HJ = 7 Hz); *C NMR (75 MHz,
CDCl) 6 158.68, 132.37, 129.99, 129.33, 128.97, 126.70, 120.59,

MHz, CDCl) & 161.50, 161.20, 158.00, 142.92, 140.83, 140.36, 130.41, 1714 36 ‘66 55, 20,64, 23.63: IR (film, NaCl) 3055, 2940, 1600, 1585,
114.71, 106.96, 106.35, 101.95, 101.25, 70.63, 65.63, 59.14, 51.46,1 405 1475 1245 1170, 1030, 755. 690 EmEIMS, miz 202

33.53, 30.59; IR (film, NaCl) 35063200, 2950, 1595, 1460, 1165,
1060, and 830 cmt; MALDI-TOF MS, m/z 2101 (G1gH144033 + H).
Anal. Calcd for GigH144033: C, 67.98; H, 6.90. Found: C, 67.90; H,
6.91.

Preparation of 1,1,1-Tris(4-[3,5-bis(3,5-bis[3-bromopropyloxy]-
benzyloxy)benzyloxy] phenyl)ethane (Dendrimer 17)The alcoholic
dendrimerl5 (2.79 g, 1.32 mmol) and BN (4.75 g, 47 mmol), MsClI
(5.52 g, 48.0 mmol), CkCl, (100 mL), and anhydrous THF (100 mL)
were stirred at OC for 2 h togive the mesylated.6, which was not

(C15H1608°Se). Anal. Calcd for gH160Se: C, 61.86; H, 5.54. Found:
C, 61.76; H, 5.49.

Preparation of 1-Phenoxy-3-(phenyltelluro)propane (PhTe-1).
1-Phenoxy-3-(phenyltelluro)propane was prepared via the addition of
1-bromo-3-phenoxypropane (1.75 g, 8.14 mmol) in 60 mL of THF to
24 mL (12 mmol) of 0.5 M NaTePh in EtOH. The reaction mixture
was stirred at ambient temperature for 16 h and was then poured into
water. The products were extracted with £H. The combined ether
extracts were washed with saturated,®@; solution, dried over

isolated. Anhydrous, granular LiBr (23.0 g, 265 mmol) was then added, MgSQ,, and concentrated. The product was purified via flash chro-
and the resulting mixture was allowed to stir for 16 h at ambient matography on silica gel eluted with 20% @&, in hexanes to give
temperature. The reaction mixture was concentrated, and the oil was2.30 g (83%) ofPhTe—1 as a colorless oil:'H NMR (500 MHz,

partitioned between equal volumes of water and,Clkl The organic

CDCk) 6 7.77 (d, 2 HJ = 7 Hz), 7.28-7.32 (m, 3 H), 7.22 (t, 2 H,

layer was separated, and the aqueous layer was extracted twice morg = 8 Hz), 6.98 (t, 1 HJ = 7 Hz), 6.91 (d, 2 HJ = 8 Hz), 4.03 {(t,

with CH.Cl,. The combined organic extracts were dried over MgSO

2 H,J=6Hz),3.08 (t, 2 HJ = 6 Hz), 2.30 (quint, 2 HJ) = 7 Hz),

filtered, and concentrated. The residue was purified via flash chroma- 3C NMR (75 MHz, CDC}) 6 158.65, 138.17, 129.32, 129.10, 127.50,

tography on silica gel (C¥Cl,, then 50% EtOAc in ChkCl,) to give
2.79 g (75%) ofL7 as a colorless glassH NMR (300 MHz, CDC})

0 6.98 (d, 6 H,J = 9 Hz), 6.83 (d, 6 HJ = 9 Hz), 6.65 (s, 6 H),
6.53-6.56 (M, 15 H), 6.40 (s, 6 H), 4.94 (s, 18 H), 4.06 (t, 244

6 Hz), 3.56 (t, 24 H,) = 6 Hz), 2.27 (quint, 24 HJ) = 6 Hz), 2.09 (s,
3 H); 13C NMR (75 MHz, CDC}) 6 160.03, 156.74, 142.04, 139.56,

120.60, 114.38, 111.64, 68.39, 31.18, 4.29; IR (film, NaCl) 3065, 2935,
1600, 1585, 1495, 1475, 1245, 1170, 1030, 755, 690'cEIMS, vz
342 (GsH160'Te). Anal. Caled for GH160Te: C, 53.01; H, 4.71.
Found: C, 52.92; H, 4.71.

Preparation of 1,1,1-Tris[4-(3,5-bis[3-(phenylseleno)propyloxy]-
benzyloxy)phenyllethane (PhSe6). HexabromidelO (0.54 g, 0.39

139.22, 129.60, 113.96, 106.44, 106.05, 101.53, 100.93, 69.95, 69.88,mmol) in 20 mL of THF was added to 7 mL (3.5 mmol) of 0.5 M

65.38, 50.62, 32.25, 30.85, 29.91; IR (film, NaCl) 3035, 2975, 1605,

1510, 1250, 1180, 1030, and 830 TmMMALDI-TOF MS, m/z 2869

NaSePh in EtOH. The reaction mixture was stirred at ambient
temperature for 16 h and was then poured into water. The products
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were extracted with C¥Cl,. The combined organic extracts were dried
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101.53, 100.85, 70.01, 69.89, 66.90, 50.62, 30.20, 29.67, 24.05; IR

over MgSQ and concentrated. The crude product was purified via flash (film, NaCl) 3050, 2940, 1595, 1165, 1060, and 735 &mnal. Calcd

chromatography on silica gel (2:1 hexan&H,Cl, and then 10%
EtOAc in CHCI,) to give 0.61 g (85%) oPhSe-6 as an oil: 'H NMR
(500 MHz, CDC}) 6 7.59 (d, 12 HJ = 7 Hz), 7.29-7.33 (m, 18 H),
7.10 (d, 6 H,J =9 Hz), 6.95 (d, 6 HJ = 9 Hz), 6.65 (s, 6 H), 6.46
(s, 3 H),5.03 (s, 6 H), 4.10 (t, 12 H,= 6 Hz), 3.16 (t, 12 HJ =7
Hz), 2.21-2.24 (m, 15 H);*C NMR (75 MHz, CDC}) 6 159.98,

for Cio1H19002:Sa2: C, 60.83; H, 5.13. Found: C, 60.71; H, 5.12.
Preparation of 1,1,1-Tris(4-[3,5-bis(3,5-bis[3-(phenyltelluro)pro-

pyloxy]benzyloxy)-benzyloxy] phenyl)ethane (PhTe 12). ThePhTe—

12 dendrimer was prepared via the additior2&f(0.20 g, 0.070 mmol)

in 25 mL of THF to 3.4 mL (1.7 mmol) of 0.5 M NaTePh in EtOH.

The reaction mixture was stirred at ambient temperature for 16 h and

156.63, 141.88, 139.33, 132.38, 129.86, 129.50, 128.96, 126.72, 113.85was then poured into water. The products were extracted with EtOAc.
105.74, 100.62, 69.76, 66.76, 50.50, 30.66, 29.59, 23.95; IR (film, NaCl) The combined organic extracts were washed with saturate@®a
3050, 2940, 1600, 1505, 1455, 1265, 1165, 1020, 830, 735; MALDI- solution, dried over MgSg) and concentrated. Digesting the residual

TOF MS,m/z 1861 (GsHosO?Se; + HT) andm/z 1878, corresponding
to the addition of water (Hgs0%°Se; + H,0). Anal. Calcd for
CosHoeOsSes: C, 61.49; H, 5.15. Found: C, 61.41; H, 5.25.
Preparation of 1,1,1-Tris[4-(3,5-bis[3-(phenyltelluro)propyloxy]-
benzyloxy)phenyllethane (PhTe-6). HexabromidelO (0.47 g, 0.34
mmol) in 20 mL of THF was added to 6.0 mL (3.0 mmol) of 0.5 M

oil in ether fa 5 h purified the crude product. The solvent was decanted
away periodically and replaced prior to a final decanting and drying
under high vacuum to give 0.26 g (84%) BhTe—12 as a colorless
glass: 'H NMR (500 MHz, CDC}) ¢ 7.68 (d, 24 HJ = 7 Hz), 7.21

(t, 12 H,J =7 Hz), 7.13 (t, 24 HJ) = 7 Hz), 6.98 (d, 6 HJ = 9 Hz),
6.83 (d, 6 HJ = 9 Hz), 6.65 (s, 6 H), 6.53 (s, 3 H), 6.48 (s, 15 H),

NaTePh in EtOH. The reaction mixture was stirred at ambient 6.30 (s, 6 H), 4.884.94 (m, 18 H), 3.94 (t, 24 H] = 6 Hz), 3.00 (t,
temperature for 16 h and was then poured into water. The products 24 H,J= 7 Hz), 2.21 (quint, 24 H} = 6 Hz), 2.08 (s, 3 H)}*C NMR

were extracted with C¥Ll,. The combined organic extracts were dried

(75 MHz, CDCE) 6 160.11, 156.79, 142.08, 139.56, 139.02, 138.31,

over MgSQ and concentrated. The crude product was purified via flash 129.65, 129.19, 127.61, 114.01, 111.65, 106.46, 105.95, 101.59, 100.92,

chromatography on silica gel (2:1 hexan&H,Cl, and then 10%
EtOAc in CHCI,) to give 0.59 g (82%) ofPhTe—6 as an oil: 'H
NMR (500 MHz, CDC}) 6 7.79 (d, 12 HJ = 7 Hz), 7.31 (t, 6 HJ
=7Hz), 7.24 (t, 12 HJ = 7 Hz), 7.08 (d, 6 HJ = 9 Hz), 6.93 (d,

6 H,J =9 Hz), 6.60 (s, 6 H), 6.40 (s, 3 H), 5.00 (s, 6 H), 4.04 (t, 12
H, J =6 Hz), 3.10 (t, 12 HJ = 7 Hz), 2.32 (quint, 12 H) = 7 Hz),
2.18 (s, 3 H):33C NMR (75 MHz, CDC}) 6 159.95, 156.64, 141.89,

70.05, 69.95, 68.56, 50.67, 31.25, 31.21, 29.66, 4.28; IR (film, NaCl)
3050, 2935, 1595, 1160, 1060, and 735 émAnal. Calcd for
CioiH10021Terz: C, 52.68; H, 4.44. Found: C, 52.33; H, 4.39.
Preparation of 1,1,1-Tris[4-(3-[phenylseleno]propyloxy)phenyl]-
ethane (PhSe-3). Tribromide 22 (2.50 g, 3.74 mmol) in 50 mL of
THF was added to 30 mL (15 mmol) of 0.5 M NaSePh in EtOH. The
reaction mixture was stirred at ambient temperature for 16 h and was

139.29, 138.17, 129.52, 129.10, 127.51, 113.86, 111.58, 105.75, 100.64then poured into water. The products were extracted withGHThe

69.80, 68.56, 50.52, 31.15, 31.05, 4.28; IR (film, NaCl) 3050, 2935,

combined organic extracts were dried over MgS&hd concentrated.

1595, 1505, 1455, 1245, 1160, 1015, 830, 735. Anal. Calcd for The crude product was purified via flash chromatography on silica gel

CosHoeOoTes: C, 51.84; H, 4.54. Found: C, 51.89; H, 4.46.
Preparation of 1,1,1-Tris(4-[3,5-bis(3,5-bis[3-(phenylthio)propyl-
oxy]benzyloxy)-benzyloxy]phenyl)ethane (PhS12). The PhS-12
dendrimer was prepared via the addition19f(0.12 g, 0.042 mmol)
in 15 mL of THF to 1.0 mL (1.0 mmol) o1 M NaSPh in EtOH. The

(2:1 hexanesCH.Cl, and then CHCI,) to give 3.13 g (93%) of
PhSe-3 as an oil: *H NMR (500 MHz, CDC}) ¢ 7.53 (d, 6 H,J =
7 Hz), 7.23-7.28 (m, 9 H), 7.01 (d, 6 H} = 9 Hz), 6.80 (d, 6 H) =
9 Hz), 4.05 (t, 6 HJ = 6 Hz), 3.12 (t, 6 HJ = 7 Hz), 2.18 (quint, 6
H, J = 7 Hz), 2.13 (s, 3 H)*C NMR (75 MHz, CDC}) 6 156.76,

reaction mixture was stirred at ambient temperature for 16 h and was 141.83, 132.50, 130.01, 129.57, 129.06, 126.81, 113.57, 66.67, 50.53,
then poured into water. The products were extracted with EtOAc. The 20.73, 29.75, 24.10; IR (film, NaCl) 3055, 2940, 1605, 1580, 1510,

combined organic extracts were washed with saturate@®ssolution,
dried over MgSQ, and concentrated. The crude product was purified

1475, 1245, 1180, 1022, 830, 735, 690; FABWS, m/z 901
(C47H450:2°Sey + H™). Anal. Calcd for GiH4s03Ses: C, 62.88; H, 5.39.

by digesting the residual oil in ether for 5 h. The solvent was decanted Found: C, 63.02; H, 5.49.

away periodically and replaced prior to a final decanting and drying
under high vacuum to give 0.121 g (90%) PhS—12 as a colorless
glass: 'H NMR (500 MHz, CDC}) 6 7.31 (d, 24 HJ = 8 Hz), 7.23

(t, 24 H,J=8Hz), 7.12 (t, 12 HJ = 8 Hz), 6.97 (d, 6 H,J = 9 Hz),
6.82 (d, 6 H,J =9 Hz), 6.65 (s, 6 H), 6.52 (s, 15 H), 6.35 (s, 6 H),
4.90-4.93 (m, 18 H), 4.01 (t, 24 H) = 6 Hz), 3.07 (1, 24 H) =7
Hz), 2.03-2.08 (m, 27 H);**C NMR (75 MHz, CDC}) ¢ 162.66,

Preparation of 1,1,-Bis[4-(3,5-bis[3-(phenyoxy)propyloxy]benzyl-
oxy)phenyl]-1-[4-[3-(3-phenoxy)propyloxy]-5-[3-(phenylseleno)pro-
pyloxy]benzyloxy)phenyllethane (PhSe 1-PhO—5). Sodium boro-
hydride (0.0045 g, 0.19 mmol, 1.5 equiv) was added to a solution of
diphenyl diselenide (0.0185 g, 0.059 mmol, 0.75 equiv) in 40 mL of
THF and 40 mL of 1.5 M NaOEt in EtOH. The resulting solution was
heated at reflux until the solution was clear. A THF solution of bromide

160.17, 160.08, 156.79, 142.08, 139.55, 139.12, 136.15, 129.64, 129.2332(0.116 g, 0.079 mmol, 1.0 equiv, Supporting Information) was then

128.91, 125.99, 114.00, 106.48, 106.00, 101.59, 100.94, 70.04, 66.13,added dropwise. The reaction was allowed to stir at reflux for 24 h.

50.67, 31.76, 30.18, 28.84; IR (film, NaCl) 3055, 2930, 1595, 1165, The reaction mixture was concentrated, and 100 mL of water was added.

1060, and 735 crt; MALDI-TOF MS, mVz 3205 (GoiH192021S12 + The products were extracted with @1, (3 x 25 mL). The combined

H*), m/z 3259 (GoiH102023S12 + #Na'). Anal. Caled for GoiHioz organic layers were dried over Mg$@nd concentrated. The crude

0,:S122 C, 71.50; H, 6.03. Found: C, 71.38; H, 6.35. product mixture was purified via chromatography on S{@exane/
Preparation of 1,1,1-Tris(4-[3,5-bis(3,5-bis[3-(phenylseleno)pro- ~ CH.Cl,, 1/9) to give 0.0954 g (78%) dPhSe-1—PhO—5 as a thick

pyloxy]benzyloxy)-benzyloxy]phenyl)ethane (PhSel12). ThePhSe- yellow oil: *H NMR (400 MHz, CDC}) 6 7.49 (dd,J = 2.0, 7.2 Hz,

12 dendrimer was prepared via the additiorlf(0.16 g, 0.054 mmol) 2 H), 7.27.30 (m, 10 H), 7.01 (dJ = 8.8, 7 H), 6.96-6.96 (m, 16

in 15 mL of THF to 3 mL (1.5 mmol) of 0.5 M NaSePh in EtOH. The  H), 6.84 (d,J = 8.4 Hz, 7 H), 6.59 (s, 5 H), 6.55 (s, 1 H), 6.44 (s, 2

reaction mixture was stirred at ambient temperature for 16 h and was H), 6.40 (s, 1 H), 4.93 (s, 6 H), 4.14 @,= 6.0 Hz, 20 H), 4.02 ()

then poured into water. The products were extracted with EtOAc. The = 6.0 Hz, 2 H), 3.07 (1) = 7.2, 2 H), 2.24 (quint) = 6.0 10 H), 2.14

combined organic extracts were washed with saturate@®gsolution, (quint,J = 6.0, 2 H), 2.11 (s, 3 H)}*C NMR (125 MHz, CDC}) ¢

dried over MgS@, and concentrated. Digesting the residual oil in ether 160.18, 160.16, 160.11, 158.747, 156.73, 142.00, 141.98, 139.47,

for 5 h purified the crude product. The solvent was decanted away 139.44, 132.51, 129.92, 129.57, 129.41, 129.04, 126.81, 120.67, 114.42,

periodically and replaced prior to a final decanting and drying under 113.93, 105.86, 100.76, 100.74, 69.86, 66.85, 64.49, 64.17, 53.40, 50.58,

high vacuum to give 0.14 g (68%) &thSe-12 as a colorless glass:  30.73, 29.68, 29.22, 24.05; MALDI-TOF M®yz 1558.6 (Calcd for

1H NMR (500 MHz, CDC}) 6 7.45-7.48 (m, 24 H), 7.197.24 (m, CosHoc01°Se + H,0: 1558.6).

36 H), 6.98 (d, 6 HJ =9 Hz), 6.84 (d, 6 HJ = 9 Hz), 6.66 (s, 6 H), Uncatalyzed Reactions of HO, and Bromide in pH-6 Phosphate

6.51-6.54 (m, 15 H), 6.33 (s, 6 H), 4.944.93 (m, 18 H), 4.00 (t, 24 Buffer. A. Preparative Runs. Sodium bromide (6.63 g, 0.064 mol)

H, J = 6 Hz), 3.04 (t, 24 HJ = 7 Hz), 2.09-2.13 (m, 27 H);'*C was added to a stirred (constant-rate, overhead stirrer at 50 rpm with

NMR (75 MHz, CDCE) ¢ 160.16, 160.09, 156.78, 142.08, 139.52, a 1.0" stirblade), two-phase mixture of 4.10 g (0.050 mol) of

139.05, 132.56, 129.97, 129.66, 129.09, 126.86, 113.97, 106.43, 105.93cyclohexene in 20 mL of C¥Ll, and an aqueous phase of 20 mL of
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pH-6 phosphate buffer (0.1 M) and 12 mL of 30%®4 (100 mmol) of 4.10 g (0.050 mol) of cyclohexene, diphenyl ether (20 mg, 1 mg/
in a constant-temperature bath held to 296.@.1 K. After 24 h (7 mL), and catalyst (0.008 to 0.05 mmol) in 20 mL of &, and an
half-lives), the ratio of products was determined by gas chromatography aqueous phase of 20 mL of pH-6 phosphate buffer (0.1 M) and 12 mL
and, following concentration, byH NMR. The molar quantity of of 30% H0O, (100 mmol) in a constant-temperature bath held to 296.0
brominated products was determined to be (2t26.06) mmol of18 + 0.1 K. The organic layer was sampled periodically by gas chroma-
and19in a 45:55 ratio for duplicate runs. tography, and the rate of appearance of the brominated prod8cts

B. Kinetic Runs. Sodium bromide (6.63 g, 0.064 mol) was added and19 was compared to that of the internal standard. Infinity points
to a stirred (constant-rate stirrer as described above), two-phase mixtureyere determined from the preparative runs.
of 4.10 g (0.050 mol) of cyclohexene and diphenyl ether (20 mg, 1 1nover Numbers with PhSe—12. Sodium bromide (6.63 g, 0.064
mg/mL, inert to reaction conditions) in 20 mL of GBl, and an aqueous ) \yas added to a stirred (constant-rate stirrer as described above),
phase of 20 mL OT pH-6 phosphate buffer (0.1 M) and 12 mL of 30% two-phase mixture of 4.10 g (0.050 mol) of cyclohexene and catalyst
H>0O, (100 mmol) in a constant-temperature bath held to 296@ 1 (30.2 mg, 8.00 mmol) in 20 mL of C4l, and an aqueous phase of
K. The organic layer was sampled period_ically by gas chromatography, 20 mL of’ pH-6 phosphate buffer (0.5 M) and 12 mL of 30%CH
and the rate of appearance of the brominated prpd!ﬁ_:tmd 1.9 was (100 mmol) in a constant-temperature bath held to 236001 K. Every
compared to that of the internal standard. The infinity point for the 0.5 h, additional 12-mL (100 mmol) aliquots of 30%®} were added
pseudo-first-order kinetics (consta_nt bromide concentration of 2.0 M) tc; a t’otal of 500 mmol of KDs. The organic phase was concentrated
was 2.25 mmol from the preparative runs. and the products were separated by chromatography on silica gel eluted

Initial Rates of Dioxygen Formation. Rates of dioxygen formation . . .
were monitored using an OM-1 biological oxygen meter connected to W'E?f’;{or:rtn%?)co'agexanes to give 1.64 g (4.8 mmol)id and 2.02

a microprobe (Microelectrodes, Inc., Londonderry, NH). A solution of g
20 mL of pH-6 phosphate buffer (0.1 M) and 12 mL of 30%C4 A second reaction without catalyst was similarly charged wg®H
(100 mmol) was sparged with nitrogen to reduce the amount of and the products were isolated 3.5 h following the initial addition of
dissolved Q. Reaction was initiated by the addition of 6.63 g (64 mmol) NaBr. The organic phase was washed with cold sodium bisulfite to
of NaBr. The rate of dioxygen formation was calculated directly from reduce any kD, present, dried, and concentrated. The products were
a plot of the percent dioxygen in the buffer solution versus time using Separated by chromatography on silica gel eluted with 3% EtOAc in
an oxygen concentration of 2.47 104 M in air-saturated water as  hexanes to give 0.052 g (0.22 mmol) 18 and 0.045 g (0.25 mmol)

the standard. An initial reaction velocity of (2430.1) x 104 M st of 19.
was determined from triplicate runs.
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