JIAICIS

ARTICLES

Published on Web 02/08/2002

Quantitative Evaluation of Weak Nonbonded Se  ---F
Interactions and Their Remarkable Nature as Orbital
Interactions

Michio Iwaoka, Hiroto Komatsu, Takayuki Katsuda, and Shuji Tomoda*

Contribution from the Department of Life Sciences, Graduate School of Arts and Sciences,
The Unversity of Tokyo, Komaba, Meguro-ku, Tokyo 153-8902, Japan

Received June 6, 2001. Revised Manuscript Received December 11, 2001

Abstract: To evaluate weak intramolecular nonbonded Se:-+F interactions recently characterized for a series
of o-selenobenzyl fluoride derivatives (lwaoka et al., Chem. Lett. 1998, 969—970), the temperature
dependence of the nuclear spin coupling between Se and F (Jse..r) was investigated for 2-(fluoromethyl)-
phenylselenenyl cyanate (1a) and bis[2-(fluoromethyl)phenyl] diselenide (1e) in CD,Cl, and CDsCN. A
significant increase in the magnitude of Jse...r was observed for both 1a and 1e upon lowering temperature,
whereas the values of Jse...r for the corresponding trifluoromethyl compounds slightly reduced or remained
unchanged at low temperatures. Application of the rapid equilibrium model between two possible conformers
revealed that conformer A with an intramolecular Se-:-F interaction is more stable in enthalpy (AH) by
1.23 kcal/mol for 1a (in CD.Cl,) and by 0.85 and 0.83 kcal/mol for 1e (in CD,Cl, and CD3;CN, respectively)
than conformer B, which does not have close Se:--F contact. The negligible solvent effects for 1e suggested
marginal electrostatic nature of the Se-:-F interactions. Instead, importance of the ng — o0*se—_x oOrbital
interaction was suggested by quantum chemical (QC) calculations and the natural bond orbital (NBO)
analysis.

Introduction applied to asymmetric synthesand enzyme-mimetic catalytic
reaction8 but also because previous experiments have indicated

chemical phenomena, such as molecular recognition, confor-i)halt a plseuqo_-multnf/egent state Oéshje might be t;ela(;e(; to
mational transformation, and molecular packing in crystals. Iological activities of Se compounddMoreover, nonbonde

Although recent progress in experimental methodologies and interac_tions i_nvolv?ng Se may SErve as po_tential analogue_s to
computational technologies has made studies on weak interac-tbhOse Ilnvollgng divalent sulfur, which exists commonly in
tions significantly easier than before, it remains a difficult task 1omo icu es. | ded | luati tth K
in basic chemistry to evaluate them quantitativily this paper, Wbe davf_ recent_y subccee € d'm Ievagatlonr;ho t € wea
we present the first quantitative estimation of weak nonbonded nonbonded interactions between divalent Setartiary amino

interactions between selenium and fluorine-(Seinteractions), hitrogen atoms (SeN m_tergctlons) by using a series of
which have recently been characterized for a serie-of o-selenobenzylamine derivatives as the model sy$tém.the

selenobenzyl fluoride derivativesl)® Despite the highest basis of variable-temperatutel NMR analysis and molecular

electronegativity of F among main-group elements, it has been orb_ital (MO) calculations, the stabili;ation energies were
found that the Se-F interaction energy fote (X = SeAr) is estimated as cav5—20 kcal/mol depending on the property of

insensitive to solvent polarity, suggesting that the electrostatic t_he subsutuentl at Set')_:_t wgsbcorr\]cludi(_j t?"_ﬂ the-El_entebrac-
nature may not be important for stability. tions are mostly stabilized by the orbital interaction between

the nitrogen lone pair §) and the low-lying antibonding orbital

Weak nonbonded interactiohglay important roles in many

1a, X=CN
CH.F 1b X =Cl (2) Miuller-Dethlefs, K.; Hobza, PChem. Re. 2000 100, 143-167.
2 1c’ X = Br (3) Iwaoka, M.; Komatsu, H.; Tomoda, €hem. Lett1998 969-970.
o (4) (a) Fujita, K.; lwaoka, M.; Tomoda, SChem. Lett1994 923-926. (b)
SeX 1d, X=SPh Fujita, K.; Murata, K.; lwaoka, M.; Tomoda, Setrahedron1997, 53,
1e, X = SeAr 2029-2048. (c) Wirth, T Liebigs Ann./Recll997, 2189-2196. (d) Spichty,
(= ArSeX) 1f, X=Me M.; Fragale, G.; Wirth, TJ. Am. Chem. So00Q 122, 10914-10916.
1g, X = B(OMe)3Na (5) (a) lwaoka, M.; Tomoda, S. Chem. Soc., Chem. Comm@892, 1165~

1167. (b) Wirth, T.; Haptli, S.; Leuenberger, MTetrahedron: Asymm.
. S . . , 1998 9, 547-550.
Nonbonded interactions involving divalent selenium (Se) are  (g) () ,E\‘Naoka’ M.: Tomoda, SI. Am. Chem. Sod.994 116, 2557-2561.

intriguing subjects, not only because they have been successfully ~ (b) Mugesh, G.; Singh, H. BChem. Soc. Re 200Q 29, 347-357. (c)
Mugesh, G.; Panda, A.; Singh, H. B.; Punekar, N. S.; Butcher, R.Am.

Chem. Soc2001, 123 839-850.
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of Se EP*se-x). On the other hand, two mutually different and electrostatic characters, and (3) to show usefulness of the
stabilization mechanisms (i.e., electrostatic and orbital interaction combined method of quantum chemical (QC) calculations and
mechanisms) were reported for intramolecular nonbonded natural bond orbital (NBO) analysis to understand these weak
Se--O interactions by Goldstein et &land Barton et alt interactions. We took advantage of a serieo-aielenobenzyl
respectively, depending on the model systems. Our systematicfluoride derivatives 1) as model compounds, which have the

examination usingd>-selenobenzaldehyde amdselenobenzyl
alcohol derivatives suggested that the-8@ interactions are
weaker than the corresponding-S8l interactions and that an

freedom of internal rotation to adopt or to avoid intramolecular
Se--F contact. In addition, the corresponding trifluoromethyl
(CFRs) compounds4) were employed as references because they

orbital interaction mechanism is still a dominant factor for the always adopt intramolecular S&= contact independent of the
stability 1! The strong interaction between a cationic Se and an internal rotation of the €CF; bond. Our preliminary investiga-

alcoholic O atom (the Se--O interaction) was also extensively

tions with this model system have already shown the presence

analyzed in relation to selenium-based asymmetric syntiféses. of nonbonded Se-F interactions fod in CDCl;.2 The proposed
Nonbonded Se-F interaction is an extreme case to test the ng — 0*se-x Orbital interaction mechanism was theoretically

electrostatic character of divalent Se, since F is the most supported by Jeong and Kwon recerflyHere, we have

electronegative main-group element in the periodic table. developed a novel methodology to evaluate weak--Be

Although several compounds were found to have close-Se
contacts in the solid stat@,mechanistic studies of the S&~
interactions appeared only recently. Borisenko é¢ aliggested
the electrostatic nature of the S& interaction observed f&
in the gas phase. On the other hand, Nakanishi¥tdiscussed
orbital interactions of the close Se contact in3. These

compounds, however, possess strong steric restrictions, hence

the intrinsic nature of weak SeF interaction is not yet
thoroughly elucidated.

Se——>5e F---Se OMe
F/=\_F
FE F T

2 3

interactions by using the temperature dependende-ot. The
stabilization mechanisms are discussed on the basis of the
observed solvent effects on the interaction energies as well as
on the basis of the results from QC and NBO analyses.

o
SeX

(= Ar'SeX)

4a, X=CN

4e, X = SeAr

4f, X =Me

49, X = B(OMe)3Na

Results and Discussion

Model Compounds. A series ofo-selenobenzyl fluorides
(1a—g) were synthesized as model compounds to investigate
intramolecular nonbonded Se- interactions. Diselenideewas
synthesized from bis[2-(chloromethyl)phenyl] diseleAidey
applying modified Ichihara’s fluorination methd@jn which

Se--F interaction can also serve as a useful probe for butyronitrile was used as a solvent instead of acetonitrile in order
estimating the electron-donating character of organic fluorides, to raise the reaction temperature. Compourelwas then
since it was previously shown by the studies of nonbonded converted into the other model compountla+d and1f,g) by
Se-N and Se-O interactions that Se is a good electron using the common procedurg& Compounds were identified

accepto!! Although F is a strongs electron-withdrawing

with 1H, 13C, 19F, and7’Se NMR spectra, althoughb was

element, an electron-donating character of F lone pairs has oftencontaminated by small amounts béand an unknown byprod-
been pointed ouf Evaluation and mechanistic characterization uct, and 1d slowly disproportionated intdle and diphenyl
of Se-+F interaction is therefore of significant interest from the disulfide at room temperature.

viewpoint of organic fluorine chemistry.

Similar procedures were employed for the synthesis of the

The main purposes of this paper are 3-fold: (1) to estimate corresponding Cf compounds 4). Selenocyanateta was

the stabilization energies of weak nonbonded-Fdnteractions

synthesized fromo-trifluoromethylaniline by diazotization,

in various solvents, (2) to delineate the stabilization mechanism followed by treatment with potassium selenocyanate. Compound
of Se--F interactions, i.e., to assess relative importance of orbital 4a was then converted intde and 4f. Selenolate4g was

(9) (a) Goldstein, B. M.; Kennedy, S. D.; Hennen, WJJAm. Chem. Soc.
199Q 112, 8265-8268. (b) Burling, F. T.; Goldstein, B. MIl. Am. Chem.
Soc.1992 114, 2313-2320.

(10) Barton, D. H. R.; Hall, M. B.; Lin, Z. Y.; Parekh, S. I.; Reibenspies].J.
Am. Chem. Socd993 115 5056-5059.

(11) Komatsu, H.; lwaoka, M.; Tomoda, Shem. Commuril999 205-206.

(12) (a) Gallois, B.; Gaultier, J.; Hauw, C.; Lamcharfi, T.-D.; Filhol, Acta
Crystallogr. 1986 B42 564-575. (b) Emge, T. J.; Wang, H. H.; Beno,
M. A.; Williams, J. M.; Whangbo, M.-H.; Evain, MJ. Am. Chem. Soc.
1986 108 8215-8223.

(13) Borisenko, K. B.; Broschag, M.; Hargittai, |.; Klafe, T. M.; Schidler,
D.; Schulz, A.; Schwarz, H.; Tornieporth-Oetting, I. C.; White, PJS.
Chem. Soc., Dalton Tran4994 2705-2712.

(14) Nakanishi, W.; Hayashi, S.; Sakaue, A.; Ono, G.; Kawadd, ¥Xm. Chem.
So0c.1998 120, 3635-3640.

(15) (a) Tomoda, S.; Takamatsu, K.; lwaoka, ®hem. Lett1998 581-582.
(b) Jefford, C. W.; Hill, D. T.; Ghosez, L.; Toppet, S.; Ramey, K.I.
Am. Chem. S0d.969 91, 1532-1534. (c) Yamamoto, G.; Oki, Ml. Org.
Chem.1984 49, 1913-1917. (d) Yamamoto, G.; Oki, MTetrahedron
Lett. 1985 26, 457—460. (e) Gribble, G. W.; Kelly, W. JTetrahedron
Lett. 1985 26, 3779-3782. (f) Dunitz, J. D.; Taylor, RChem. Eur. J.
1997, 3, 89-98. (g) Plenio, H.Chem. Re. 1997 97, 3363-3384. (h)
Thalladi, V. R.; Weiss, H.-C.; Bker, D.; Boese, R.; Nangia, A.; Desiraju,
G. R.J. Am. Chem. S0d.998 120 8702-8710.

prepared in situ by treatment 4&with sodium borohydride in
CD3;0D.1? All reference compounds were also characterized
spectrally.

NMR Chemical Shifts and Jse..r Coupling Constants.
77Se NMR chemical shiftsdsg), 1°F NMR chemical shiftsdg),
and nuclear spin coupling constants betwééde and!°F
(Jse--F) Observed forla—g, 4a 4e and 4g at 298 K were
tabulated previously (Table 1 of ref 3). Nonbonded-9e
interactions ofla—f have been characterized as follows.

Unexpectedly largdse..r coupling constants were observed
for 1a—f (Jse..r = ~22.7-84.2 Hz in CDC}).2 Becausé&Jse

(16) Jeong, M.; Kwon, YChem. Phys. Let200Q 328 509-515.

(17) lwaoka, M.; Tomoda, S2hosphorus Sulfur Silicon Relat. Eletr®92 67,
125-130.

(18) Ichihara, J.; Matsuo, T.; Hanafusa, T.; Ando,JT.Chem. Soc., Chem.
Commun.1986 793—-794.

(19) Miyashita, M.; Hoshino, M.; Yoshikoshi, Aletrahedron Lett1988 29,
347-350.
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Table 1. Jse...r Coupling Constants Observed for 1a, 1e, and 1f in

H F
Various NMR Solvents at 298 K
I/H I[H
Jse-r.i (H2) ,F H
/ —_—
Se — Se
S {
X X

la le 1f
solvent e (X=CN) (X = SeAr) (X =Me)
(CDg)2S=0 46.45 39.0 32.6 294 Conformer A Conformer B
(CCDSSL\IC=O gggg gg? 283 %% Figure 1. Equilibrium between two stable conformers (A and B)lof
CDClI 8.93 76.9 24.7 23.9 . I . . .
CD2C|32 481 84.2 236 227 By use of the rapid equilibrium model (Figure 1), it is possible
CeDs 2.27 81.8 23.0 22.1 to evaluate the SeF interaction energiedHse..r) experimen-
tally as follows. First, the observed value &f...r represents
a i 1 .
Dielectric constants of the solvents at 298 K quoted from rePPhe weighted average of those for conformers A and B:
values ofJse..r coupling constants were measured from the expafied
decoupled’Se NMR spectra.
Jse-r = Jser(A)xa T Jse..r(B)(L — xa) (1)
coupling constants are usually smdllds ¢ = ~10-28 Hz for ~ WhereJse..<(A) andJse..#(B) are the Se-F coupling constants

2,4,6-tris(trifluoromethyl)phenylseleno derivativééthe larger ~ for conformers A and B, respectivelya is a temperature-
values of Jse.r for la—f suggested the presence of direct dependent variable representing the relative population of
through-space nonbonded interactions between Se and F. Th&onformer A. It should be noted that the valueJef..<(B) for
magnitude oflse..¢ correlated positively with the downfield — 1a—f would be approximately zerdde../(B) ~ 0 Hz; namely,
shifts of &g, except forlc (X = Br).3 The propensity suggested ~ Jse-F ~ Jse--#(A)xa] because the nuclear spin coupling between
that the F atom loses more electrons as the-Bénteraction ~ Se and F was not observed fbg, for which conformer B is
becomes stronger. Therefore, the electrons may delocalize fromPredicted to be the only stable conformer in solution. Second,
F to Se in the Se-F interactions. Thése..r coupling was not ~ xa is related to enthalpy and entropy changasi(@ndAS) of
detected for selenolatiy (Jse..£ = 0 Hz in CD;0D), in which the equilibrium (Figure 1) by the free energy relationship:

the excessive negative charge at Se may cause repulsion with

the F lone pairgelectrons gto avoid cI)(/)se -SB cgntact. AG = AH = TAS= —RTIn {(1 = xa)/¥a} @
Consequently, thése..r coupling could be observed only when
nonbonded Se-F interaction existed in solution.

Table 1 shows solvent effects aRe..r Observed forla
(X = CN), 1le (X = SeAr), and1f (X = Me) at room
temperature. The value Jdg...r for 1a decreased significantly
with an increasing dielectric constant of the solvetashile
completely opposite trends were observedfeand1f. Since Hee..r &~ AH 3)
the cyano group is a strong electron-withdrawing substituent,
the Se--F interaction oflawould possess electrostatic character Thus, in principle a quantitative estimate blse..- can be
to some extent. Hence the interaction might become weaker inexperimentally determined by measurihg..r values at various
polar solvents. Similar electrostatic contribution was previously temperatures ifse..£(A) remains constant. This critical condition

where T and R represent temperature and the gas constant,
respectively. Third, since rotational barriers of the Egroup

and the Se X moiety must be low as indicated by the low-
temperature NMR spectra, the enthalpy for the interaction
between Se and FHge..r) is approximately equal taH:

found for the nonbonded SeN interaction ofN,N-dialkyl-2- was practically examined by using tlke..r values for the
(aminomethyl)phenylselenenyl cyandt®©n the other hand, corresponding Cfcompounds4) at various temperatures.
remarkable enhancement &...r in polar solvents observed Temperature Dependence oflse..r for 1a and 1e.Com-

for 1e and 1f suggested that the electrostatic character of the poundsla (X = CN) andle (X = SeAr) were selected to
Se--F interactions in this system may be negligible. The result investigate the temperature dependencéspfr because they
is quite surprising considering the high electronegativity of F. are remarkably more stable than the other model compounds.
Rapid Equilibrium between Conformers A and B. 7’Se CDsCN and CDCI; were selected as polar and less polar
NMR signals of reference compounds appeared as quartetssolvents, respectively. The valuesJgt..- were measured from
(Jse--r = 63.2 Hz forda, 53.0 Hz for4e, 48.4 Hz for4f, and the expanded’Se NMR spectra, in which the signals are split
15.6 Hz for4g), indicating free rotation of the GFgroups at into a doublet due to coupling with the nuclear spin%#. As
room temperature. In addition, low-temperatifeNMR spectra seen in Figure 2, the splitting 6fSe NMR signals was enhanced
of 1a—f showed a sharp singlet in the region of benzylic protons at low temperatures in GICl, for both 1a and 1e Similar
even at—90 °C at 500 MHz. To explain the dynamic NMR  propensities were also observed in{CIN. TheJse..r vs T plots
spectra, rapid equilibrium between two stable conformers hasfor laandleare shown in Figures 3 and 4, respectively, where
been proposed (Figure $)Conformer A has close atomic the data for the reference compounds @nd 4€) are also
contact between Se and F with almost linearSe--F atomic plotted.
alignment, and conformer B has the-€ bond away from the Figure 3 suggests two important features as to the-Se
Se—X bond, which lies out of the aromatic plane. interaction ofla (the NC-Se--F interaction). First, the SeF
interaction is attractive in both solventdd4...c > 0). This can

(20) (a) Bertel, N.; Roesky, H. W.; Edelmann, F. T.; Noltemeyer, M.; Schmidt, H i H HHaYT
H G 2. Anorg, Allg. Chem1990 586 718, (b) Labahn. .. Bohnen F. be predicted as follows. According to the rapid equilibrium

M.; Herbst-Irmer, R.; Pohl, E.; Stalke, D.; Roesky, H. #/.Anorg. Allg. model (Figure 1 and eq 1), the increase of the magnitude of
Chem 1994 620, 41-47.

(21) Techniques of Chemistriddick, J. A., Bunger, W. B., Sakano, T. K., Jse-.r Observed fodaat low temperatures should be due to the
Eds.; John Wiley and Sons: New York, 1986; Vol. 2. enhancement gfa or Jse..r(A). However, thelse..r(A) value
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1a (X=CN) 1e (X=SeAr) B0 [
§ ssp 7
183 K ~ L ]
=  gof-N------ im0
S u 1
= h . b
< 45 E * —S—1einCDCl2
“ “ 213J\/\ 8 E N\ --G--1einCDECN ]
ﬂ _JL M @ 40fF R W dein CDLClp
£ d A --B--4einCO3CN
243 K [=% [ ]
g b :
ot 5
273K T 30F 5
3 " ]
=5 a25¢F -3
298 K : ]
o e 20 L | TN RS BN iy
05 0005 = 0.4 02 0.0-020.4 150 200 250 300 350 400
Relative Chemical Shift (A5) Temperature (K)
Figure 2. 7'Se NMR spectra (95.35 MHz) observed fba (left panel) Figure 4. Plots of Jse..r observed forle (O) and4e (9) in CD,Cl, and
and 1e (right panel) in CRCI; at various temperatures. CDsCN as a function of temperature. The solid (in £Iy) and dashed
(CDsCN) curves forlewere depicted with the parameters obtained by data

110 T T fitting.
~—S— 1ain CDCIp
--G--1ainCD3CN

—— 4ain CDyCly

100 |
- and4ewere unexpectedly not much different from those ins€D

CN. The observation again suggested that the-Bénteraction

sk --M--4ainCD3EN ]

. should not have much electrostatic character.
80 | The solvent effect olse..r observed forla was different

i from that forle as discussed above. The discrepancy may be
70F due to the preferential solvation at the SeCN moietyafunlike

the CHF moiety of 1a, since only a marginal solvent effect

50 W was observed fote This is consonant with the hydrophobicity

J(SeF) Coupling Constant (Hz)

sof -] of organic fluorideg?
s ‘.—" ] Evaluation of Se--F Interaction Energies (Hse..r). By
soboe vy, M0 fitting the temperature-dependedd...r data obtained foda
150 200 250 300 350 400 and le to egs 13, stabilization energies of the nonbonded
Temperature (K) Se--F interactions Klse..r) were evaluated.

Figure 3. Plots of Jse. observed forla (O) and4a (9) in CD,Cl, and For the case ofle (the Se-Se-F interaction), the fitting
CDsCN as a function of temperature. The solid curve (in.CB) for 1a was straightforward since the value 8§e..<(A) should be
was depicted with the pgramete_rs obtained' by data fi_tting. The other curvesconstant at various temperatures as Suggested by the constant
were drawn for convenience with no physical meaning. value ofJse..r for 4e The values oHse..r for lewere estimated

for 1a must be reduced slightly at low temperatures because as 0.85+ 0.20 kcal/mol in CRCI, and 0.83% 0.22 kcal/mol
the Jse..r Value for the reference compourth) decreased with  in CD3CN. Thus, negligible solvent effects were quantitatively
lowering the temperature. Therefore, the equilibrium would confirmed. The interaction energies determined were signifi-
proceed toward conformer A at low temperatures. Second, thecantly smaller than those previously estimated for-$&
NC—Se:-F interaction is affected by polarity of the solvent interactions {5—20 kcal/mol¥ due to the lower nucleophilicity
employed. The values Jfe..r for both 1laand4awere smaller of F than N. The values oAS and Jse..£(A), which were

in CDsCN than those in CELCl,. This is probably due to stronger  simultaneously converged, were 4£20.2 eu and 73t 21 Hz,
solvation by CRCN than that by CBCl,. The observed respectively, in CRCl, and 3.9+ 0.6 eu and 81 33 Hz,
decrease in thése..r value for4aat low temperatures can also  respectively, in CBCN. The positive values ofAS were
be ascribed to the effects of solvation because the solvationconsistent with the larger conformational flexibility of conformer
would slightly weaken the SeF interaction by reducing the  B.

net charge of the electrophilic Se atom. On the other hand, the data fitting was difficult for the case
On the other hand, different behaviors were observedéor  of 1a because the value de..<(A) should not be constant at
As seen in Figure 4, the value df...r for 1le significantly low temperatures, as suggested by the decreasdsof
increased with lowering the temperature in both;CN and observed foda. However, it may be a reasonable assumption
CD,Cly, whereas that fode remained constant. The constant in CD,Cl, that the value oflse..r(A) for lais approximately
value ofJse..r for 4e suggested that the value &...r(A) for constant because tlig...r values forda decreased only slightly

leis independent of temperature in both solvents. Therefore, and theJse..r value for 1a increased greatly with lowering
the observed increase of the...r value forleshould be directly temperature. On the basis of this hypothesis, the-IS€--F
due to the enhancement of the relative population of conformer interaction energyHse..r) of lawas estimated as 1.2830.18

A (xa) at low temperatures. This implies that the nonbonded : . — . . _
Se-F interaction ofle (the Se-Se--F interaction) may be  (#2) Diganofuorne Compounds I M P b e B
attractive. Furthermore, the values &..r in CD.Cl, for 1e er: Amsterdam, 1993.

J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002 1905



ARTICLES

Iwaoka et al.

Table 2. Summary of Quantum Chemical (QC) Calculations on 5a—f and the Natural Bond Orbital (NBO) Analysis

AEp° Ise-..p” OF---Se—X® Wp—° AEgf Agse® Age
compd method? (kcal/mol) A (deg) (deg) (kcal/mol) (e7) (e7)
5a | -1.1 2.92 160.6 54.2 3.5 0.0048 —0.0076
1l -1.2 2.79 168.8 49.4
5b | +0.1 2.97 155.6 56.2 3.0 0.0045 —0.0073
1l —-0.5 2.69 170.7 47.0
5c | +1.3 3.25 1334 67.0 1.0 0.0010 —0.0025
1l -1.1 2.76 168.6 51.2
5d | +0.1 3.08 159.4 60.8 2.1 0.0027 —0.0050
1l —-0.0 291 171.6 54.2
5e | +0.7 3.10 158.0 62.7 2.0 0.0024 —0.0046
1l +0.2 2.94 171.4 55.9
5f | +0.3 (+0.2y 3.14 157.6 62.9 1.6 0.0024 —0.0046
1l —0.2 (+0.0p 2.99 169.6 58.1

aQC calculations were carried out at the B3LYP/6-31G(d,p)//HF/6-31G(d,

p) level (method 1) and the B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) keset] (met

1) by use of Huzinaga’s 43321/4321/311 basis sets for Se and Br. NBO analysis was performed at the HF/6-31G(c®Briergl. of conformer A
relative to that of conformer B, corrected with the unscaled zero-point enef@esected structural parameters obtained for conformen . c is the
dihedral angle along the AItCH,F bond.d Total stabilization energy due to the orbital interactions between SeX and F for conformer A revealed by the
NBO deletion analysis:t Change of the electron population for th&s.-x orbital due to the Se-F orbital interaction of conformer A.Change of the
electron population for thegorbitals due to the SeF orbital interaction of conformer A Energy of conformer A relative to that of conformer C.

kcal/mol in CD,Cl,. The simultaneously converged values of
AS and Jse..r(A) were 2.9+ 0.4 eu and 120+ 5 Hz,
respectively. The estimated S¢ interaction energy fofla
(1.23 kcal/mol) was 0.38 kcal/mol larger than that 1ex(0.85
kcal/mol) in the same solvent, being consistent with the higher

two stable conformers in the following discussion. For the case
of 5f (X = Me), the most stable conformer was found to be
conformer C at the B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)
level. Hence, three conformers are consideredforhe results

of QC calculations and the NBO analysis are summarized in

electrophilicity of selenocyanates than diselenides. For the dataTable 2.

obtained in CRCN, such a fitting could not be applied because
of larger solvent effects: the Se interaction should be weaker

For all compounds, energies of conformers A and B were
close to each otheNEpg = —1.2 to+1.3 kcal/mol), suggesting

than 1.23 kcal/mol because solvation around the SeCN moietythat both conformers may exist in solution. Thus, the fitting

may attenuate the SeF atomic contact.

QC Calculations and the NBO Analysis.To rationalize the
experimental results, QC calculations were carried out on
5a—f, two of which have a simplified substituent at Se to save
computational time. Gaussian 94 and 98 progfaffsvere used
for all calculations. Structures were fully optimized at the HF/
6-31G(d,p) or B3LYP/6-31G(d,p) level by use of Huzinaga’'s
43321/4321/311 basis s€tfor Se and Br. Single-point energies
were subsequently calculated at the level of the density
functional theory (B3LYP¥® To analyze the mechanism of the
observed nonbonded Sd- interactions, NBO analysis of
Weinhold and co-worke?$ was performed.

5a (= 1a), X =CN
5b (= 1b), X = Cl
CHF e (=1¢), X =Br
5d, X = SMe
SeX Se, X = SeMe
5f (= 1f), X=Me

Three to six possible conformers were locatedSarf: two

analysis of the NMR data based on a rapid equilibrium model
(Figure 1) could be rationalized. The values ®Eag for 5a
(AEag —1.1 and —1.2 kcal/mol in methods | and II,
respectively) were in excellent agreement with the-%e
interaction energy experimentally estimated f@rin CD,Cl,
(Hse..r = 1.23 + 0.18 kcal/mol). Therefore, it was strongly
suggested that solvent effect on the-Seinteraction, and hence
the electrostatic character, is insignificant. On the other hand,
the values oAEag for 5e (AEag = +0.7 and+0.2 kcal/mol in
methods | and Il, respectively) were a little different from those
estimated forle (Hse..r = 0.85+ 0.20 and 0.83t 0.22 kcal/
mol in CD,Cl, and CIXCN, respectively). This is probably due
to the simplified molecular structure & compared withle

The effect of electron correlation on the-S€& interactions
is obviously seen in Table 2. Comparing the-Se nonbonded
distance (se..r) of conformer A optimized at the HF/6-31G-
(d,p) level (method 1) with those optimized at the B3LYP/6-
31G(d,p) level (method Il), it was revealed that more accurate
treatment of electron correlation causes strengthening of the

corresponded to conformers A and B (Figure 1), and the others Se--F interaction forsa—f. The most remarkable change was

included an unstable conformer with both the Eand Se-X
bonds tilted out of the aromatic plane to the same direction
(conformer C), one with both the-€F and Se-X bonds lying

on the aromatic plane, etc. Except féf, the energies of
conformers A and B were found to be obviously lower than
those of the other conformers. Therefore, we consider only the

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.
G.; Robb, M. A Cheeseman J. R, Kelth T,; Petersson G. A;
Montgomery, J. A.; Raghavachari, K; Al- Laham, M A.; Zakrzewski, V
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian 94; Gaussian, Inc.:
Pittsburgh, PA, 1995.
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(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian
98; Gaussian, Inc.: Pittsburgh, PA, 1998.
(25) Gaussian Basis Sets for Molecular Calculatipriduzinaga, S., Ed.;
Elsevier: Amsterdam, 1984.
(26) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789. (b)
Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
(27) Reed, A. E,; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899-926.
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Figure 5. Molecular structure of conformer C obtained f&fr (X = Me)

Figure 6. Contour map of LUMG-3 for conformer A of5a (X = CN) at

at the B3LYP/6-31G(d,p) level by use of Huzinaga's 43321/4321/311 basis the HF/6-31G(d,p) level by use of Huzinaga’s 43321/4321/311 basis sets

sets for Se.

observed fobc (X = Br): The value ofrse..r for 5cwas 0.49

A smaller in method Il than in method I. For the other
compounds, the decreaserif..- was~0.13-0.28 A. Although
the effect of electron correlation is significant, it is notable that
the values of se..r Obtained at the Hartred~ock level (~2.92—
3.25 A in method 1) were already smaller than the sum of the
van der Waals radii (3.37 &8 Therefore, electron correlation

may not be an essential factor for formation of the nonbonded

Se--F interactions.

For the case ofsf (X Me), the relative energies of
conformer A to conformers B and C were).2 and+0.0 kcal/
mol, respectively, in method Il, suggesting that the three
conformers exist in solution fatf. The most stable was found
to be conformer C. This unique characterséf(= 1f) may be
due to dual weak intramolecular interactions, i.e-HG:-Se?®
and C-H---F hydrogen bonds, as shown in Figure 5. The
obtained H--Se and H--F nonbonded distances were 2.89 and
2.24 A, respectively, which were significantly shorter than the

for Se. The map was drawn at the plane on the Se, F, and N atoms with a
line interval of 0.05. Thin solid lines mean intersection of the nodal surface.

interactions between the SeX moiety and the F atag{ in
Table 2) showed a significant magnitude of-SE orbital
interactions (1.6-3.5 kcal/mol). The values oAqgse and Agf,
which indicate electron flow in the formation of the nonbonded
Se--F interaction, suggested that the F atom slightly donates
electrons to the SeX moiety. Thus, the character of the>n
0*se-x Orbital interaction was supported theoreticafly.
Mechanisms of Se-F Interaction. Stabilization mechanisms
for weak nonbonded interactions generally involve several
physical factors, such as electrostatic, orbital (charge-transfer),
and dispersion interactions. Their relative contributions depend
on the interaction systems. For the case of the-Bénteraction
observed forle (the Se-Se--F interaction), the electrostatic
character is presumably not important as revealed by the
negligible solvent effects, while the orbital character may be
significant as suggested by the largg..r coupling constant
estimated for conformer A dfe [Jse..r(A) = 73 Hz in CD,Cl;

corresponding sum of the van der Waal radii (3.10 and 2.67 A, and 81 Hz in CRCN] and by the QC and NBO analyses 5@

respectivelyf®

Structural parameters of conformer Ag{..r, O0F---Se—X,
and war—c) obtained forSa—f indicated the distinct tendency
that the shorter the nonbonded-SE atomic distancerge..r)
is, the more linear the nonbondee-Se-X angle (JF--Se-

X) is and the smaller the dihedral angle between the aromatic

plane and the €F bond (ar—c) is. The linear propensity of
the Se--F interactions suggested a major contribution from the
orbital interaction between the antibonding orbital of the-Xe
bond ¢*se-x) and the lone pair of F @) on the stability. Indeed,
the mixing ofo*se-x and rx was apparent for the case &d as
graphically shown in Figure 6. Such f~ o0*se.x oOrbital

On the other hand, an electrostatic character may contribute
to some extent for the SeF interaction ofla (the NC-Se--F
interaction) as suggested by the solvent effect onXher
coupling constant. However, the contribution from orbital
interactions should be more important, based on the large value
of Jse..r estimated for conformer A dfa [Jse..r(A) = 120 Hz
in CD,Cl,] and the results of the QC and NBO analyse$af
(Table 2 and Figure 6). Since the QC calculation result (i.e.,
AEpg) in vacuo almost quantitatively reproduced the fitting
result (i.e. Hse..r) that was based on experimental observations
in solution, the solvent effect may be rather small. Therefore,
the orbital character would be predominant for stabilization of

interactions have also been suggested for the correspondingne NC-Se-+F interaction.

Se--N8 and Se--O!! interactions as the major stabilization
factor.

To evaluate the magnitude of the r~ o*se.x orbital
interaction, NBO deletion analysi$, which should allow
guantitative estimation of the total energy due to the orbital

interactions between two specific atoms or groups in a molecule

Table 2 shows that the relative electronic eneryi4{g) and
Se--F atomic distancer§e..r) of conformer A significantly
change depending on the calculation methods (method | vs
method 11). Since the B3LYP method incorporates the effect
of electron correlation more efficiently, the results suggested
that the contribution from dispersion forces may also be involved

by deleting the Fock matrix elements, was applied to conformers ¢, ihe attractive nature of nonbonded-SE interactions.

A of 5a—f. The obtained stabilization energies due to the orbital

(28) Bondi, A.J. Phys. Chem1964 68, 441—-451.

(29) (a) lwaoka, M.; Tomoda, Sl. Am. Chem. Sod.994 116, 4463-4464.
(b) lwaoka, M.; Komatsu, H.; Tomoda, Bull. Chem. Soc. Jpri996 69,
1825-1826. (c) Narayanan, S. J.; Sridevi, B.; Chandrashekar, T. K.; Vij,
A.; Roy, R. Angew. Chem., Int. Ed. Engl998 37, 3394-3397. (d)
Michalczyk, R.; Schmidt, J. G.; Moody, E.; Li, Z.; Wu, R.; Dunlap, R. B;
Odom, J. D.; Silks, L. AAngew. Chem., Int. Ed. Eng200Q 39, 3067~
3070.

Conclusions

By means of data fitting of the nuclear spin coupling constant
between Se and F4e..r) observed forla and 1e at various

(30) According to ref 16, the value ohEge was 0.0 kcal/mol forsf. The
discrepancy between the results of ref 16 and this wailk,{ = 1.6 kcal/
mol for 5f) may be ascribed to the difference in the basis sets employed.
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temperatures to the rapid equilibrium model (Figure 1), stabi-
lization energies of the nonbonded-SE interactions flse..F)
were estimated as 1.23 kcal/mol fba (in CD,Cl,) and 0.85
and 0.83 kcal/mol folLe (in CD,Cl, and CIRCN, respectively).
The stabilization energies were significantly smaller than the
corresponding Se N8 and Se--O! interactions, being consis-
tent with the lower electron-donating ability of F lone pairs.
The negligible solvent effect observed fbe suggested little
electrostatic nature of the Se interaction despite the high

and sulfuryl chloride (4.8, 0.06 mmol) was added to the solution.
After having stirred for 1.5 h at 40C, the reaction mixture was
concentrated under reduced pressure. The resulting crude product
(brown oil) contained.b (79%),1e(16%), and an unknown byproduct
(5%) according to the integration &ff NMR. Further purification of

1b could not be performed because of the high reactivitiinfSpectral

data forlb: *H NMR 6 7.90 (d,J = 7.9 Hz, 1H), 7.51 (dJ = 7.9 Hz,

1H), 7.45 (t,J = 7.9 Hz, 1H), 7.42 (tJ = 7.9 Hz, 1H), 5.65 (dJur =

49.2 Hz, 2H);33C NMR ¢ 138.0 (d,Jcr = 17.7 Hz), 134.8, 131.5 (d,
Jer= 2.6 Hz), 130.6, 129.7 (dcr = 0.8 Hz), 128.0 (dJcr = 8.6 Hz),

electronegativity of F. On the other hand, a small solvent effect 84.3 (d,Jcr = 167.6 Hz);2%F NMR ¢ —205.2 (t,Jur = 49.2 Hz);"’Se

was observed fofla, suggesting the SeF interaction has a

NMR 6 978.5 (d,Jser = 80.1 Hz).

slight electrostatic character. The solvation site, however, may 2-(Fluoromethyl)phenylselenenyl Cyanate (1a)Compoundlb,

be the SeCN moiety rather than the f£Hmnoiety.

As for the major mechanism of the nonbonded--Se
interactions, the h— o0*se_x orbital interaction was strongly
suggested on the basis of the observed lakger coupling

constants as well as the results obtained from QC calculations
and the NBO analysis. The stabilization mechanism is essentially

the same as the previously investigated-8¢ and Se--O!
interactions, although the nucleophilicity of F is much lower
than those of N and O. Therefore, the strong electrophilicity of

a divalent organic selenium as well as the weak, but distinct,

electron-donating character of the lone pairs of organic fluo-
rides® can be concluded.

Experimental Section

General ProceduresCommercially available organic and inorganic
reagents were used without further purification. Tetrahydrofuran (THF)
was dried over sodium wire and was distilled under nitrogen. Dichlo-
romethane (ChkLCl,) was dried over calcium hydride and was distilled
under nitrogen before use. Methanol (MeOH) was distilled under
nitrogen. Other organic solvents were used without purification. Gel-
permeation chromatography was carried out by using a JAI LC-908
system equipped with JAIGEL-H columns (chloroform as eluéit).
(500 MHz), *3C (125.65 MHz),'F (470.40 MHz), and’Se (95.35
MHz) NMR spectra were measured on a JadD0 spectrometer in
CDCl; containing tetramethylsilane as an internal standardHoand
13C NMR. For®®F NMR, fluorobenzene) —113.0 ppm) was added as
an internal standard. F3rSe NMR, dimethyl selenided(0 ppm) in
CDCl; was used as an external standdgd..r coupling constants df
and 4 were measured from the expandéd-decoupled’’Se NMR

prepared fromle (193 mg, 0.51 mmol), was dissolved in dry THF (20
mL) under nitrogen. Cyanotrimethylsilane (148, 1.32 mmol) was
added to the solution. After 1 h, the reaction mixture was concentrated
under reduced pressure. Prod@ietwas obtained in 80% yield (176
mg) as a colorless oil from the residue by silica-gel column chroma-
tography (hexaneCH.Cl,) followed by gel-permeation chromatogra-
phy. Spectral data fota: *H NMR 0 7.86 (d,J = 7.0 Hz, 1H), 7.47
(d,J = 4.2 Hz, 1H), 7.45-7.41 (m, 2H), 5.52 (dJur = 46.9 Hz, 2H);
3C NMR 6 137.0 (d,Jcr = 17.9 HZz), 134.0, 130.9 (dcr = 1.9 Hz),
130.0, 129.6 (dJcr = 8.3 Hz), 123.1, 101.4 (dlcr = 6.4 Hz), 84.1
(d, Jor = 168.6 Hz);1%F NMR 0 —204.3 (t,Jur = 46.9 Hz);"Se NMR
0 288.6 (d,Jser= 84.2 Hz). Anal. Calcd for gHsFNSe: C, 44.88; H,
2.82; N, 6.54. Found: C, 44.59; H, 2.89; N, 6.52.
2-(Fluoromethyl)benzeneselenenyl Bromide (1cXCompoundle
(19.0 mg, 0.05 mmol) was dissolved in €, (2 mL) under nitrogen,
and bromine (2.58L, 0.05 mmol) was added to the solution. After 15
min, the reaction mixture was evaporated. Prodlctwas almost
quantitatively obtained as a dark brown oil. Because of the labile nature
of 1c, purification was not performed. Spectral data for *H NMR
0 7.93(d,J=7.6 Hz, 1H), 7.52 (dJ = 7.6 Hz, 1H), 7.47 )= 7.6
Hz, 1H), 7.37 (tJ = 7.6 Hz, 1H), 5.68 (dJur = 47.4 Hz, 2H);1°C
NMR 6 139.3 (d,Jce = 16.9 Hz), 137.0, 131.1, 129.6 (der = 3.0
Hz), 128.5 (dJce = 4.3 Hz), 128.0 (dJcr = 9.5 Hz), 84.2 (dJcr =
168.6 Hz);%F NMR 6 —208.0 (t,Jur = 47.4 Hz);"’Se NMR ¢ 801.0
(d, Jser= 43.1 HZ).
2-(Fluoromethyl)benzeneselenenyl Phenyl Sulfide (1dfompound
1e(19.2 mg, 0.05 mmol) was dissolved in &, (2 mL). Pyridine (2
drops) and benzenethiol (264L, 0.25 mmol) were added to the
solution. After 2.5 h, the reaction mixture was concentrated under
reduced pressure to afford a yellow oil, which contairiekl 1e, and

spectra in appropriate solvents at various temperatures. The temperatureBhSSPh. The yield dfd was 30% according to the integration f

were not corrected.

Bis[2-(fluoromethyl)phenyl] Diselenide (1e).According to the
literature method® the well-ground 2:3 (w/w) mixture of potassium
fluoride and calcium fluoride (from an artificial source) (5.20 g, 35.8
mmol of KF) was activated fo5 h at 150°C under reduced pressure
(0.1 mmHg). The mixture was added to the solution of bis[2-
(chloromethyl)phenyl] diselenidé(1.51 g, 3.67 mmol) in butyronitrile
(10 mL) under nitrogen. After refluxing for 85 h, the reaction mixture

NMR. Due to the disproportionation dfd, purification could not be
performed. Spectral data fad: *H NMR 6 7.78 (d,J = 7.3 Hz, 1H),
7.51-7.21 (m, 8H), 5.48 (dJur = 49.1 Hz, 2H);3C NMR ¢ 136.7
(d, Jcr = 16.4 Hz), 136.3, 132.5, 130.3, 129.7 §dr = 1.3 Hz), 129.0,
128.5 (dJcr = 7.5 Hz), 128.4, 127.7, 127.5, 83.9 (dr = 167.6 Hz);
19F NMR 6 —206.3 (t,Jur = 49.1 Hz);7’Se NMR6 499.7 (d,Jser =
38.7 Hz).

2-(Fluoromethyl)phenyl Methyl Selenide (1f).Compoundle (193

was filtered. The filtration residue was washed with ether, and the ether mg, 0.51 mmol) and methyl iodide (0.2 mL, 3.2 mmol) were dissolved

layer was combined with the filtrate. After evaporation, the resulting
crude product was purified by silica-gel column chromatography
(hexane-CH,Cl,). Productle was obtained in 47% vyield (0.65 g) as
yellow crystals. Spectral data fde 'H NMR ¢ 7.65 (d,J = 7.6 Hz,
2H), 7.41 (dJ = 7.6 Hz, 2H), 7.35 (tJ = 7.6 Hz, 2H), 7.25 (t) =
7.6 Hz, 2H), 5.42 (dJur = 47.9 Hz, 4H);*3C NMR 6 138.0 (d,Jcr =
16.2 Hz), 135.3, 130.0 (dlcr = 4.1 Hz), 129.5 (dJcr = 1.7 Hz),
129.1, 128.1 (dJcr = 8.8 Hz), 84.0 (dJcr = 169.7 Hz);'%F NMR o
—208.1 (t,Jur = 47.9 Hz);7’Se NMR 6 437.3 (d,Jser = 23.6 Hz).
Anal. Calcd for GsH1F.Se: C, 44.70; H, 3.22. Found: C, 44.64; H,
3.37.

2-(Fluoromethyl)benzeneselenenyl Chloride (1b)Compoundle
(19.1 mg, 0.05 mmol) was dissolved in dry THF (2 mL) under nitrogen,
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in MeOH (2 mL) under nitrogen, and sodium borohydride was added
to the solution until the yellow color disappeared. After 2 h, the reaction
mixture was poured into aqueous NaH£@0 mL) and was extracted
with ether. Produclf was obtained as a colorless oil (162 mg, 78%)
after purification by gel-permeation chromatography. Spectral data for
1f: *H NMR ¢ 7.48 (d,J = 7.0 Hz, 1H), 7.39 (dJ = 7.0 Hz, 1H),
7.30-7.23 (m, 2H), 5.49 (dJur = 47.7 Hz, 2H), 2.32 (s, 3H)}C
NMR 6 136.8 (d,Jce = 17.6 Hz), 131.9 (dJcr = 3.8 Hz), 131.2,
129.4 (d,Jcr = 2.5 Hz), 128.4 (dJcr = 7.5 Hz), 126.6, 84.1 (dlcr
= 167.6 Hz), 7.7 NMR ¢ —208.1 (t,Jur = 47.7 Hz);"’Se NMR
0 161.1 (d,Jser= 22.7 Hz). Anal. Calcd for gHoFSe: C, 47.31; H,
4.47. Found: C, 47.01; H, 4.41.

Sodium [2-(Fluoromethyl)phenyl]seleno(trimethoxy)borate (19).
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Compoundlg was generated in an NMR sample tube by the reaction
of le with excess amounts of sodium borohydride in OD.X°
Although *H and 3C NMR spectra of the reaction mixture were
significantly complicated, the formation dfg was characterized by
19F and”’Se NMR spectra. 18,12H-Diselenop,f|[1,5]diselenocif®P

data foraf: H NMR 6 7.59 (d,J = 7.8 Hz, 1H), 7.47 (dJ = 7.8 Hz,

1H), 7.39 (t,J = 7.8 Hz, 1H), 7.24 (t) = 7.8 Hz, 1H), 2.34 (s, 3H);
13C NMR 6 132.0, 131.5, 131.0, 130.1 (der = 30.4 Hz), 126.7 (q,
Jor = 5.2 Hz), 125.7, 124.1 (gJer = 272.0 Hz), 7.5 NMR o

—61.7 (s);7Se NMR 6 217.7 (0, Jser = 48.4 Hz).

was detected as a major byproduct during the prolonged measurement Sodium [2-(Trifluoromethyl)phenyl]seleno(trimethoxy)borate

of the NMR spectra. Spectral data fbog: °F NMR 6 —217.6 (t,Jur

= 49.3 Hz);’Se NMR 6 —24.1 (s).
2-(Trifluoromethyl)phenylselenenyl Cyanate (4a)2-(Trifluorom-

ethyl)aniline (3.32 g, 20.6 mmol) was suspende® iM HCI (40 mL)

at 0°C, and 3 M NaNQ@ (8 mL, 24 mmol) was added to the mixture

(4g). Compound4g was generated in an NMR sample tube by the
reaction of4e with excess amounts of sodium borohydride in£D
OD.* Formation of4g was unambiguously characterized by NMR
spectra. Spectral data fdig. *H NMR o6 7.82 (t,J = 8.3 Hz, 1H),
7.28 (t,J = 8.3 Hz, 1H), 6.88 (tJ = 8.3 Hz, 2H);3*C NMR ¢ 142.1,

dropwise. After 1 h, a saturated aqueous solution of sodium acetate140.6, 134.2 (qJcr = 26.4 Hz), 130.3, 126.5 (§cr = 5.3 Hz), 126.5
was added dropwise until the pH of the reaction solution reached about(q, Jcr = 273.5 Hz), 122.23F NMR 6 —63.6 (S);"’Se NMRJ 69.5
6. Then the mixture was poured into aqueous potassium selenocyanatéq, Jser = 15.6 Hz).

(3.70 g, 20.5 mmol). The resulting mixture was extracted with ether.
After purification by silica-gel column chromatography (hexa@H,-
Cl,), 4a was obtained as a brown oil (4.40 g, 85%). Spectral data for
4a H NMR ¢ 7.97 (d,J = 7.7 Hz, 1H), 7.74 (dJ = 7.7 Hz, 1H),
7.59 (t,J = 7.7 Hz, 1H), 7.52 (tJ = 7.7 Hz, 1H);'3C NMR ¢ 133.9,
133.6, 129.8 (qJcr = 31.6 Hz), 129.2, 127.6 (dcr = 5.4 Hz), 123.3
(0, Jer = 274.2 Hz), 121.0, 100.7 (e = 4.7 Hz);'%F NMR 6 —60.6
(s); 7'Se NMR 6 341.7 (q,Jser = 63.2 Hz).

Bis[2-(trifluoromethyl)phenyl] Diselenide (4e).Compoundia (1.05
g, 4.2 mmol) and NaOH (7.12 g, 0.18 mol) were dissolved in methanol
(50 mL), and the mixture was stirred at room temperature for 24 h.
The reaction mixture was added to water and was extracted with CH
Cl,. Product4e was obtained as yellow crystals (0.64 g, 68%) after
purification by silica-gel column chromatography (hexane). Compound
4ewas known in the literaturé. Spectral data fofe *H NMR ¢ 7.88
(d, 3= 7.7 Hz, 2H), 7.60 (dJ = 7.7 Hz, 2H), 7.39 (tJ = 7.7 Hz,
2H), 7.31 (t,J = 7.7 Hz, 2H);*C NMR 6 133.6, 132.7, 129.5 (dlcr
= 30.3 Hz), 128.5, 127.5, 126.6 (dcr = 7.6 Hz), 123.9 (qJcr =
274.0 Hz);*F NMR 6 —60.1 (s);"’'Se NMR 6 454.0 (q,Jser= 53.0
Hz).

2-(Trifluoromethyl)phenyl Methyl Selenide (4f). Compound4a
(527 mg, 2.1 mmol) and methyl iodide (0.33 mL, 5.3 mmol) were
dissolved in MeOH (6 mL) under nitrogen, and sodium borohydride
was added to the solution until the yellow color disappeared. After 2
h, the reaction mixture was added to aqueous Nagl@md was
extracted with ether. Produdf was obtained as a colorless oil (417
mg, 83%) after purification by gel-permeation chromatography. Spectral

(31) McKillop, A.; Koyunau, D.; Krief, A.; Dumont, W.; Renier, P.; Trabelsi,
M. Tetrahedron Lett199Q 31, 5007-5010.

Data Fitting. The values ofls...r for 1a and1e were measured in
CD,Cl; and CIXCN at various temperatures from the expandeel
decoupled 95.35 MHZ’Se NMR spectra with a digital resolution of
0.15 Hz. The data obtained were fitted to eqs31by using
KaleidaGraph version 3.08 (Synergy Software, Reading, PA), in which
the LevenbergMarquardt algorithri? was employed for the nonlinear
least-squares method.

QC Calculations and the NBO Analysis. All computational
calculations were carried out by using Gaussian 94 and 98 pro§Fdms
installed on DEC Alpha21164A Unix workstations. Stable conformers
of 5a—f were first sought by changing the two dihedral angles along
the Ar—SeX and Ar~CH.F bonds independently with an interval of
30° at the HF/3-21G(d) level. The obtained conformers (conformers
A, B, C, etc.) were fully optimized at the HF/6-31G(d,p) (method I)
and B3LYP/6-31G(d,p) (method Il) levels by use of Huzinaga’s 43321/
4321/311 basis séfswithout any restrictions. The single-point energies
were then calculated by applying the density functional theory at the
B3LYP/6-31G(d,p) levet® Zero-point energies (ZPE) calculated at the
appropriate level were not scaled. NBO deletion analysigas
performed with standard parameters at the HF/6-31G(d,p) level. The
contour map of LUMG-3 for 5a (Figure 6) was drawn by using a
homemade program.

Acknowledgment. This work was supported by Grants in
Aid for Scientific Research 11120210 and 10133207 from the
Ministry of Education, Science and Culture, Japan.

JAO016348R

(32) Marquardt, D. WJ. Soc. Ind. Appl. Math1963 11, 431—-441.

J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002 1909



