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Abstract: The synthesis, structure, and thiol peroxidase-like antioxidant activities of several diaryl diselenides
having intramolecularly coordinating amino groups are described. The diselenides derived from enantiomerically
pureR-(+)- andS(—)-N,N-dimethyl(1-ferrocenylethyl)amine show excellent peroxidase activity. To investigate
the mechanistic role of various organoselenium intermediates, a detailed in situ characterization of the
intermediates has been carried out Bge NMR spectroscopy. While most of the diselenides exert their
peroxidase activity via selenol, selenenic acid, and selenenyl sulfide intermediates, the differences in the relative
activities of the diselenides are due to the varying degree of intramolecutaNSeteraction. The diselenides
having strong Se-N interactions are found to be inactive due to the ability of their selenenyl sulfide derivatives

to enhance the reverse GPx cycle (RSeSR,0, = RSeOH). In these cases, the nucleophilic attack of thiol
takes place preferentially at selenium rather than sulfur and this reduces the formation of selenol by terminating
the forward reaction. On the other hand, the diselenides having weakiSateractions are found to be more

active due to the fast reaction of the selenenyl sulfide derivatives with thiol to produce diphenyl disulfide and
the expected selenol (RSeSRPhSH= PhSSPht RSeH). The unsubstituted diaryl diselenides are found to

be less active due to the slow reactions of these diselenides with thiol and hydrogen peroxide and also due to
the instability of the intermediates. The catalytic cyclesl8fand 19 strongly resemble the mechanism by
which the natural enzyme, glutathione peroxidase, catalyzes the reduction of hydroperoxides.

Introduction Scheme 1.Proposed Catalytic Mechanism of Glutathione
] . . Peroxidase
Glutathione peroxidase (GPx) is a well-known selenoenzyme

that functions as an antioxidahfThis selenoprotein catalyzes

the reduction of harmful peroxides by glutathione and protects

the lipid membranes and other cellular components against

oxidative damage. The enzyme catalytic site includes a sele- E-Se-H
nocysteine residue in which the selenium undergoes a redox
cycle involving the selenol (ESeH) as the active form that
reduces hydrogen peroxides and organic peroxides. The selenol
is oxidized to selenenic acid (ESeOH), which reacts with E.Se.5.G

reduced glutathione (GSH) to form selenenyl sulfide adduct GSH H20

(ESeSG). A second glutathione then regenerates the active form

of the enzyme by attacking the ESeSG to form the oxidized as a selenol, the selenium was found to exist as a seleninic acid
glutathione (GSSG) (Scheme 1). Thus, in the overall process,[E-SeQH] in the crystals of human plasma GPx. This suggests
2 equiv of glutathione are oxidized to the disulfide and water, that the seleninic acid (ESeB) can also be formed in the
while the hydroperoxide is reduced to the corresponding alcohol. presence of high concentrations of hydroperoxide, but it is
The crystal structure of human plasma GPx has been determinedelieved to lie off the main catalytic pathway.

and crystallographically refined at 2.9 A resolutfolm contrast Recently, some simple organoselenium compounds have been
to the bovine cellular enzyme where the selenium atom exists shown to mimic the GPx activity in vitro. Among them the most
promising drug was Ebselen (PZ 51, 2-phenyl-1,2-benzoiso-
I Department of Chemistry, Indian Institute of Technology. selenazol-3-(R1)-one,1), a heterocyclic compound that functions

s Eg’&f;znﬁﬁ%rgf;"e’ Indian Institute of Technology. as an antioxidarit.After the discovery of this exciting com-

(1) (a) FloHeL.; Loschen, G.; Guzler, W. A.; Eichele, EHoppe-Seyler's pOUnd, several other mimetics have been reported which include

Z. Physiol. Chem1972 353 987. (b)Selenium in Biology and Human  the Ebselen analoguédyenzoselenazolinonésselenenamide
Health Burk, R. F., Ed.; Springer-Verlag: New York, 1994 (c) Flohe, L.
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Curr. Top. Cell Regul1985 27, 473. (d) Tappel, A. LCurr. Top. Cell. (3) (a) Muler; A.; Cadenas, E.; Graf, P.; Sies, Biochem. Pharmacol
Regul 1984 24, 87. (e) Epp, O.; Ladenstein, R.; Wendel, Bur. J. 1984 33, 3235. (b) Wendel, A.; Fausel, M.; Safayhi, H.; Tiegs, G.; Otter,
Biochem 1983 133 51. | R. Biochem. Pharmacol1984 33, 3241. (c) Parnham, M. J.; Kindt, S.
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(2)%2 and related derivative®, diaryl diselenideg, various activity.13 Although the large difference in the activities b8
tellurides and ditelluride%, and the semisynthetic enzyme and 19 as compared witt8 was ascribed to the presence of
selenosubtilisiif. The diaryl diselenides3( 4, 5) with basic both the redox-active group and the amino nitrogen, the actual
amino groups have attracted much attention as GPx mimicsrole of the nitrogen atom in these compounds could not be
because the SeN intramolecular nonbonded interactions (i) delineated from the kinetic data. It was also not clear why the
activate the SeSe bond toward the oxidative cleavage, (ii) diselenides which have strong-S&l interactions were inactive
stabilize the resulting selenenic acid intermediate against furtherin the catalytic process. It is, therefore, still a matter of debate
oxidation, and (iii) enhance the nucleophilic attack of the thiol whether and to what extent the -S& interactions contribute

at the sulfur rather than selenium compared with unsubstitutedto the GPx activity. To this end, we have undertaken a detailed
phenylselenyl sulfidé.Hilvert et al. have also reported that a mechanistic study to investigate the role of amino groups in
basic histidine residue at the active center of selenosubtilisin the catalytic cycle of diselenides. In this article, we describe
facilitates the reduction of selenenyl sulfide to selenolate with the use of ’'Se NMR spectroscopy to identify the intermediates
thiols1 In GPx, GIn79 and Trp153 may play such a role, as involved in the catalytic cycle and the role of amino groups in
these are located within hydrogen-bonding distances to thethe activation of intermediates in addition to the detailed
selenium atom [Cso45 S$eN(GIn79) 3.5 A; Cso45 synthesis, structure, and kinetic studies of the diselenides. We
Se--N(Trp153) 3.6 AJ2 More recently, a new class of dis- also attempt to delineate the basic difference in the mechanism
elenides containing an oxygen atom in close proximity to by which the amino-substituted diselenides catalyze the reduc-

selenium 6—11) have been reported as GPx mimitalthough

the Se--O interactions were shown to increase the catalytic
activity, diselenidel0 in which the Se-O interactions are
expected to be strong has exhibited only 50% of the activity of
compound6. Compound11 containing an electron-donating
substituent (methoxy group) in the para-position showed the
highest activity of the series.

In continuation of our work on intramolecularly coordinated
organochalcogenig,we reported, in a preliminary communica-
tion, the GPx activity of a series of diaryl diselenides having
intramolecular Se-N interactions. It was found that the
diselenides Z0—22) which have quite strong SeN intra-

molecular interactions were less active whereas the diselenides

(18, 19) which have a built-in coordinating basic amino group
but did not have Se-N interactions showed excellent GPx

(4) (a) Jacquemin, P. V.; Christiaens, L. E.; Renson, M. J.; Evers, M. J.;
Dereu, N.Tetrahedron Lett1992 33, 3863. (b) Chaudie're, J.; Yadan,
J.-C.; Erdelmeier, I.; Tailhan-Lomont, C.; Moutet, M.@xidative Processes
and AntioxidantsPaoletti, R., Ed.; Raven Press: New York, 1994; p 165.
(c) Chaudie're J.; Moutet, M.; d'Alessio, P. C. Boc. Biol.1995 189,
861. (d) Sies, HFree Radicals Biol. Med1993 14, 313.

(5) Galet, V.; Bernier, J.-L.; Hachart, J.-P.; Lesieur, D.; Abadie, C.;
Rochette, L.; Lindenbaum, A.; Chalas, J.; Renaud de la Faverie, J.-F.;
Pfeiffer, B.; Renard, PJ. Med. Chem1994 37, 2903.

(6) (a) Back, T. G.; Dyck, B. PJ. Am. Chem. Sod 997, 119, 2079. (b)
Reich, H. J.; Jasperse, C. .Am. Chem. S0d.987, 109, 5549.

(7) (@) Wilson, S. R.; Zucker, P. A.; Huang, R.-R. C.; SpectorJA.
Am. Chem. S0d 989 111, 5936. (b) Iwaoka, M.; Tomoda, 8. Am. Chem.
Soc 1994 116, 2557. (c) Spector, A.; Wilson, S. R.; Zucker, P. A. U.S.
Patent 5,321,138 (C1.54@24; C07C37/02) 1994 hem. Abstr1994 121,

P 256039r. (d) Iwaoka, M.; Tomoda, &.Am. Chem. So&996 118 8077.

(e) Welter, A.; Fisher, H.; Christiaens, L.; Wendel, A.; Etschenberg, E.;
Dereu, N.; Kuhl, P.; Graf, E. European Patent Application EP 198277B1,
1989;Chem. Abstr1987 10605), 032613A;Chem. Abstr1987 106(11),
084181C. (f) Spector, A.; Wilson, S. R.; Zucker, P. A.; Huang, R. R.;
Raghavan, P. R.ens Eye Tox. Re4989 773.

(8) (@) Engman, L.; Stern, D.; Cotgreave, I. A.; Andersson, C.JM.
Am. Chem. S0d 992 114, 9737. (b) Engman, L.; Stern, D.; Pelcman, M.;
Andersson, C. MJ. Org. Chem1994 59, 1973. (c) Vessman, K.; EKsto,

M.; Berglund, M.; Andersson, C. M.; Engman, L..Org. Chem1995 60,
4461.

(9) (&) Wu, Z.-P.; Hilvert, DJ. Am. Chem. Sod 989 111, 4513. (b)
Wu, Z.-P.; Hilvert, D.J. Am. Chem. S0d99Q 112 5647.

(20) (a) Bell, I. M.; Fisher, M. L.; Wu, Z.-P.; Hilvert, DBiochemistry
1993 32, 3754. (b) Bell, I. M.; Hilvert, D.Biochemistryl993 32, 13969.

(11) Wirth, T. Molecules1998 3, 164.

(12) (a) Kaur, R.; Singh, H. B.; Butcher, R. Qrganometallics1995

14, 4755. (b) Kaur, R.; Singh, H. B.; Patel, R. .Chem. Soc., Dalton
Trans.1996 2719. (c) Menon, S. C.; Singh, H. B.; Patel, R. P.; Das, K;
Butcher, R. JOrganometallics1997, 18, 563. (d) Mugesh, G.; Singh, H.
B.; Patel, R. P.; Butcher, R. [horg. Chem1998 37, 2663. (e) Panda, A.;
Mugesh, G.; Singh, H. B.; Butcher, R.Qrganometallics1999 18, 1986.
(f) Mugesh, G.; Singh, H. B.; Butcher, R.Tetrahedron: Asymmeti}999
10, 237. (g) Mugesh, G.; Panda, A.; Singh, H. B.; Butcher, RCdem.
Eur. J.1999 5, 1411. (h) Mugesh, G.; Singh, H. B.; Butcher, REir. J.
Inorg. Chem.1999 1229. (i). Mugesh, G.; Singh, H. B.; Butcher, RJJ.
Organomet. Cheml999 577, 243.
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Results and Discussion

Synthesis.Diselenides3,12b 1814 19,14 and 23'5 used in the
present study were prepared according to literature methods.
Diselenidel2 was synthesized frombromobenzaldehyde. The
reaction ofo-bromobenzaldehyde with ethylene glycol afforded
the protecte@d-bromobenzaldehyde acet@Wj. Ortho lithiation
followed by selenium insertion and then oxidative workup gave
a yellowish viscous liquid from which pale yellow solid was
obtained upon cooling (Scheme 2). The synthesis of compound
13 was first approached by the organolithium route. Addition
of n-BuLi to an ethereal solution of 2-bromotért-butyl-m-
xylene @6)16 produced a white precipitate of the lithiated
compound. Since all attempts for the insertion of Se into the
C—Li bond were unsuccessful, we decided to synthesize the
desired compound by the Grignard route. Reactio@6ivith
magnesium turnings produced arylmagnesium bromi#g. (
Addition of selenium powder followed by oxidation afforded
the desired diselenid&@3 as an orange solid in good vyield.
Dinaphthyl diselenidel5 was synthesized from commercially

(13) Mugesh, G.; Panda, A.; Singh, H. B.; Punekar, N. S.; Butcher, R.
J.Chem. Commuril998 2227.

(14) (a) Nishibayashi, Y.; Singh, J. D.; Uemura, S.; Fukuzawa, S.
Tetrahedron Lett 1994 35, 3115. (b) Nishibayashi, Y.; Singh, J. D,;
Uemura, S.; Fukuzawa, S. Org. Chem1995 60, 4114.

(15) Engman, L.; Hallberg, AJ. Org. Chem1989 54, 2964.

(16) Tashiro, M.; Yamato, TJ. Chem. Soc., Perkin Trans1979 176.
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Scheme 2.Synthetic Routes to the Syntheses of Diselenides Table 1. Initial Reduction Ratesi)? of H,O, (3.75 mM) with
12, 13, and20—22 PhSH (1 mM) in Methanol (solvent) in the Presence of Various
Selenium Catalysts (0.01 mM)

0 o o
j j ] entry catalyst vo,LuM-mint
o (i) n-BuLi o _o, o
(ii) Se powder Selii H20 se none 0.15(0.04)
12

Br a
24 2 b 12 5.84(0.15)
c 13 inactive
d 14 0.55(0.18)
pr MEMIRE S MeBr %r’ Sey 1? fEl JZ g(nl?fmine 33;186352)65322))
2 i . c
2 g 15 5.32(0.58)
2 27 13 h 16 3.39(0.37)
o o i 16 + §—) amine 5.78(0.79)
o :
i 17 36.10 (0.12)
¢ LR & R X MR
AT e Yoo T navm,
(i) Se powder SeLi e m 19 466.49(28.26)
28, R=R'=Me 30,R=R'=Me 20,R=R'=Me n 20 inactive
29 R=EtLR'=H 3SLR=ELR=H 21, R=ELR'=H 0 21 inactive
p 22 inactive
q 23 0.35(0.09)

SeLi MesN

Me> MepN Se)z-
(@) w-Buli ol 2Obtained by LineweaverBurk plots.? Standard deviations are
@@ ) 5 powdr @@ o @@ shown in parenthese$S-(—)-N,N-Dimethyl(ferrocenylethyl)amine.
- 3 = of selenium and the basic amino nitrogen did not enhance the
rate since the relative initial reduction rate of the mixed case
was almost equal to the sum of those in the individual cases
(3.71+ 0.70uM-min~1). There was a significant improvement
in the activity when the phenyl groups i were replaced by

available 1-bromonaphthalene by the Grignard route. Com-
pounds16 and 17 were synthesized according to literature
methods with minor modification:18 Monolithiation of fer-
rocene was achieved by the addition of t-BuLi to a solution of ; _

. . - a redox active ferrocenyl grouf6 (entryh, vop = 3.394+ 0.37
ferrocene in THF at OC which was further reacted with finely M-min-1). As expecte()j/ ?he rp;?e( obs)(/arvéjg by the addition of

ground selenium to give the lithium areneselenolate. Oxidative N-dimethyl(ferrocenylethyl)amine tb6 (entryi, 5.78+ 0.79
workup of the lithium areneselenolate then gave the diferrocenyl «M-min-1) was almost equal to the sum of their rates in the

d@selenide .17) in moderate yielc_i. Monoli_thiation ON,N- individual cases (6.5% 0.45x4M-min—1). However, the amino-
d|methqum|no_methylferrocene \.N'th. n-BuLi in ether followed substituted diferrocenyl diselenidd? showed much better
by selenium insertion and oxidative workup affordéd. activity (entryj, 36.10+ 0.124M-min-1).

Heteroatom-directed lithiation of 4,4-dimethyl-2-phenyloxazo-

. . The initial rate in th f talline Wilson’s catalyst
line (28), R-(—)-4-ethyl-2-phenyloxazoline2g), and 8-8,N- e initial rate in the presence of crystalline Wilson’s catalys

. A ) ! (3), which has been previously used as a liquid or HCI %alt,
dimethylamino)-1-naphthalen8%) with n-BuLi followed by was 28.38+ 3.88 uM-min~t (entry k). Surprisingly, under

Zglenium iqselrtig)n and oxidative workup affora2d 21, and similar conditions, the initial rates for diselenid&8 and 19

’C;etz?ﬁg“fcﬁ.vity The catalytic activity was studied ac were 574.01E 23.98 (entryl) and 466.49+ 28.26 (entrym)
cording to the method reported by Tomoda ef’®alising #M-min*, respectively. Diselenide80, 21, and22 in which

. . . _— the Se--N interactions are very strong did not show any

benzenethiol (PhSH) as a glutathione alternative. The initial rates  viceable activity by this method. Compoub® which has a
(IZ;O) for the redu?tlon of KO, (3'|75 mMO) gi/ th',(\)/: a li) in strong electron-donating substituent in the para position, was
the presence of various catalysts ( HLm ) (eq 1) were also found to be inactive even when a 10-fold excess amount
qletermlned in methanol medium by monitoring the UVlabs.orp- of the catalyst was used (entgy. This is in agreement with
tion at 305 nm due to the formation of diphenyl disulfide the report of Wirth! and Engman et dl.that all bis ortho-

(PhSSPh). substituted diselenides are less active. The activity of compound
catalyst 12, which exhibits Se-O nonbonded interactions [Se(14)
H,0, + 2PhSH—— 2H,0 + PhSSPh 1) O(1A) 3.006 A; Se(1B)-O(1B) 2.940 A] in the solid state,
was almost equal to that @b. Diselenide23, which was shown
The relative activities of the compounds are summarized in to be more active than Ebsel&was found to be less active
Table 1. The uncatalyzed reduction rate was very slow (entry than other diselenides. The low activity 8 is probably due
a, vo= 0.15+ 0.04uM-min~Y), but a considerable enhancement to the fact that the presence of a secondary amino group in the
in the rate was observed when the simple diseleddlevas ortho position leads to the formation of a cyclic selenenamide
added (entryd, vo = 0.554 0.18 uM-min~1). There was no and then a stable selenenyl sulfide, which in turn reacts with
noticeable effect on the reduction rate when only ferrocene wasthiol very slowly to give the disulfidés
used as catalyst. Howeveét,N-dimethyl(ferrocenylethyl)amine, A dramatic increase in the initial reduction ratel&and19
a ferrocene compound containing the basic amino group, showedcompared with other catalysts may be ascribed to the synergistic
a much better activity (entrg, vo = 3.16 + 0.52uM-min~?1). effect of amino substituents and the redox-active ferrocenyl
Although there was a slight enhancement in the rate by the groups. While compound6 is much more reactive thai,
addition ofN,N-dimethyl(ferrocenylethyl)amine along witt¥ the observation thatl6, which also has the redox-active
(entryf, vo = 3.834 0.32uM-min~1), the cooperative effects  ferrocenyl group, is much less reactive thehand 19 clearly
(17) Herberhold, M. Leitner, FI. Organomet, Chen1987, 336, 153, suggests t.hgt the nearby nitrogen moie_ty should be responsible
(18) Gornitzka, H.; Besser, S.; Herbts-Irmer, R.; Kilimann, U.; Edelmann, for the activity enhancement dB and19in the present redox
F. T.J. Organomet. Cheni992 437, 299. system. On the other hand, although compoubidsl8, and
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Figure 1. A representative plot of initial ratesud) at different w

concentrations of the substrate and at 0.01 mM of catdl§sfThe 0 ———
initial H,O, concentration was fixed at 3.75 mM. 0.0 02 04 0.6 08 10
10 1/[PhSH] (mM 1)
1 Figure 3. Lineweaver-Burk plots obtained for the model reaction in
the presence of 0.062.01 mM of19. The initial H,O, concentration
8 (18]=0.002 mM was fixed to 3.75 mM.
= 250
g
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Figure 2. LineweaverBurk plots obtaineq fqr the model reactiqn in Figure 4. Plot of initial rates () at 0.01 mM of catalysB against the
the presence of 0.06.01 mM of18. The initial O, concentration g bstrate concentration. The initiab® concentration was fixed to
was fixed to 3.75 mM. 3.75 mM.

19 have similar amino groups and ferrocenyl units, the large lower than those for3 (28.91 + 0.03 mM) under similar
increase in the activities of8 and 19 as compared witH7 conditions, thus indicating a much stronger affinity of the
indicates that the stabilizing interactions between selenium andcatalysts {8 and19) for the substrate. From thea (117.23+
the nitrogen atom may differ during the catalytic process. 2.45 mim* for 18 and 169.85+ 1.38 min* for 19) and K
Kinetics. To probe the mechanism by which diselenid@s  values, the catalytic efficienciesy) of 18 and 19 were
and19 promote the peroxidase reaction, detailed kinetic studies determined to be 64.78 0.95 and 87.8% 0.75 mM ! min™1,
were undertaken. The plot of initial rates against the catalytic respectively, whereas the catalytic efficiency was only
concentration gave a straight line, which indicated that the 2.98+ 0.07 mM™* min~*. Moreover, in contrast to the behavior
peroxidase activity is linearly proportional to the concentration of 18 and 19 which showed saturation kinetics at higher
of catalysts. When the concentration of cataly$8)(was concentrations of PhSH (Figure 1), saturation kinetics was not
maintained constant while substrate concentration [PhSH] wasobserved foB (Figure 4). This indicates that the rate becomes
increased, a rapid increase of rate was observed in the initialmaximum for3 only at higher concentrations of PhSH compared
stages; however, when the substrate concentration was increasedith H2O». In other words, the reaction proceeds forward (eq
further, the rate became constant (Figure 1). At the same time,2) only when the concentration of PhSH exceeds the concentra-
when the concentration of catalyst was increased, the ratestion of H,O.. At a lower concentration of thiol, the backward
become very high for higher concentrations of PhSH. From this reaction may become more favorable than the forward reaction.
observation it is clear that the catalystbstrate complex  This assumption is indeed proved B{8e NMR experiments
(RSeSPh) does certainly exist during the catalytic cycle, which (vide infra).
is similar to the one shown in Scheme 1 where the rate depends PhSH PhSH
on the concentration of ESeSG. Double-reciprocal plots (Line- RSeOH< "5~ RSeSPh— RSeH+ PhSSPh  (2)
weaver-Burk plots) of initial rate vs substrate concentration
yielded families of linear lines (Figures 2 and 3). The parallel ~ Mechanism. To know the detailed mechanism of the per-
lines correspond to different concentrations of the catalyst and oxidase reaction we next set out to (i&8e NMR spectroscopy
indicate that the rates increase linearly with the concentration since 7’Se is a very sensitive NMR nucleus and it is easily
of the catalyst. The apparent kinetic parameters obtained atinfluenced by its chemical environment. Moreover, all three
several PhSH and 4@, concentrations are summarized in Table major intermediates, i.e., RSeH, RSeOH, and RSeSPh, are
2. Itis worth noting that the Michaelis constat,() values for expected to show large differences in their chemical shift values.
18 (1.81 4+ 0.10 mM) and19 (1.93 + 0.09 mM) were much Compoundsl8 and 20 were chosen to investigate the basic
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Table 2. The Maximum Velocity ¥may), Michaelis ConstantK,), Catalytic Constantki.), and Catalytic Efficiencys) for Catalystsl8 and
19 at Different Concentrations

Vmax (MM+-min~?) Km (MM) Keat (Min~2) 7 (MM~1min~Y)
entry [18] and [19] (mM) 18 19 18 19 18 19 18 19
a 0.001 0.044 0.049 1.03 1.38 44.30 48.60 42.97 35.17
b 0.002 0.320 0.194 1.67 1.59 160.04 97.02 95.61 60.94
c 0.004 0.543 0.422 1.54 1.26 135.73 105.61 87.97 84.01
d 0.006 0.651 0.623 1.45 1.44 108.50 103.77 74.67 71.91
e 0.008 1.066 1.069 2.61 1.99 133.15 133.61 50.94 67.24
f 0.010 1.172 1.699 1.81 1.93 117.23 169.85 64.70 87.87
selenenyl sulfide derived fromd (0 571.9 ppmYP In this
particular case, the strength of the-SM interaction was
evaluated to be 73.2 4.5 kJ/mol by variable-temperatutel
NMR spectroscopy. The relatively stronger-SH interaction
@ in 35is probably due to the rigidity of the oxazoline ring which
is involved inst-conjugation with the phenyl ring. In agreement
T T - T T T o~ with this, a recent report by Tomoda et al. has shown that the
640 620 600 580 560 540 520 Se--O interaction in 2-formylbenzeneselenenyl sulfide is much
stronger than that of 2-hydroxymethylbenzene selenenyl sulfide
due toz-conjugation between the formyl group and the phenyl
ring in the former derivativé? When diselenid®0 was treated
with 1 equiv of PhSH, we were unable to detect the appearance
(b) of any signal expected for the selendHl]. An authentic sample
; of 34 ("7Se NMR 6 9.9 ppm;Jse- = 20.3 Hz) was prepared
r T 71/ Y for comparison by reduction d20 with sodium borohydride,
600 560 560 T 450 440 pem followed by acidification with dilute HCI. The chemical shift
of 34is close to the value reported for the selenol derived from
5 (0 22 ppm)’ Although 34 was not observed from the reaction
of 20 with PhSH, we postulate that the selenol formed during
this process may get readily oxidized to the diselenide in the
© presence of air as evidenced by a strong signal at 449.2 ppm
for the diselenide. However, a large upfield shift in the signal
1220 1210 1200 1190 /650 600 PPm of selenol compared with the chemical shift of PhSeH (145.0
ppmy?! further indicates the presence of significant negative
charge on the selenium atom.
When an equimolar amount of,8, was added immediately
after the addition of PhSH to the diselenide, a new signal was
(@) observed at 1206.1 ppm, which corresponds to the selenenic
acid 36. This suggests that the oxidation of selenol witfOxl
initially leads to the formation of selenenic acid. Since the
620 610 600 590 580 PPm formation of seleninic acid 37) and selenonic acid3g)
Figure 5. Room temperatur&Se NMR spectra in 1:1 CDECHs- intermediates is also possible at a higher concentrationO$,H

OH: (a) isolated5, (b) a 1:4 mixture oB5and PhSH, (c) a 1:1 mixture  the direct observation of these products was undertaken starting
of 35and HO,, and (d) a 1:1 mixture d5and 4-methoxybenzenethiol. ~ from diselenide20. When 20 was treated with an equimolar

) . ) ) amount of aqueous #,, a single absorption peak due 36
difference between the activities of th_e diselenides. Compound was observed at 1206.1 ppm. However, when an excess amount
20belongs to the category of less active compounds which has ¢ H,O, (4 equivalent) was added to the solution, initially the
very strong Se-N interaction whereas compouri® belongs peak due tB6 appeared followed by two additional signals at
to the category of more active compounds in which there is no 1149 1 and 1138.9 ppm probably due to the formation of other
Se--N interaction. Reactions were followed BiSe NMR for more oxidized products such as seleninic a8ig) &nd selenonic

0—10 min. The signals, generally, appeared within a minute 5.4 (38), respectively. Thé’Se NMR chemical shift 086 is
and did not change positions with passage of time.

Reactions of Diselenide 20 with Thiol and Peroxidezrom %
the time of appearance of tHéSe NMR signals, the reaction ~ /Y M X=H 35X=sPh
of 20 (6 449.2 ppm) with PhSH was found to be extremely @:: o X osh
fast. Reaction of20 with an excess of PhSH afforded the
expected selenenyl sulfidgs (574.5 ppm) whosé’Se NMR
chemical shift position was confirmed by its independent
synthesis (Figure 5a). The signal 85 shifted downfield by
48.5 ppm from that of PhSeSPh (526.0 ppfh)strongly
suggesting the existence of -S& nonbonded interaction. A

similar interaction has been observed by Tomoda et al. in the (20) Komatsu, H.; Iwaoka, M.; Tomoda, Shem. Commuri999 205.
(21) McFarlane, W.; Wood, R. J. Chem. Soc. A972 1397.

(29) Luthra, N. P.; Dunlap, R. B.; Odom, J. D. Magn. Reson1982 (22) Reich, H. J.; Willis, W. W.; Wollowitz, STetrahedron Lett1982
46, 152. 23, 3319.

X

significantly downfield shifted compared with that af-
nitrobenzeneselenenic acid (1066 pghand is close to the
value reported for the selenenic acid derived frén1173
ppmY® thus indicating a strong SeN interaction. Addition of
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Scheme 3 Scheme 4

% Hy02
N
\
SeH 4- MeOC6H4SH©fL 4. MeOC6H4SH©fL o se—H H0
SeSPh * ppsn s-@- \'X 34
N 0
M50‘©—SSP}1 Se \;X

20 2 HzQz/\
PhSH (1 equiv) to the mixture containid and other oxidized o A "

products produced two new signals at 573.2 and 587.5 ppm. FhsH \;X

The signal at 573.2 ppm certainly can be assigne®btavhich PhSH
formed from the reaction 086 with PhSH according to the /

normal catalytic cycle outlined in Scheme 1. The signal at 587.5 PhS

ppm ,which is shifted downfield by 15 ppm compared with that
of 35, indicates the possibility of a reaction of PhSH with other reactions at Se are normally rapid. However, from the thiol
oxidized products such &7 and38. Since the signal due to  interchange and fast backward reaction8®&nd40with H,O5,
seleninic acid37) at 1149.1 ppm disappeared completely upon we postulate that the conversion of selenenic acid to selenenyl
thiol addition, we suggest a seleninic acid thiol es8&,as an sulfide is a reversible process. This hypothesis was further
intermediate in the reaction 87 with PhSH. The formation of  proved by UV spectroscopy by following the absorbance at 305
seleninic acid thiol ester is consistent with the report of Engman nm due to the formation of PhSSPh. When pabevas treated
et al. that the oxidative activation of selenosulfide withOA with 1 equiv of PhSH, there was no increase in the absorbance.
affords the thiol ester as primary oxidized prodii€he reaction The reaction mixture gave an UV spectrum that was identical
of 37 with PhSH is analogous to the observation of Kice et al. with the spectrum of pur85. In contrast, the addition of 4D,
that benzeneseleninic acid reacts rapidly with 3 equiv of thiol to 35produced a new absorption band, which indicates that the
to give corresponding selenenyl sulfide (PhSeSR) and disulfide reaction of35 with H,O; is the favored process.
(RSSR) under a variety of conditioAThe addition of HO; On the basis of these experiments, we propose the following
to the mixture containin@0 and 35 produced a intense signal mechanism for the reduction of,8, with PhSH in the presence
for 36 with a considerable decrease in the intensity of the signal of 20. The initial step is the reaction @ with PhSH to produce
observed for35. The signals of20 and 35 disappeared the selenol34) and selenenyl sulfide3p). The oxidation of34
completely when an excess ot®, was added. This indicates by H,O, produces the selenenic acigbf, which in turn reacts
that both these compounds react withGd to produce the rapidly with PhSH to produc85. Compound35 thus formed
selenenic acic6. reacts rapidly, due to the presence of strong-8kinteraction

The addition of an excess of PhSH to the diseler@felid with H,O, to regenerat@6 (Scheme 4). The catalytic cycle is
not give any signal for the selenol, which indicates that the therefore completely different from the one shown in Scheme
selenenyl sulfide35) formed during the reaction is relatively 1.
stable and is inactive toward further reaction with PhSH. The  Reactions of Diselenide 18 with Thiol and PeroxideAfter
inability of 35 to produce selenol3d) by reaction with PhSH proving the mechanism of diselenid?, we subsequently
has also been confirmed from the reaction of isol&8Bdavith proceeded to study the catalytic mechanism of more active
PhSH. When pur@5 was treated with 1 equiv of PhSH under compound18. All 7’Se NMR experiments were repeated for
identical experimental conditions, no signal was detected for 18 under identical conditions. The 1:1 molar reactior18{453
the selenol or diselenide. A signal at 445.7 ppm for the ppm) with PhSH produced the expected selenenyl sul#@g (
diselenide was detected in very low intensity when the reaction but the signal due to selenctl) was not observed, probably
mixture was kept for a long time with an excess of PhSH (Figure due to its oxidation td.8in the presence of air. However, when
5b). Importantly, whei35was treated with an equimolar amount a second equivalent of PhSH was added, a complete conversion
of H20,, the signal due t@®5 disappeared almost completely of the selenenyl sulfide to the selenet69.0 ppmJse-v =
and a new signal at 1204.9 ppm due to the selenenicZ&id 29.3 Hz) was observed. A drastic upfield shift compared with
was observed (Figure 5c). Althoudb is formed during the the chemical shift of benzeneselenol (145 ppm) and with that
catalytic cycle, it goes back to the selenenic acid s&fevwhen of 34 strongly suggests that the selenol is mostly dissociated in
excess HO, is present (reverse GPx cycle). This clearly solution. The selenenyl sulfide is, therefore, reduced to selenolate
indicates that the strong SeN interaction in35 increases the ~ (RSe), as its chemical shift agrees well with that reported for
electrophilic reactivity of the selenium, which enhances a deprotonated selenocysteamine€2(2 ppm, pH 7.1%* reduced
nucleophilic attack of OH at selenium instead of the nucleo- selenosubtilisin €215 ppm, pH 7.0%> and reduced and
philic attack of PhS at sulfur’d To prove this hypothesis, a denatured GPx 212 ppm, pH 8§ As in the case of
crossover experiment was carried out in which p8fwas selenosubtilisin, we presume that the increased stabilization of
treated with 4-methoxybenzenethiol under identical experimental the selenolate is a result of interactions with th@mino
conditions (Scheme 3). THéSe NMR spectrum of the reaction ~ substituent. It must be noted that in contrasB® there is no
mixture showed a signal at 611.8 ppm, which corresponds to aSe--N interaction ind2 as evidenced by a large upfield shift in
new selenenyl sulfidet0 (Figure 5d). The reaction of diselenide  the 77Se NMR (469.1 ppm) compared with that 86 (574.5
with 4-methoxybenzenethiol provided the authentic sample of ppm). Attempts to isolate selendl led to the oxidation of this
40 for comparison. Although thiol interchange is taking place species to the corresponding diseleniti8)(
by the addition of 4-methoxybenzenethiol36 with displace- - —
ment of PhSH, no conclusions can be drawn as to whether themf;%?ﬁom’ 3. D-; Dawson, W. H.; Ellis, P. D- Am. Chem. Sod979

nucleophilic attack by thiol is facile at S or Se, since redox  (25) House, K. L.; Dunlap, R. B.; Odom, J. D.; Wu, Z.-P.; Hilvert,D.
Am. Chem. Sod 992 114, 8573.
(23) Kice, J. L.; Lee, T. W. JJ. Am. Chem. S0d.978 100, 5094. (26) Gettins, P.; Crews, B. d. Biol. Chem.1991 266, 4804.
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When an equimolar amount ob8, was added to the reaction
mixture containing selenall, two signals at 452.5 and 1174.9
ppm were observed due to the formation B8 and 43,
respectively. Whenl8 was treated with PhSH and .8,

simultaneously, two signals were observed at 469.4 and 1174.9

ppm which correspond to the selenenyl sulfidé2)( and
selenenic acid43), respectively. The addition of excess®3

produced neither the overoxidized acids such as seleninic acid

(44) and selenonic acid4b) nor the overoxidized thiol ester
such as seleninic acid thiol estetg] or selenonic acid thiol
ester 47), thus indicating higher stability af2 and43 against
further oxidation. The formation af3in the presence of 4D,
was also confirmed by treating the diseleniti® with H,O..
When 18 was treated with an equimolar amount of®4, a
signal at 1174.9 ppm due to the formationd®¥was observed
whereas the signals expected #g¥and45 were not observed
even at higher concentrations of®b. Similar to the’’Se NMR
chemical shift of36 and the selenenic acid derived frdima
large downfield shift in compound!3 indicates a strong
Se--N interaction in solution when electron-withdrawirg®H

J. Am. Chem. Soc., Vol. 123, No. 5, 20845
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Figure 6. (a) UV spectrum of pur&8in CHCI; and (b-d) after gradual
addition of PhSH.

Scheme 7

HyOn H20

PhSSP!

PhSH

band due td8 at 370.5 nm disappeared upon PhSH (0.1 mM)
addition and a new band appeared at 355.5 nm due to the
formation of selenenyl sulfide42. Further addition of PhSH
produced PhSSPh as evidenced by a gradual increase in the
absorption at 305 nm (Figure 6).

From these experiments it is evident that the reaction of

groups are bound to the selenium. When PhSH (1 equiv) wasdiselenide 18) with PhSH produces selenetX) and selenenyl

added to the reaction mixture containiég the signal observed
at 1174.9 ppm fod3 disappeared completely and a new signal
at 468.9 ppm was observed for the selenenyl suld@eThese
reaction sequences are shown in Scheme 5.

Crucially, in contrast to the behavior 85, the conversion
of the selenenyl sulfide4@) to the selenenic acid4B) state

sulfide @2). The rapid reaction of1 with H,O, produces43,
which in turn reacts rapidly, due to relatively stronger-9¢
interaction compared with2, with PhSH to producd?2. Since
there is no Se-N interaction in 42, presumably due to
protonation of nitrogen base by thiol, the nucleophilic attack
of PhS™ takes place preferentially at sulfur to regeneréie

(reverse GPx cycle) was not observed even at higher concentraand thus complete the catalytic cycle (Scheme 7). Itis interesting

tions of HO,. This indicates that the nucleophilic attack of PhS

to note that the peroxidase activity of the semisynthetic enzyme

at sulfur is the favored process in this case. To prove this, two selenosubtilisin could be enhanced by protonating the His64

independent experiments were carried out in which the gRre
was treated separately with,8&, and PhSH under identical
experimental conditions. The reaction4# with H,O, did not
give any signal fod3 whereas with PhSH it produced a new
signal at 448.5 ppm which corresponds to the diseleri@g (
Moreover, wherd2 was treated with 4-methoxybenzenethiol,
no signal was observed for a new selenenyl sulfél®) put it
gave a signal at 448.5 ppm for the diselenitl8) (Scheme 6).

residue in the selenenyl sulfide (ESeSAr) fofhfor seleno-
subtilisin, NMR, crystallographic, and kinetic data all indicate
the presence of strong interactions between the deprotonated
selenium prosthetic group and the His 64 residue in the selenol
(ESeH) and seleninic acid (ESgl) species. When the histidine
side chain is protonated, the conversion of ESeSAr to'ESe
becomes more rapid.

Reactions of Unsubstituted Diselenides with Thiol and

This strongly suggests that the thiolysis of the selenenyl sulfide Peroxide.To know the mechanism by which the unsubstituted

takes place at the sulfur rather than the selenium atom. diaryl diselenides catalyze the reduction ofQ4, we have
This was also proved by UV spectroscopy by following the carried out several experiments with PhSeSeP#) @nd

absorbance at 305 nm due to the formation of PhSSPh. Whendiferrocenyl diselenidel@) under identical experimental condi-

18 (0.01 mM) was treated with PhSH (0.02 mM), an increase tions. The reaction af4 with PhSH was found to be extremely

in the absorption was clearly observed. Moreover, the absorptionslow. However, the signal due to PhSeSPh was observed in low
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intensity at 521.8 ppm, which is shifted upfield compared with
35. In contrast ta35, no signal was observed for PhSeOH or
other oxidized products when an excess eOblwas added to
the mixture containing PhSeSPh. When the PhSeSPh was treated
with another equivalent of PhSH, the intensity of the signal due ©
to PhSeSPh was reduced with an increase in the intensity of
the PhSeSePh signal. The reaction of diselenide wi®,H
produced a signal at 1216.6 ppm which can be assigned to the
overoxidized selenonic acid, PhSefOH, owing to the ready
disproportionation of benzeneselenenic acid to other oxidized
species such as PhSefOH and PhSe(QH. Since the signal
due to seleninic acid, PhSe(O)OH, is known to appear at 1152.0
ppm, the signal at 1216.7 ppm may be ascribed to the selenonic
acid. When PhSH (1 equiv) was added to this mixture, a signal

at 522.4 ppm was observed for the PhSeSPh. Although the(A) and angles (deg): Se(1AC(LA) 1.939(5) Se(1A)Se(1B)

reaction was found to be slow, this clearly indicates that the 2.3181(7); Se(1B)yC(1B) : 1.936(4); Se(1A}O(1A) 3.006(L);
selenonic acid reacts with PhSH to produce PhSeSPh. The |0WSe(1B}O,(ZB) 2.940(1); C(lA}Sel(lArSe(lB) 101.98(135;

activity of PhSeSePh can, therefore, be ascribed to the slowc(1B)-Se(1B)-Se(1A) 103.28(14); C(2A)C(1A)—Se(1A) 120.7(4);
reaction of PhSeSPh with thiol and further oxidation of selenenic C(6A)—C(1A)—Se(1A) 119.9(4); C(2ByC(1B)-Se(1B) 121.4(4);
acid to the overoxidized products due to the absence of basicC(6B)-C(1B)—Se(1B) 119.0(3).

amino groups. Reactions of compout®iwith PhSH and HO,
were found to be exactly similar to the one observedfér
However, the reaction ofl6 with PhSH was found to be
somewhat faster than that d#, which is probably responsible
for the slight enhancement in the activity D& compared with
that of 14.

Reactions of Other Nitrogen-Containing Diselenides with
Thiol and Peroxide. We have also studied the reactions of
compounds3, 17, 19, and 21 with PhSH and HO,. The
chemical shift values of the corresponding selenenyl sulfides o
are 562.3, 460.9, 468.9, and 576.3 ppm, respectively. The
addition of 1 equiv of PhSH to the well-known GPx min8c
produced two new signals at 6.6 and 562.3 ppm, which
correspond to the selenclq) and the selenenyl sulfidé&Q),
respectively. In this case the signal due to disele3i¢é25.7
ppm) disappeared completely. The signal duga¢562.1 ppm)
is shifted upfield by 13 ppm compared with that38, which
indicates that the SeN interaction in50 is weaker than that
of 35. A slight decrease in the intensity of signal due5@
upon HO, addition indicates a partial conversion of this
derivative into selenenic ackll (1163.8 ppm). This is consistent
with the report of Tomoda et al. where the selenenyl sulfide
derived from5 was partially converted to the corresponding
selenenic acid derivative by addition obGh.

H
‘NMey
@CrMez sex
eX

Fe
49 X = H; 50, X = SPh
51, X=0H

Figure 7. The molecular structure 012, Selected bond lengths
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Figure 8. The molecular structure df8. Selected bond lengths (A)
and angles (deg): Se(3(111) 1.893(7); Se()Se(2): 2.3487(12)

Se(2-C(211): 1.895(8) Se(dN(2) 3.915(5); Se(HYN(1A)
3.697(5); Se(1yN(1B) 4.296(5); N(1Ay-C(111)-N(1B) 29.31(2);
Se(2)-Se(1)-C(111) 100.6(2); Se(H)Se(2)-C(211) 100.1(2); C(115)
C(111)-Se(1) 124.4(7); C(112)C(111)-Se(1) 126.9(6); C(215)
C(211)-Se(2) 125.2(6); C(212C(211)-Se(2) 127.2(6).

10, and 11, respectively. The main feature in these structures is
the intramolecular nonbonding interactions between the het-
eroatom (N or O) and the selenium atoms. In compotd

the Se--O distances [Se(1A)»O(1A) = 3.006 A; Se(1B)-
O(1B) = 2.940 A] are significantly shorter than the sum of the
van der Waals radii (3.40 A). The average-S®@ distance
(2.973 A) is considerably longer than the 8@ distance [2.476-

52, X=H;53,X=S8Ph
54, X=0OH

Although the structure of7 is similar to that ofl8 and 19,

the NMR behavior of its derivatives was found to be different.
While the addition of PhSH produced a signal at 460.9 ppm
due to the formation of selenenyl sulfide3, the signal for the

(3) A] reported for (phenylseleno)iminoquinofeput much
closer to the average SeO distance (2.977 A) reported for
the diselenidé (R = OMe) 28 In addition to the intramolecular

selenol 62) was not observed even when an excess of PhSH Se--O interactions, some intermolecular interactions between
was added. This indicates that the unstable selenol oxidizes toSelenium atoms were also found in the crystal lattice. The
the corresponding diselenide in the presence of air. Addition Se*+Se intermolecular distance of 3.822 A is considerably
of H,0, to 17 afforded the selenenic ack# (1173.9 ppm), shorter than the van der Waals distance of these two atoms.
which was found to be unstable and decomposed over a period As can be seen from Table 3, the -8B distances in

of time to give an insoluble red precipitate. The instability of compoundsl8 and20—22 are not identical. In contrast to the
selenol and selenenic acid is probably responsible for the low other related diselenides based on aryl substrate, comgidind

activity of 17 as compared witi8 and 19.
X-ray Crystallographic Study. The ORTEP diagrams of
compoundd 2, 18, 20, 21, and22 are shown in Figures 7, 8, 9,

(27) Barton, D. H. R.; Hall, M. B.; Lin, Z.; Parekh, S. |.; Reibenspies,
J.J. Am. Chem. S0d.993 115 5056.
(28) Fragale, G.; Neuburger, M.; Wirth, Chem. Commuri.998 1867.
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Table 3. Comparison of Bond Lengths and Angles of Diseleni@l2s18, and20—22

C—Se-Se-C
compd Se-N distances (A) SeSe distances (A) SeC distances (A) dihedral angle (deg)
3 2.856, 2.863 2.357(1) 1.940(4), 1.933(4) 93.8
12 2.9402 3.006' 2.3181(7) 1.939(5), 1.936(4) 97.2
18 3.697, 4.296 2.3487(12) 1.893(7), 1.895(8) —35.46
19 3.980°4.12¢ 2.347(2) 1.891(1), 1.880(1) 94.10
20 2.705, 2.891 2.3536(8) 1.937(5), 1.946(5) 87.50
21 2.780, 2.798 2.3544(14) 1.946(9), 1.940(9) ~75.72
22 2.628, 2.652 2.383(2) 1.943(12), 1.940(13) 95.63

aSe--0O distances? Reference 14.

Figure 9. The molecular structure &0. Selected bond lengths (A)

and angles (deg): Se(N(1) 2.819(5); Se(2yN(2) 2.705(5); Se(ty Figure 11. The molecular structure &2. Selected bond lengths (A)
C(11) 1.937(5); Se(2)C(21) 1.946(5); O(1yC(17) 1.356(6); O(Ly and angles (deg): Se(lAN(1A) 2.652; Se(1ByN(1B) 2.628;
C(18) 1.436(7); O(2yC(27) 1.350(6); O(2)yC(28) 1.452(6); N(1y Se(1Ay-C(1A) 1.943(12); Se(1AySe(1B) 2.383(2); Se(1B)C(1B)
C(17) 1.255(6); N(1>C(19) : 1.486(6); N(2>C(27) 1.250(6); N(2) 1.940(13); C(1B}Se(1B)y-Se(1A) 102.1(4); C(LAYSe(1A)-Se(1B)
C(29) 1.479(6); Se(¥)Se(2) 2.3536(8); C(12)C(11)-Se(1) 120.7(4); 100.6(3); C(9A>C(1A)—Se(1A) 118.0(8); C(2AyC(1A)—Se(1A)
C(26)-C(21)-Se(2) 119.8(4); C(16)C(11)-Se(1) 121.2(3); C(1H) 122.5(10); C(9B)C(1B)—Se(1B) 121.6(10); C(2B)C(1B)—Se(1B)
Se(1)-Se(2) 102.57(14); C(22)C(21)-Se(2) 121.4(4); C(21)Se(2)y- 121.1(11); Se(1AyN(1A)—C(1A) 76.8; C(7B)-C(8B)—N(1B)
Se(1) 101.46(14). 122.4(14); Se(1ByN(1B)—C(1B) 76.1; Se(1ArN(1A)—Se(1B) 175.3;

Se(1B)-N(1B)—Se(1A) 177.8.

nide14P In compound20, the atomic distances of Se(:N(1)

and Se(2}+N(2) are 2.819(5) and 2.705(5) A, respectively, both
of which are larger than the sum of their covalent radii (1.87
A) but significantly shorter than the sum of the corresponding
van der Waals radii (3.5 A). One of the five-membered rings
lies in the plane, whereas for the other ring, there is a twist
around the C(26yC(27) bond such that the nitrogen atom
present in this ring is directed slightly away from the selenium
atom. The unequal SeN distances in this compound indicate
that the steric effects may play an obvious role.

Figure 10. The molecular structure &1. Selected bond lengths (A) Compound?1 crystallizes in an orthorhombic system with 4
and angles (deg): Se@N(1A) 2.798(5); Se(2yN(1B) 2.780(5); molecules per unit cell. The coordination geometry around the
Se(1)-C(1A) 1.946(9); Se(2)yC(1B) 1.940(9); O(1A)}-C(7A) 1.370- selenium is similar to that d20. Atomic distances of Se(%)

(11); O(1A)y-C(8A) 1.45(2); O(1B)-C(7B) 1.360(11); O(1B)C(8B) N(1A) and Se(2)-N(1B) are 2.798(5) and 2.780(5) A, respec-
1.429(14); N(1A)-C(7A) 1.256(12); N(1A)}-C(9A) 1.468(11); N(1B) tively, both of which are almost equal to the values observed

C(7B) 1.264(13); N(1BYC(9B) 1.47(2); Se(tySe(2) 2.3544(14); :
C(2A)-C(1A)—Se(1) 120.3(7); C(6B)C(1B)-Se(2) 119 2(7): C(6AY for 20. However, in contrast to the values observedZ0rthe

. : two Se--N distances are equal. Other bond lengths and angles
C(1A)—Se(1) 120.4(8); C(1A)ySe(1)-Se(2) 102.2(3); C(2ByC(1B)— .
Sé(Z)) 122-(227); C(iB;Sé(QSgEl;—lgz(.f)i(S). (39 CeBICB) are almost equal to the corresponding values observed for

] . ) compound 20. The methyl group attached to C(10B) is
does not have any SeN intramolecular interactions. As can  djisordered over two positions [C(111) and C(112)]. The absolute
be seen from the Figure 8, the amino groups are pointed awayconfigurations around both chiral carbon centers, C(9A) and
from the selenium atoms. The S& atomic distances of 3.697  ¢(9B), were found to be “R”. The crystal structure of compound
[Se(1)-*N(1A)], 4.296 [Se(1)*N(1B)], and 4.296 A [Se(2) 22 involves packing of four discrete molecules in the unit cell.
N(2)] for compoundl8 are greater than the sum of their van The Se--N distances Se(1AXN(1A) [2.652(2) A] and
der Waals radii (3.54 AJ? The NMe; group present in one of  se(1B)--N(1B) [2.628(2) A] are much shorter than that f
the five-membered rings is disordered over two positions. All and 18-22. In the case o£2, the C(1A»-Se(1A)-Se(1B)-
other bond lengths and angles are normal and are much closet;(1B) torsion angle is 95.62and thus has a transoid conforma-
to (SRISR)-(—)-bis(2N,N-dimethylaminoethyl)ferrocenyl disele-  tjon. The most interesting feature of the structure is that the

(29) Pauling L. InThe Nature of the Chemical Bongrd ed.; Cornell cqmppund has crystallized in a Ch.ira| space grB@i2,2;. The
University Press: Ithaca, New York, 1960. chirality of the compound may arise due to the strong -8&
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interaction that can twist the whole molecule in such a way 4.21 (m, 8H);**C NMR (CDCk) 6 136.66, 132.38, 130.52, 130.11,
that it becomes chiral. In all the diselenides, the-Se and 127.06, 126.92, 103.40, 65.25Se NMR (CDCH) 6 408.4;m/z 456
C—Se distances relate well to the corresponding distances(M"), 307, 289,227, 154 (100), 136. Anal. Calcd foelisOsSe: C,
reported for other diselenides which range from 2.29 to 2.39 4739 H, 3.98. Found: C, 47.66; H, 3.99.

A. These distances are also close to that reporte@48rand Synthesis of bis[2,5-dimethyl-4tert-butylphenyl]diselenide (13):

1914 Refinement of the Flack enantiopole param@tar the A 100-mL threl‘_a'.”ecé‘ed ﬂ.aSkfwaS fqug’pef‘lj with admagne“C Sti"gr' 'ah
. pressure equalizing dropping funnel, and reflex condenser mounted wit
Chlra.ll CpmpoundSI.S, .20’ a'.“d 22 !ed to a value of~0, thus nitrogen source. To the flask were added 2-bronterBbutyl-m-xylene
confirming the enantiomeric purity of the crystals. (26)16 (2.42 g, 10.03 mmol), magnesium (0.24 g, 10.03 mmol), and
ether (10 mL). The reaction was initiated by the addition of iodine.
The reaction mixture was heated at reflux for 1 h, then dry THF (25
mL) was added. This reflux was continued for an additiehh to get
a white slurry of27. While a slow stream of nitrogen was passed

) - - L . through the nitrogen inlet, Se powder (0.79 g, 10.01 mmol) was added.
reduction of HO, with thiol more efficiently than the oxazoline  The reflux was continued until all the selenium had reacted to give a

based diselenide2(, 21) and Wilson’s catalyst3). The thiol red solution. The resulting solution was poured into a beaker and oxygen
peroxidase activities of these compounds depend on the strengtiivas bubbled for 15 min. After the complete evaporation of THF, the
of Se--N nonbonded interactions in the intermediates produced red solid was dissolved in dichloromethane, filtered through Celite,
during the catalytic process. In the more active compounds, theand dried over sodium sulfate. Evaporation of the solvent afforded an
basic nitrogen is involved in a stabilizing interaction in the orange solid that was recrystallized from hexane to give needle-shaped
selenol and selenenic acid derivatives, whereas in the less activé'ystals. Yield 2.05 g (85%); mp 120.22°C; IR (KBr) 2964, 1644,
compounds, the nitrogen atom interacts with selenium in all 1559122'%1373'0112(239* jﬁ;fccmMg'\(‘ggéS%Cfg; 411'2014(153' ;2“%22%
thrge intermediates, viz., selenol, selenemc acid, and selgneny 24.49, 34.35, 31.24, 24.38Se NMR (CDCY) 6 369.3. Anal. Calcd
sulfide statesThe reactiity of sele_nenyl s_ul_flde toward the thiol, ¢ CoHaiSe: C, 60.00; H, 7.13. Found: C. 59.94: H. 7.11.
therefor?’ determmes the. peroxidase aigfiof the compounds. Synthesis of dinaphthyl diselenide (15)tn a 100-mL three-necked
The basic nitrogen atom in model compounds should, therefore

> 8 s 'flask magnesium (0.36 g, 14.81 mmol) was taken up in 25 mL of
be positioned in such a way that it (i) abstracts from RSeH anhydrous THF. 1-Bromonaphthlene (3.11 g, 15.02 mmol) was added

and activates the selenol into reactive selenolate anionRSe  dropwise with constant stirring under reflux conditions. The stirring
(i) interacts strongly with selenium in RSeOH to increase the was continued until the completion of the reaction as indicated by the
stability of this species against further oxidation and to increase disappearance of magnesium. Selenium powder (1.25 g, 15.83 mmol)
the nucleophilic attack of thiol at selenium, and (jii) deprotonates was added to the reaction mixture in portions over a period of 30 min
the thiol sulfhydryl group to provide a high local concentration SO as to maintain a gentle reflux. Aft@ h of reflux, the solution was

of nucleophilic thiolate anion. The studies presented here will poured into a beaker which was kept open overnight for aerial OX|_dat|on.
undoubtedly enhance our understanding of the mechanism of ' "'é Product was extracted with etherx225 mL). The ether solution
model compounds and may ultimately yield insights that result was washed with water and the organic layer was separated, dried over

Conclusion

From this study, we conclude that the diselenid&g (9)
derived from N,N-dimethylaminoethylferrocene catalyze the

in improved GPx mimics.

Experimental Section

General ProceduresAll reactions were carried out under nitrogen

or argon with standard vacuum-line techniques. Solvents were purified

by standard procedur@sind were freshly distilled prior to use. Melting

points were recorded in capillary tubes and are uncorrected. IR spectr

were recorded on a Bio-Rod FT-IR spectrometer model FTSH65.

and®C NMR spectra were obtained at 300 and 75.42, respectively, in

CDCl; on a Varian VXR 300S spectrometéil and**C chemical shifts
are cited with respect to SiMas internal standard. Elemental analyses

were performed on a Carlo-Erba model 1106 elemental analyzer. Mass

sodium sulfate, and evaporated under vacuum to give an yellow
crystalline solid. Yield 1.13 g (36.6%); mp #§8°C dec. Anal. Calcd
for C,oH14Se: C, 58.27; H, 3.42. Found: C, 58.24; H, 3.21. All other
data are in accordance with the literature valfes.

Synthesis of diferrocenyl diselenide (16): Compound16 was
synthesized by following the literature method with slight modifica-

tions!” A stirred solution of ferrocene (2.24 g, 12.04 mmol) in dry

aTHF (10 mL) was treated dropwise with a 1.6 M solution of t-BuLi in

pentane (6.26 mL, 10.02 mmol) via a syringe 400 After being stirred

for 30 min at this temperature, the solution was warmed to room
temperature. Selenium powder (0.79 g, 10.01 mmol) was added under
a brisk flow of N; gas and stirring was continued for 1 h. The reaction
mixture was then poured into a beaker and oxygen was passed at a

spectra were recorded at room temperature on a JEOL D-300 (EI/Cl) Moderate rate for half an hour. The compound was extracted with 3

mass spectrometer. In the case of isotopic patterns, the value given i

for the most intense peak.

Synthesis of bisp-formylphenyl] diselenide acetal (12): To a
solution of o-bromobenzaldehyde acet&4j'* (5.18 g, 22.61 mmol)
in dry ether (100 mL) was added dropwise a 1.6 M solution of n-BulLi
(15.38 mL, 24.61 mmol) at room temperature over a period of 5 min.
The mixture was stirred for additional 5 min to get a cloudy white
slurry. Selenium powder (1.78 g, 22.54 mmol) was added slowly with
vigorous stirring. After refluxing for 30 min, the solution was cooled
and poured into ice water (500 mL). The resulting organic layer and
the dichloromethane extracts £320 mL) from the aqueous layer were

combined, washed with water, dried over anhydrous sodium sulfate,

and concentrated to 10 mL. A light yellow solid, which precipitated

out from the resulting solution on keeping 15 days in the refrigerator
(4 °C), was filtered and dried under nitrogen. Yield 1.03 g (20%); mp
108-110°C; IR (KBr) 3058, 2953, 2886, 1587, 1466, 1392, 1213,

1088 cnt!; 'H NMR (CDCly) 6 7.81-6.01 (m, 8H), 6.01 (s, 2H), 4.62

(30) Flack, H.Acta Crystallogr. Sect. A983 39, 876.
(31) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of
Laboratory Chemicals2nd ed.; Pergamon: Oxford, 1980.

20 mL of CHCl and filtered. The filtrate was evaporated to dryness

to give a brown solid. The crude product was chromatographed on a
silica gel column. The unreacted ferrocene was eluted with hexane and
the diferrocenyl diselenide was eluted with a 3:1 hexane@IH
mixture. Slow evaporation of the GBI, solution gave red crystals of
the desired compound. Yield 1.58 g (50%); mp +8486°C (lit.'” mp
185-187 °C); "’Se NMR (CDC#) 6 479.2. Anal. Calcd for @Hig
FeSe: C, 45.49; H, 3.44. Found: C, 5.58; H, 3.4R and**C NMR
data are consistent with the values reported in the literature.
Synthesis of bis[2-,N-dimethylaminomethyl)ferrocenyl]diselenide
(17): CompoundL7was synthesized by following the literature method
with minor modifications’® A stirred solution ofN,N-dimethylami-
nomethylferrocene (2.45 g, 10.08 mmol) in dry ether (10 mL) was
treated dropwise with a 1.6 M solution of n-BuLi in hexane (6.30 mL,
10.08 mmol) via a syringe at room temperature. After the solution was
stirred for 24 h at this temperature, selenium powder (0.79 g, 10.01
mmol) was added under a brisk flow of;Njas and stirring was
continued for 5 h. The reaction mixture was then poured into a beaker

(32) Bhasin, K. K.; Gupta, V.; Gupta, S. K.; Sanan, K.; Sharma, R. P.
Ind. J. Chem1994 33A 1110.
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and oxygen was passed at a moderate rate for 1 h. The solution wasTable 4. Crystal Data and Structure Refinement && 18, and20

filtered, dried, and evaporated to give a brown oil. The crude product
was chromatographed on a silica gel column. The unreacted ferrocene

was eluted with hexane ark¥ was eluted with a 2:1 hexane:GEl,
mixture. Slow evaporation of the GBI, solution gave red crystals of
the desired compound. Yield 0.65 g (20%); mp £224°C (lit.*¥ mp
126 °C); ""Se NMR (CDC}) ¢ 576.7. Anal. Calcd for gHazFeN,-
Se: C, 48.63; H, 5.02; N, 4.36. Found: C, 48.62; H, 5.13; N, 4.25.
H and *C NMR data are in accordance with the literature valjes.
Synthesis of bis[2-(4,4-dimethyl-2-oxazolinyl)phenyl]diselenide

(20): A stirred solution of 4,4-dimethyl-2-phenyloxazoline, (1.78 g,

10.16 mmol) in dry hexane (75 mL) was treated dropwise with a 1.6 v (deg)

M solution of n-BuLi in hexane (6.88 mL, 11.01 mmol) via syringe
under N at 0 °C. On stirring fo 1 h atroom temperature the white

precipitate of the lithiated product was obtained. The solvent was D(calcd) (Mg/”f)
removed by syringe and 50 mL of dry ether was added. The solution @bs coeff (mm?)

was cooled to 0C, selenium powder (0.79, 10.01 mmol) was added,
and stirring was continued for an additidr2zah at 0°C. The reaction
mixture was then removed from the; Nhe and poured into a beaker
containing cold aqueous NaHGCand Q was passed at a moderate
rate for 15 min. The organic phase was separated, dried owSila

and filtered. The filtrate was evaporated to dryness to give a yellow gpsolute structure

oil. The crystalline solid of the desired compourD) was obtained

upon cooling. The compound was recrystallized from a chloroform/ goodness of fit orf?

methanol mixture to give pale yellow crystals. Yield 1.54 g (60%);
mp 158-160°C; IR (KBr) 2935, 1649, 1561, 1468, 1433, 1386, 1319,
1188, 1075 cmt; *H NMR (CDCl) 6 1.42 (s, 12H), 4.10 (s, 4H),
7.26-7.48 (m, 4H), 7.927.95 (m,4H);13C NMR (CDCk) 6 28.97

12 18 20
empirical formula GsH 1304SQ C23H36N25Q C22H24N2025Q
456.24 670.21 506.35
crystal system monoclinic  orthorhombic rhombohedral
space group P2,/c P212:2; R3
a(h) 8.9690(7) 10.7903(11) 33.198(4)
b (A) 12.5676(9) 15.1341(12) 33.198(4)
c(A) 15.6444(12) 17.7815(14) 10.564(2)
o (deg) 90 90 90
f (deg) 95.293(6) 90 90
90 90 120
V (A3) 1755.9(2) 2903.7(4) 10083(2)
z 4 4 18
1.726 1.533 1.501
4.230 3.524 3.319
obsd reflensI[> 20] 3436 4597 4884
final R(F) [I > 20(1)]2 0.0455 0.0511 0.0500
wR(F?) indices 0.0886 0.0870 0.0837
[I > 20(1)]
data/restrains/ 3436/0/236  4595/15/407 4882/0/281
parameters
—0.02(2)
parameter
1.018 1.054 1.030

a Definitions: R(Fo) = 3 ||Fo| — |FelI/3 |Fol andwR(Fed) = { 3 [W(Fc?
— FAA/ T [W(FHZM2.

(t, 1H), 7.45 (d, 1H), 7.48 (t, 1H), 7.63 (dd, 1H), 7.7 (dd, 1H), 7.86

(s), 68.86 (s), 79.26 (s), 161.75 (s), 125.88 (s), 126.79 (s), 129.59 (S),(dd' 1H); 13C NMR (CDCk) 6 46.59, 119.5, 125.79, 125.88, 126.24,

130.85 (s), 131.48 (s), 133.91 (§JSe NMR (CDC4) 6 454.7;m/z

126.9, 128.1, 130.52, 135.98, 151.(Be NMR (CDCH) 6 485.2, 648.6;

506 (M), 426, 299, 253 (100), 199, 181, 110, 77, 54. Anal. Calcd for vz 498 (M*), 494 (M* — 4), 294 (100), 234, 219, 170, 155, 140.

CxH2N20:Se: C, 52.18; H, 4.78; N, 5.53. Found: C, 52.52; H, 4.86;
N, 5.58.

Synthesis of bis[2-(4-ethyl-2-oxazolinyl)phenyl]diselenide (21)A
stirred solution of 4R-(—)-ethyl-2-phenyloxazoline (1.78 g, 10.16
mmol) in dry ether (75 mL) was treated dropwise with a 1.6 M solution
of n-BuLi in hexane (6.88 mL, 11.01 mmol) via syringe underatl0
°C. On stirring the reaction mixture fd h atthis temperature the

Anal. Calcd for GiH24N2Se: C, 57.84; H, 4.85; N, 5.62. Found: C,
57.62; H, 4.63; N, 5.85.

Synthesis of 2-[4,4-dimethyl-2-oxazolinyl]phenyl selenol (34):
Sodium borohydride (0.08 g, 0.2 mmol) was added to a solutid20of
(50.63 mg, 0.1 mmol) in 1 mL of methanol, and the mixture was
allowed to stand fol h with occasional shaking. To this was added
CDCl; (2 mL) and the’Se NMR spectrum of the sample was obtained,

lithiated product was obtained. Selenium powder (0.79 g, 10.01 mmol) showing a resonance at 17.9 ppm, attributed to the borane complex of

was added to the solution under a brisk flow of ¢as and stirring
was continued for an additioha h at 0°C. The reaction mixture was
then removed from the Nine and poured into a beaker containing
cold aqueous NaHC{ and Q was passed at a moderate rate for 15
min. The organic phase was separated, dried ove8®gaand filtered.

34. The addition of dilute HCI produced a new doublet centered at 9.9
ppm assigned to the air-sensitive selerg, which was not further
characterized.Jge-v = 20.3 Hz).

Synthesis of [2-(4,4-dimethyl-2-oxazolinyl)phenyl]selenenylphenyl
sulfide (35): The diselenideZ0, 0.51 g, 1.01 mmol) was dissolved in

The fiIt_rate was evaporat_ed to dryness to give a yellow oil. T_he CH,CIl, under air and benzenethiol (0.21 mL, 2.02 mmol) was added
crystalline solid of the desired ct_)mpound was obtained upon cooling. to the solution. Afte 2 h of stirring under air, the reaction mixture
The compound was recrystallized from the chloroform/methanol was concentrated under reduced pressure. Addition of hexane afforded

mixture to give pale yellow crystals. Yield 1.03 g (40%); mp 320
122°C; IR (KBr) 2962, 1645, 1464, 1430, 1359, 1135, 1069&m
[0]%% 113.9 € 1, CHCE); *H NMR (CDCl) 6 1.10 (t, 6H), 1.68 (m,
4H), 4.08 (t, 2H), 4.40 (m, 2H), 4.44 (t, 2H), 7:29.27 (m, 4H), 7.79
7.68 (m, 4H);:3C NMR (CDCk) 6 10.54 (s), 29.16 (s), 68.53 (s), 72.24

a white solid that was filtered and dried under nitrogen to give pure
35. Yield 0.67 g (92%); IR (KBr) 3062, 2965, 2891, 1657, 1560, 1466,
1361, 1282, 1188, 1040 crh *H NMR (CDCls) 6 1.44 (s, 6H), 4.14
(s, 2H), 7.16-7.30 (m, 4H), 7.377.42 (t, 1H), 7.46-7.50 (d, 2H),
7.80-7.82 (d, 1H), 8.14-8.17 (d, 1H);*3C NMR (CDCk) 6 161.90,

(s), 125.64 (s), 126.13 (s), 129.53 (s), 130.52 (s), 131.36 (s), 133.52137.04, 137.01, 131.36, 129.21, 128.86, 127.57, 126.21, 125.76, 125.38,

(s), 162.98 (s)7’Se NMR (CDC}) 6 456.56;m/z 506 (M"), 427, 253
(100), 199, 181, 103, 70, 54. Anal. Calcd for82.N,0,Se: C, 52.18;
H, 4.78; N, 5.53. Found: C, 51.92; H, 4.84; N, 5.25

Synthesis of bis[8-(dimethylamino)-1-naphthyl]diselenide (22):

79.49, 68.46, 28.767Se NMR (CDC}) 6 576.7;m/z (FAB) 364 (M"),
254 (100%), 199, 182, 154, 136. Anal. Calcd for#3/NOSSe: C,
56.35; H, 4.73; N, 3.87. Found: C, 56.30; H, 4.72; N, 3.79.

Kinetic Analysis. The reactions of model compounds with ben-

A stirred solution of 1-dimethylaminonaphthalene (1.04 g, 6.07 mmol) zenethiol (PhSH) and #D, were studied in methanol by following the

in dry ether (50 mL) was treated dropwise with a 1.6 M solution of
n-BuLi in hexane (4.06 mL, 6.50 mmol) via syringe underd room

appearance of the disulfide absorption at 305 nm, &% ach initial
velocity was measured at least 6 times and calculated from the first

temperature. The mixture was stirred for 24 h, during which a yellow 5—10% of the reaction. For the peroxidase activity, the rates were
precipitate of 8-(dimethylamino)-1-naphthyllithium etherate was slowly corrected for the background reaction betwee®@Hand PhSH. The
formed. To this suspension elemental selenium (0.48 g., 6.08 mmol) actual concentration of PhSH in the kinetic apparatus was measured

was added rapidly. Afte3 h all the selenium was consumed to produce

from the 305 nm absorbance, and rates were corrected for any variation

a yellow solution of lithium naphthylselenolate. This was poured into in the concentration of PhSH. The molar extinction coefficient of

a beaker containing aqueous NaH{CDhe resulting organic layer and

PhSSPhd; = 1.24 x 10° M~* cm™) at the wavelength was much

ethyl acetate extract from the aqueous layer were combined, dried overlarger than that of PhSH{ = 9 M~ cm™).”° The concentration of

N&aSQO;, and concentrated under vacuuo to give a yellow powder.

PhSH C) was therefore calculated from the absorbamjea¢cording

Recrystallization of this from pentane gave yellow crystals. Yield 0.91 to the following equation:C = (€:Co — 2a)/(e1 — 2¢2) ~ Cp — 2ale.

g (60%); mp 136-138°C dec; IR (KBr) 3061, 2979, 2935, 1560, 1447,
1357, 1290, 1207, 1025 criy 'H NMR (CDCl) 6 2.85 (s, 12H), 7.21

The initial reduction rate of D, (vo) was then determined by dxs
1/[PhSH] plots using the Grapher program. The concentration of the
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Table 5. Crystal Data and Structure Refinement &ir and 22 X-ray Crystallography. The X-ray diffraction measurements for
21 22 compoundd 2, 18, 20, 21, and22 were performed at room temperature
(295 K) on a Siemens R3m/V diffractometer using graphite-mono-
empirical formula GoH2aN20:Se CaaHaaNoSe chromated Mo K radiation ¢ = 0.71073 A). The unit cell was
fw 506.35 . 498.37 . determined from 25 randomly selected reflections using the automatic
crystal system orthorhombic orthorhombic  gearch index and least-squares routine. The data were corrected for
ZFEZ‘):E group 8P 271722132(%) '372%271% (10) Lorentz, polarization, and absorption effects. The structures were solved
b (A) 1.2.643(3) 1'1.0274(11) by_routine heavy-atqm (using SHELXS%:Band Fourier methods and
c(A) 20.268(4) 26.127(3) ref_lned b_y full-matrix least squares Wlth th_e non-hydrogen atoms
o (deg) 90 90 anisotropic and hydrogens with fixed isotropic thermal parameters of
3 (deg) 90 90 0.07 A2 using the SHELXL 93 prograrit.The hydrogens were partially
y (deg) 90 90 located from difference electron-density maps and the rest were fixed
V (A3) 2249.2(11) 2210.9(4) at calculated positions. Scattering factors were from common sotirces.
4 4 4 Some details of data collection and refinement are given in Tables 4
D(calcd) (Mg/n?) 1.495 1.497 and 5.
abs coeff (mm?) 3.306 3.356
obsd reflens|[> 20]a 2167 2839 Acknowledgment. We are grateful to the Royal Society of
LL"F;?L%(QCHC;ZI"S)]ZO(I)] g'gggg g'ggfg Chemistry, London, and the Department of Science and
data/restrains/parameters 2167/3/276 2831/0/282 T.e.chnology (DST), New I_Delh" for f}Jqdlng this work. Ad.'
absolute structure parameter 0.00(3) 0.03(4) ditional help from the Regional Sophisticated Instrumentation
goodness of fit orfF? 1.061 1.033 Centre (RSIC), Indian Institute of Technology (IIT), Bombay,
2 Nafint e _ _ _ 2 for 300 MHz and Tata Institute of Fundamental Research
. F?)ez]]"/r;t['\?\,?;z%sg_) ZIIFol = FellZFol andwhREs) = {3 IW(Fs (TIFR), Bombay, for 500 MHz NMR spectroscopy is gratefully

acknowledged. R.J.B. wishes to acknowledge the DoD-ONR

H0, stock was determined by permanganate titration. To investigate program for funds to upgrade the diffractometer.
the dependency of rate on substrate concentrations, the reaction rates
were determined at several concentrations of one substrate while Supporting Information Available: The details of kinetic
keeping the conc_entratio_n of the other constant. The _Linewe&rmk __and7’Se NMR measurements, tables giving crystal data and
plots were obtained using the Grapher 1.09 version, 2D-Graphing o5 of the structure determination, final atomic coordinates,
System for windows prografii.For each set of experiments the straight . o
line was drawn by choosing the best fit method. bond lengths and angles,.anlsotroplc displacement parameters,

77Se NMR Analysis.Unless the particular conditions were specified @nd hydrogen atom coordinates fii, 18, 20, 21 and22 (PDF)
in the text,’Se NMR spectra were obtained at 95.35 MHz on a Bruker as Well as CIF data fot2, 18, 20, 21, and22. This material is
500 spectrometer under normal atmosphere. TBe NMR spectra available free of charge via the Internet at http://pubs.acs.org.
were recorded using diphenyl diselenide as an external standard

Chemical shifts are reported relative to dimethyl selenide (0 ppm) by JA994467P

assuming that the resonance of the standard is at 461.C°pah. (34) Sheldrick, G. M. Crystallographic Computing 3, Oxford University
experiments were carried out in 0.1 mmol scale by using a 1:1 mixture Press: Oxford, 1985.

of CDCl; (0.75 mL) and CHOH (0.75 mL) as NMR solvent. (35) Sheldrick, G. M. SHELX 93, Program for Crystal Structure

Determination, University of Gottingen, 1993.
(33) Schmitz, D.; Smith, D.; Wall, W. Grapher 1.09, 2-D Graphical (36) International Tables for X-ray CrystallographyKynoch Press:
system, Golden Software, Inc., 1993. Birmingham, 1974; Vol. 4, pp 99and 149.



