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Abstract

A reaction of trans-[(Cp*Rh),(n-CH,),Cl,] with H,Se in MeOH formed a p-SeH complex isolated as a BPh, salt [(Cp*Rh),(p-
CH,),(n-SeH)](BPh,) (1; Cp* = n>-CsMes). In solution, complex 1 was oxidized by molecular oxygen giving a tetranuclear
diselenide p,-Se, complex [{(Cp*Rh),(n-CH,),},(1t4-Se,)](BPhy,), (2). The structure involves Se, bridging two Rh-Rh bonds
(Rh-Rh = 2.6353(5) A) in a side-on fashion (Rh(1)-Se(1) = 2.4715(6), Rh(2)-Se(1)* = 2.5526(6) A). The Se(1)-Se(1)* distance is
2.3875(9) A, which corresponds to a Se—Se single bond. Complex 2 showed an intriguing dynamic behavior of double-site atomic
inversion at the selenium atoms in CD;CN. The line shape analyses of the temperature dependent 'H-NMR spectra of the u-CH,
groups elucidated the dynamic process and provided the activation parameters: AH* =70+ 1 kJ mol !, AS¥=15+5 J mol !
K~!, and AG* =66+ 1 kJ mol~! (at 298 K). © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Diselenide complexes have been synthesized using
M,Se, (M =Na or Li) [1], red or gray Se [2], polyse-
lenides [1a,3], or H,Se [4]. Even though a small number
of hydroselenide complexes have been isolated
[2b,d.f,4d], to our knowledge, there is no direct evi-
dence for the formation of diselenide complexes from
the oxidative coupling of hydroselenide complexes.

In order to synthesize diselenide complexes from
hydroselenide complexes, a p-SeH rhodium complex
was prepared by a method similar to that for the p-SH
complex, which was synthesized by our group several
years ago [5,6]. Furthermore, the reactivity of the p-
SeH complex towards oxidation was compared with
that of the p-SH complex, which is not oxidized by
oxygen or a strong oxidant, such as Ag* in CH,CI, [7].

* Corresponding author. Fax: + 81-6-66902753.
E-mail address: isobe@cubane.sci.oska-cu.ac.jp (K. Isobe).

Herein, the preparation of the p-SeH analog
[(Cp*Rh),(u-CH,),(u-SeH)]* and its oxidation to a dis-
elenide complex [{(Cp*Rh),(n-CH,),},(1y-Se,)** by
the oxidative coupling of the p-SeH group are reported
[8]. Finally, evidence for a double-site inversion [9]
involving the diselenide complex is presented.

2. Results and discussion

2.1. Synthesis and 'H-NMR spectral data of the
u-SeH complex 1 and p,-Se, complex 2

The p-SeH complex [(Cp*Rh),(u-CH,),(u-SeH)]-
(BPh,) (1) was prepared similarly to the p-SH complex
[(Cp*Rh),(n-CH,),(n-SH)|(BPh,) [5]. H,Se gas was
bubbled into a brown suspension of trans-[(Cp*Rh),(u-
CH,),CL,] [10] in CH;OH at room temperature to
rapidly form a reddish—brown solution. To the solu-
tion, NaBPh, in CH,OH was added to give red-
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dish—brown crystals of complex 1 in 91% yield. Com-
plex 1 is soluble in halogenated solvents and CH;CN
and is significantly air-sensitive. The 'H-NMR spec-
trum of 1 in CD;CN at — 30°C shows a signal at ¢
—4.70, which might be a reasonable chemical shift
value for the proton of p-SeH. There are only a few
transition metal complexes with hydroselenide ligands
to compare chemical shift values of the SeH groups.
[RhIr(H)(u-SeH)(CO),(dppm),]  [4d],  [(MeCp)Ru-
(PPh;),SeH] [2b], [Cp*Ta,(Se)SeH] [2d], and
[Cp5iTay,(H),SeH] (Cp'=¢-BuCsH,) [2f] have SeH
chemical shift values of 6 —4.90, —5.74, —3.96, and
— 4.86, respectively. The four protons of the two p-CH,
groups in 1 have different chemical environments due
to the stereochemistry of the lone pair of electrons on

Table 1
Crystallographic data including experimental conditions and refine-
ment of X-ray analysis *

Compound [{(RhCp*),(u-CH,), }5(14-Se,)|(BPhy),

-p-C¢H,Me,-CH,Cl,
C,01H20B,CLRh,Se,
1996.13

Monoclinic

C2/c (No. 15)

Empirical formula
Formula weight
Crystal system
Space group

(number)
Unit cell dimensions
a (A) 33.3372)
b (A) 11.551(2)
¢ (A) 27.629(2)
B 120.918(5)
v (A3) 9127(1)
z 4

D_,. Mg cm™?) 1.452

u(Mo-K,) (mm~') 1.610

F(000) 4072.00

Radiation (wave Mo-K,, (0.71069)
length, 4 (A))

Temperature (°C) 23

Absorption Empirical ¥ scan ®
corrections
method

Program for
absorption
corrections

Method used in
structure solution

Weighting scheme

TEXSAN ©

Direct method (SIR-92 ¢)

w = 6%(|F,|)+(0.02|F,|)?

R 0.039

R,* 0.044

Goodness-of fit & 1.19

Scattering factors Ref. B
used

4 Detailed information is available in the supplementary material.
> Three sets of i scan were employed.

¢ Ref. [16a,b].

d Ref. [17].

* R=3|F,| |FJ/5]E)|

FRy = (S w(|Fy| — |F)/E wlE )2,

£S= (2 w(‘Fo‘ - |Fc|)2)]/2/(ndz\la7npar)'

b Ref. [18].

Fig. 1. orRTEP drawing of the cationic moiety of 2 with 50% probabil-
ity ellipsoids.

the Se atom, and appear at 6 7.79, 8.30, 8.56, and 9.00.
Above — 30°C these signals become broad, which sug-
gests the occurrence of fluxionality resulting from an
inversion at the Se atom. A similar fluxionality due to
the inversion at the S atom was found in the p-SH
analog [(Cp*Rh),(u-CH,),(n-SH)](BPh,) [5].

Complex 1 in CH;CN is easily oxidized in air to give
the dark brown tetranuclear p,-Se, complex
[{(Cp*Rh),(n-CH,), ) 2(14-Se,)](BPhy), (2) by the oxida-
tive coupling of p-SeH ligands in 86% yield. On the
other hand the p-SH complex mentioned above is not
oxidized to the disulfide complex [5]. The p,-SeH group
is much more easily oxidized than the p-SH group. It
can be also assumed that the corresponding p-S, com-
plex [{(Cp*Rh),(u-CH,),}(1s-S,)?* is unstable due to
the steric hindrance of the Cp* ligands. To our knowl-
edge, this is the first example of the oxidative coupling
of M-SeH fragments to produce a diselenide M,Se,
complex. Complex 2 is soluble in CH;CN, CHCl;, and
CH,Cl, and decomposes gradually in air. '"H-NMR
spectra of the u-CH, groups in 2 in CD;CN also show
a temperature dependency at higher temperature, and
details are mentioned in Section 2.3.

2.2. X-ray structure of the u,-Se, complex 2

In order to avoid disorder, which appeared in the
Rh,Se,Rh, frame of 2, p-CiH,Me, was used as a
crystallization solvent. Dark brown crystals suitable for
X-ray analysis were obtained and crystallographic data
are summarized in Table 1. An ORTEP diagram of the
cationic part of 2 is shown in Fig. 1. A disorder was
still observed in the solvents of crystallization, but it
does not effect the structure of 2 itself.
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Complex 2 possesses a diselenide ligand bridging the
two {(Cp*Rh),(u-CH,),} units which are crystallo-
graphically related to each other by a two-fold axis
passing through the middle point of the Se-Se bond.
Within the {(Cp*Rh),(u1-CH,),} moiety, the bond
lengths and angles are all normal and are similar to
those found in other methylene bridged dirhodium
analogs [5,11]. The Rh—Rh distance (2.6353(5) A) indi-
cates a Rh—Rh single bond. Since the Se, ligand acts as
an eight-electron donor, each Rh atom has an 18-elec-
tron configuration with the presence of a metal-metal
single bond. In this complex, the two Cp* rings are in
a staggered conformation [12]. The Se, ligand has a
formal charge of —2 and is bound to four rhodium
atoms. The selected bond lengths, bond angles, and
torsion angles are listed in Tables 2—4, respectively. The
Rh-Se bond lengths (2.4715(6) and 2.5526(6) A) indi-
cate that the Se, ligand is significantly unsymmetrically
bound: this results in a twist of the Rh—Rh bonds from
the Se, axis as seen in Fig. 2. In addition, the Rh-Se
bond lengths are longer than the reported averaged
Rh-Se value (2.457(2) A) [13] for reduction of electron
distribution from the Se, ligand to each rhodium atom
owing to the formation of no less than four Rh-Se
bonds. The torsion angle of two Rh-Rh bonds is
26.89°. The observed twisting occurs probably to mini-
mize unfavorable non-bonded contacts between the
Cp* groups. The shortest distance between two Cp*
ligands is 3.29(1) A (C(7)-C(16)*). The Se-Se bond
length, 2.3875(9) A, corresponds to an approximate
Se-Se single bond according to the bond order-distance
correlation proposed by Dahl et al. [2e,3a]. It has been
reported that the Se, ligand can coordinate to metal

Table 2 ]
Selected bond  distances (A) in  [{(RhCp*),(u-CH,),}»(ks-
Se,)(BPhy), p-CsH Me, CH,Cl,

Rh(1)-Rh(2) 2.6353(5) Rh(1)-Se(1) 2.4715(6)
Rh(2)-Se(1) * 2.5526(6) Se(1)-Se(1) * 2.3875(9)
Rh(1)-C(1) 2.242(6) Rh(2)-C(11) 2.208(5)
Rh(1)-C(2) 2.258(5) Rh(2)-C(12) 2.216(6)
Rh(1)-C(3) 2.280(5) Rh(2)-C(13) 2.254(5)
Rh(1)-C(4) 2.263(5) Rh(2)-C(14) 2.245(6)
Rh(1)-C(5) 2.261(5) Rh(2)-C(15) 2.255(6)
Rh(1)-C(21) 2.047(5) Rh(2)-C(21) 2.021(5)
Rh(1)-C(22) 2.015(5) Rh(2)-C(22) 2.072(5)
C(1)-C(2) 1.424(9) C(11)-C(12) 1.439(9)
C(1)-C(5) 1.415(8) C(11)-C(15) 1.399(8)
C(1)-C(6) 1.498(9) C(11)-C(16) 1.507(8)
C(2)-C(3) 1.416(8) C(12)-C(13) 1.413(8)
C(2)-C(7) 1.506(9) C(12)-C(17) 1.485(9)
C(3)-C(4) 1.414(8) C(13)-C(14) 1.417(9)
C(3)-C(8) 1.484(9) C(13)-C(18) 1.489(9)
C(4)-C(5) 1.439(8) C(14)-C(15) 1.439(9)
C(4)-C(9) 1.496(7) C(14)-C(19) 1.500(8)
C(5)-C(10) 1.484(9) C(15)-C(20) 1.47(1)

* Symmetry operation: —x, y, 1/2—z

Table 3
Selected bond angles (°) in [{(RhCp*),(u-CH,),}5(14-Se,)](BPhy),p-
C¢H,Me, CH,Cl,

Rh(2)-Rh(1)-Se(1)  85.31(2) Rh(1)-Rh(2)-Se(l) *  87.38(2)
Rh(1)-Se(1)-Rh(2)* 132.25(3)
Rh(1)-Se(1)-Se(1)®  95.04(3) Rh(2)*-Se(1)-Se(1)®  88.93(2)

Rh(2)-Rh(1)-C(21)  49.2(1)
Rh(2)-Rh(1)-C(22)  50.8(1)
C(21)-Rh(1)-C(22)  100.0(2)
Rh(1)-C(21)-Rh(2)  80.8(2)

Rh(1)-Rh(2)-C(21)  50.0(1)
Rh(1)-Rh(2)-C(22)  48.9(1)
C(21)-Rh(2)-C(22) 98.9(2)
Rh(1)-C(22)-Rh(2)  80.3(2)

C(2)-C(1)-C(5) 108.4(6)  C(1)-C(2)-C(3) 108.5(6)
C(2)-C(1)-C(6) 126.8(7)  C(1)-C(2)-C(7) 126.5(7)
C(5)-C(1)-C(6) 124.5(7)  CB3)-C(2)-C(7) 123.5(7)
C(2)-C(3)-C(4) 107.4(6)  C(3)-C(4)-C(5) 108.8(5)
C(2)-C(3)-C(8) 124.7(6)  C(3)-C(4)-C(9) 125.6(5)
C(4)-C(3)-C(8) 127.6(6)  C(5)-C(4)-C(9) 124.8(5)
C(1)-C(5)-C(4) 106.8(5)  C(1)-C(5)-C(10) 126.0(6)
C(4)-C(5)-C(10) 127.0(6)

C(12)-C(11)-C(15)  109.05) C(11)-C(12)-C(13)  107.1(5)
C(12)-C(11)-C(16)  124.56) C(11)-C(12)-C(17)  126.5(6)
C5)-C(1)-C(16)  1262(7) C(13)-C(12)-C(17)  126.2(7)
C(12)-C(13)-C(14)  108.6(6) C(13)-C(14)-C(15)  107.9(5)
C(12)-C(13)-C(18)  125.7(7) C(13)-C(14)-C(19)  127.3(7)
C(14)-C(13)-C(18)  125.5(6) C(15-C(14)-C(19)  124.0(7)
C11)-C(15)-C(14)  107.4(6) C(11)-C(15)-C(20)  127.2(7)
C(14)-C(15)-C(20)  125.1(7)

& Symmetry operation: —x, y, 1/2—z

ions in various fashions [2a]. In the present system, the
Se, ligand works as a p,,n*bridging ligand. The p,,n*
bridging coordination mode has been observed in
[{SeCo5(CO),},(us-Se,)] [2c] which has structure
parameters of the M,Se,M, frame similar to those of 2:
the Se-Se bond; 2.3875(9) A for 2 and 2.352(4) A for
the cobalt diselenide complex: the M—Se—Se bond angle;
88.93(2)-95.04(3)° for 2 and 90.7(2)-93.1(2)° for the
cobalt diselenide complex: the dihedral angle between
the two planes formed by the diselenide group and the
two adjacent metal atoms; 130.08° for 2 and 119° for
the cobalt diselenide complex [2c].

2.3. Dynamic process of the p,-Se, complex 2

Variable-temperature 'H-NMR spectroscopy indi-
cates that complex 2 is fluxional in CD;CN. Line-shape

Fig. 2. Side view down the Se-Se bonds of the Rh,Se, framework of
2 showing the conformation of the Rh—Rh bonds relative to the
Se—Se axis.
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Table 4

Selected torsion angles (°) in [{(RhCp*),(n-CH,),}-(pu-Se,)(BPhy), p-C¢H,Me, CH,Cl,

0 2 3) “4) Angle ° 1 (2 (3) C)) Angle ®
Rh(1) Rh(2) Se(1) @ Se(1) —13.51(2) Rh(1) Se(1) Se(1) @ Rh(1)® 146.80(3)
Rh(1) c@l) Rh(2) Cc2) 2.5(2) Rh(2) Se(1) @ Se(1) Rh(2)® —117.87(3)
Rh(2) Rh(1) Se(1) Se(1) @ —14.04(1) Rh(2) c@l) Rh(1) C(22) —2.5(2)
Rh(2) C(22) Rh(1) c@l) 2.5(2) @l Rh(1) Rh(2) C(22) —176.8(3)
c@2l) Rh(2) Rh(1) C(2) 176.8(3)

# Symmetry operation: —x, y, 1/2—z.

> The sign is positive, if when looking from atom 2 to atom 3 a clock-wise motion of atom 1 would superimpose it on atom 4.

analysis of the '"H-NMR signals of u-CH, for 2 was
carried out using the spectrum measured at — 30°C as
the low temperature limit spectrum. Two specific sets of
pu-CH, resonances were determined by trial and error
until the observed spectra, with a given rate constant,
were reproducible in the entire temperature range (30—
80°C). The two sets of singlets, 6 9.27 (A) and 9.65 (C);
0 9.37 (B) and 10.12 (D), were taken as the exchange
couples (see left side of Fig. 3).

Due to the existence of the two-fold axis passing
through the middle point of the Se-Se bond, 2 shows
four singlets of the u-CH, ligands at 6 9.27 (A), 9.37
(B), 9.65 (C), and 10.12 (D) with equal intensity at
30°C. The full assignment of these four signals to each
proton was not attained. These chemically unequivalent
protons in the {(Cp*Rh),(1-CH,),} moiety indicate no
inversion operation at the selenium centers at 30°C.
However, at higher temperatures these signals show a
temperature-dependency in CD;CN as displayed on the
left hand-side of Fig. 3: with increasing temperature,
line broadening becomes evident at about 40°C, and as
the temperature increases further, resonances A and C
merge first into a singlet peak at J ca. 9.4 over 55°C. At
temperatures over 70°C resonances B and D merge into
a singlet peak at 6 ca. 9.7. This averaging process is
fully reversible.

This process at higher temperatures can be explained
by assuming the occurrence of inversion at the selenium
atoms, and may be attributed to two-site exchange
processes with equally populated, uncoupled sites [14].
Calculated spectra and rate constants are shown on the
right hand-side of Fig. 3. Fig. 4 shows the Eyring plots
which yield AH*=70+1 kJ mol~!, AS*=15+51]
mol~! K~!, and AG*=66+1 kJ mol~! (at 298 K).
The small entropic contribution strongly suggests that
the exchange process is an intramolecular inversion that
proceeds through a trigonal-planar transition state of
the Se centers [15]. The AG* value (66 + 1 kJ mol — 1),
being higher than those of the usual single-site inver-
sion (in most cases ca. 50 kJ mol ~!), is clearly associ-
ated with an appreciably slower inversion of the
selenium atom pair [9,15]. It was suggested that in some
complexes with organic diselenide ligands such as
[(PtXMe;),(MeSeSeMe)] [9a], [Re,X,(CO)s(RCH,SeSe-
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Fig. 3. Observed (left) and calculated (right) 'H-NMR spectra of the
pu-CH, protons in 2 in CD;CN.

CH,R)] [9b], and [(PtXMe,),(SeCH,C(Me),CH,Se)]
(X = halogen) [9d], synchronous double-site atomic in-
version operates as one of the fluxional processes. The
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Fig. 4. Eyring plot for double-site atomic inversion of Se, in 2.
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Scheme 1.

last compound consists of a cyclic organic diselenide
ligand, and its activation parameters are similar to
those of 2: AG* values of 74.4 (X = Cl), 74.5 (X = Br),
and 74.0 (X =1) kJ mol~! and small AS* values of
—40+39 X=Cl), —1.8+2.1 (X=Br), and 0.8 +
3.3 (X=1)J mol~' K~ [9d]. The fluxionality of 2 can
be explained by a similar kind of double-site atomic
inversion process, and this process causes flapping of
the four-membered rings of Se,Rh, as illustrated in
Scheme 1. The flapping motion might be triggered by a
synchronous inversion at the two selenium atoms
through a transition state with a planar Rh,Se,Rh,
moiety. In connection with the transition state, how-
ever, at this stage we do not have any evidence for
ruling out a non-planar transition state generated by
independent double-site inversion.

3. Experimental

The following chemicals were purchased from com-
mercial sources and used without further purification:
RhCl;-3H,0 (Shiga Kikinzoku); pentamethylcyclopen-
tadiene (Kanto Kagaku); 15.3% Al,(CH;)s in hexane
(Toso Aquzo); AlSe, (Mitsuwa Kagaku);
Na[B(C¢Hs),] (Nacalai); CD;CN (Nacalai); DMF-d,
(Aldrich); CD,Cl, (Aldrich). Methanol was distilled
under argon. The starting compound trans-
[(Cp*Rh),(n-CH,),Cl,] was prepared by the reeported
literature method [10]. Elemental analyses were per-
formed by the IMS Chemical Material Center and the
Chemical Analysis Service Laboratory in Osaka City
University. Infrared spectra were recorded on a Hitachi
270-30 spectrometer. Fast atom bombardment (FAB)
mass spectra for positive ions using a glycerol matrix
were measured on a Shimadzu/Kratos-Concept 1S
spectrometer. 'H- and '*C{'H}-NMR spectra were
recorded on a JEOL GX-400 FT-NMR spectrometer.

3.1. Synthesis of the u-SeH complex 1

Since complex 1 is significantly air-sensitive, all ma-
nipulations were performed under argon. Hydrogen
selenide was generated from 3.50 g of aluminum sele-
nide with 20 cm® of water. Excess hydrogen selenide
was trapped by a 10% aqueous sodium hydroxide solu-

tion. Into a suspension of trans-[(Cp*Rh),(n-CH,),Cl,]
(0.60 g, 1.00 mmol) in methanol (25 c¢m?®), hydrogen
selenide was bubbled for 45 min at a rate of one bubble
per second at room temperature, producing a reddish—
brown solution. After purging excess H,Se with argon,
a methanol solution (15 ¢cm?®) of NaBPh, (3.40 g, 9.94
mmol) was added to the reddish—brown solution,
which was then stirred for a further 5 min. The result-
ing brown crystals were collected by filtration, washed
with methanol (10 cm?®), and dried under vacuum (0.82
g, 0.91 mmol, yield 91%). '"H-NMR (CD;CN, — 30°C):
0 —4.70 (s, 1H, p-SeH), ¢ 1.82 (s, 30H, Me), 7.79 (s,
1H, p-CH,), 8.30 (s, 1H, p-CH,), 8.56 (s, 1H, u-CH,)
and 9.00 (s, 1H, u-CH,). Anal. Cal. for C,,HssBRh,Se:
C, 61.15; H, 6.14. Found: C, 60.83; H, 6.28%.

3.1.1. Synthesis of the p,-Se, complex 2

A deep brown solution of [(Cp*Rh),(u-CH,),(u-
SeH)](BPh,) (0.80 g, 0.89 mmol) in CH;CN (50 cm?)
was exposed to air for 8 h with stirring at room
temperature. After filtration, toluene (100 cm®) was
added to the filtrate. The solution was concentrated to
ca. 10 cm?® under reduced pressure at 40°C. The result-
ing dark brown crystals (0.69 g, 0.38 mmol: 86%) were
collected, and washed with acetonitrile—toluene. After
recrystallization from acetonitrile—toluene, 0.32 g (0.18
mmol: 40%) of dark brown crystals were obtained. On
recrystallization, the decomposition products were
formed in a small amount. FAB-MS: Calc. for
CyHgsS,Rhy: 1167 (the most abundant mass ion).
Found: m/z 1167 [M*]. 'H-NMR (CD,CN, 30°C): ¢
1.72 (s, 30H, Me), 9.27 (s, 1H, p-CH,), 9.37 (s, 1H,
u-CH,), 9.65 (s, 1H, p-CH,) and 10.12 (s, 1H, u-CH,).
BC{'H}-NMR (CD;CN): § 10.34 (s, Me), 104.33 (s,
CsMes), 179.00 (s(br), u-CH,), 181.00 (s(br), u-CH,).
Anal. Calc. for Cy,H,0sB,Rh,Se,: C, 61.22; H, 6.03.
Found: C, 60.91; H, 6.22%.

3.2. X-ray structure determination of the u,-Se,
complex 2

Dark brown crystals suitable for X-ray analysis were
grown by slow diffusion of p-xylene to the solution of
2 in dichloromethane. A crystal was shielded in a glass
capillary. The reflection data were collected by the w
scan technique on an automated four-circle diffrac-
tometer Rigaku AFC-7S at 23°C. The unit cell dimen-
sions were determined by a least-squares method using
25 reflections (29.08 <260 <29.97°). Three standard
reflections were recorded at regular intervals, and they
showed 2.48% decay throughout the data collection.
The intensities were corrected for Lorentz and polariza-
tion factors, absorption, and decay. An empirical ab-
sorption correction was applied by use of i scan data.
A linear method for decay corrections was employed.
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The space group was confirmed by the monoclinic dif-
fraction symmetry, the systematic absences (hkl: h + k #
2n; hOl: [#0), and the successful solution and
refinement of the structure.

Crystal data for [{(Cp*Rh),(n-CH,), }»(ps-
Se,)(BPhy), p-CsHyMe, CH,ClLy: - Ci9.H 50B-ClL,Rh,Se,
(FW =1996.13), monoclinic, space group C2/c (No. 15),
a=33337(2), b=11.551Q2), ¢=27.6292) A, p=
120.918(5)°, V=9127(1) A3, Z=4, D..=1452
geem 3, u(Mo-K,)=16.10 cm~ ', crystal size 0.25 x
0.03 x 0.70 mm. The full-matrix refinements of 546 least-
squares parameters for all non-hydrogen atoms and 6244
reflections converged at R (R,,) = 0.039 (0.044). A com-
plete lists of bond lengths and angles, hydrogen atom co-
ordinates and anisotropic thermal parameters have been
deposited at the Cambridge Crystallographic Data Cen-
tre (No. CCDC 143824).

3.3. Line-shape analysis of variable-temperature
'H-NMR spectra of the u,-Se, complex 2

Complex 2 (10 mg) was dissolved in CD;CN (0.7 cm?®).
The variable-temperature '"H-NMR measurement was
performed on a JEOL GX-400 spectrometer equipped
with a standard valuable temperature accessory. Line-
shape analysis of variable-temperature "H-NMR spectra
for complex 2 was carried out using a computer program
based on a modified Bloch equation with the two-site ex-
change model [14]. Rate constants were determined by
visual fitting of observed and calculated spectra of the p-
CH, signals. Activation parameters were calculated from
the Eyring plots.

4. Supplementary material

Crystallographic data for the structural analysis has
been deposited with the Cambridge Crystallographic
Data Centre, CCDC 143824 for compound 2. Copies of
this information may be obtained free of charge from:
The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (Fax: + 44-1223-336-033; e-mail: deposit@
ccde.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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