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[CrsS(O,CCH3)5(H,0),4] (BE4)H,O: Ferromagnetically
Coupled Cr,S Cluster with Spin 6 Ground State

A. Bino,* D. C. JoHNsTON,T D. P. GOSHORN, T. R. HALBERT,

E. 1. STIEFEL

Data on the preparation, structure, and magnetism of the new complex
[CrsS(O,CCHi;)3(H,0)4](BF4)H,O are presented. The metal-sulfur M4S core struc-
ture is similar to that found in M,S[S,As(CH;),;]¢ (Where M is cobalt or zinc)
compounds and in beryllium basic acetate. However, the six-coordinate metal ions in
the new Cr,S system distinguish it from these structures. The tetranuclear chromium
complex is the first example of a new structural type. Its magnetic spin § = 6 ground
state, a striking example of intramolecular ferromagnetic coupling, was determined by
variable-temperature magnetic susceptibility measurements. Long-range antiferro-
magnetic intercluster ordering was found below 170 millikelvin.

pling is a phenomenon that has ramifi-

cations in physics (1), chemistry (2, 3),
materials science (4), biology (5), and geolo-
gy (6). Transition-metal cluster compounds
containing two or more metal centers pro-
vide fertile ground for detailed investigation
of such magnetic coupling. Early work on
molecular systems recognized only antifer-
romagnetic coupling (spin pairing), where
the magnetic moment of the ensemble of
(atomic) paramagnets in the molecule is
lowered from the maximally attainable val-
ue. In 1968 it was realized (7) that ferro-
magnetic intramolecular coupling is also
possible (8). The magnetic properties of bi-
and trinuclear Cr(IIT) complexes have been
intensely studied (9). In trinuclear systems,
the basic chromium acetate cation
[CI'30(02CCH3)5(H20)3]+ is the proto-
typical complex for study of antiferromagne-

l NTRAMOLECULAR MAGNETIC COU-
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tic interactions between the spin s = 3/2
Cr(III) ions (10). In fact, in di-, tri-, and
tetranuclear complexes containing Cr(III),
antiferromagnetic coupling is almost invari-
ably found.

We report here a new and unusual tetra-
nuclear sulfur-centered [Cr(IIl)], complex
that exhibits intramolecular ferromagnetic
coupling with a ground state that has the
maximal spin S = 6. The compound also
exhibits weak intercluster antiferromagnetic
interactions, leading to long-range antiferro-
magnetic ordering of the S = 6 clusters in
the solid state below 170 mK. Data on the
preparation, structure, and magnetism of
the new complex, [CrsS(O,CCHs)s-
(H20)4](BF4),"H,O (I) are presented.

The reaction of chromium metal powder
[or Cr(CO)s] with sulfur in refluxing acetic
acid : acetic anhydride (1:1) yields a mixture
of soluble cationic species composed primar-
ily of the well-known green basic chromium
acetate cation and a new blue cation (11).
The basic chromium acetate can be separat-
ed from the blue species by ion-exchange
chromatography on Dowex 50W-X2. Elu-
tion with 0.1M HBF, yields the green basic
chromium acetate cation. Subsequent elu-

tion with 0.5M HBF, yields the blue cation,
which can be crystallized as the BF,~ salt by
evaporation and then recrystallized from
methanol (11). The visible spectrum is con-
sistent with a Cr(III) complex. Elemental
analysis indicates the composition [CrsS
(O,CCHa)3(H,0)4](BF4)>H,0.

The structure of I was solved by single-
crystal x-ray diffraction techniques (12) (Ta-
bles 1 and 2). The structure (Fig. 1) consists
of a central four-coordinate sulfur (S) atom
bound to four Cr atoms that are in an
approximate tetrahedral array. This core is,
in a sense, an inverse cluster with the S
ligand in the center and the four metal ions
on the outside. The Cr-Cr distances average
3.83 A (range, 3.72 to 3.91 A). Each Cr
atom is six-coordinate with a nearly octahe-
dral arrangement of five oxygen (O) donors
and the central S atom. The one water
ligand on each Cr lies trans to the central §
atom. The bridging acetate ligands provide
the remaining O atoms bonded to each Cr
atom. The overall symmetry of the cation is
nearly D,,4, whereas that of the inner Cr4S
core is nearly T, The structure is related to
that of beryllium basic acetate (13),
BesO(O,CCHs)e, although in the latter
structure the Be atoms are tetrahedrally
four-coordinated rather than octahedrally
six-coordinated as in the CrsS complex. The
tetrahedral central S atom is found in
Zn,S[S;P(OCHs),]6 (14) and in the com-
pounds M4S[32AS(CH3)2]6 (M = CO, Zn)
(15), which also have the basic beryllium
acetate structure. In contrast, the basic chro-
mium acetate cation, [Cr;O(O,CCHjs)¢-
(H,0)3]%, has an O atom in the center of an

- “0 =)
\\ s o
AR O

Fig. 1. Perspective drawing of the [Cr,S(O,CCH;)s-
(H0)4** cation in [CrsS(O,CCHs)sH,0)4]-
(BF,4),"H,O with nonhydrogen atoms represent-
ed by thermal vibration ellipsoids drawn to en-
compass 50% of their electron density. Hydrogen
atoms are omitted. Unlabeled atoms are related
to labeled atoms by the crystallographic mirror
plane which contains Cr,, Cr3, O,, O3, C;, Cs, C,
and ClO-
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equilateral Crj triangle (16).

Complex I represents a new structural
type containing a central four-coordinated S
atom with four octahedrally coordinated
metal ions on the tetrahedral periphery. The
uniqueness of the new structure notwith-
standing, the most unusual feature of I is its
magnetic behavior. Data on magnetic sus-
ceptibility x versus temperature T were ob-
tained for a polycrystalline sample of I be-
tween 4 and 300 K in a magnetic field H of
6.3 kG. The x(T) data are corrected for the
contribution of ferromagnetic impurities
and for the core diamagnetism, calculated to
be xo = —4.66 x 10~* cm? per mole of Cry.
The shape of the inverse of x corrected for
Xo» (X — Xo0) ™', versus T' (Fig. 2) is unusual
for a cluster compound, indicating ferro-
magnetic intracluster interactions, as fol-
lows. A Curie law straight-line fit
(x = C/T) to the lowest T data, which are

Table 1. Key bond lengths and polyhedral edge
lengths in crystalline [CrsS(O,CCHs;)s(H,0),]-
(BF4)2"H,O. The numbers in parentheses are the
estimated standard deviations in the last signifi-
cant digit and are computed by the Nicolet
SHELXTAL program. Primed (') atoms are relat-
ed to nonprimed atoms by a crystallographic
mirror plane. Atoms are labeled in agreement
with Fig. 1 (primed atoms are unlabeled in the

figure).

Length

T

ype (A)

Bond
Cr;-S 2.347(1)
Cr,-S 2.349(2)
Cr;—S 2.351(2)
Crl—Ol 2.034(3)
Cr—0, 2.031(6)
Cr;—0O3 2.026(6)
Cl‘z—Os 1959(3)
Cr,—Og 1.946(3)
Cr;—0y4 1.962(3)
Cr;—Oy 1.949(3)
Cr;—04 1.953(3)
Crl—O” 1.946(3)
Cr;—Og 1.967(3)
Cr;—0Og 1.959(3)
Polyhedral edge

Cry...Cry/ 3.716(1)

Cr;...Cr, 3.874(1)

Cr;...Cr; 3.910(1)

Cry...Cr; 3.720(1)

Table 2. Selected bond angles for the cation in
crystalljnc [Cr4S(02CCH3)8(H20)4] (BF4)2'H20
(see Table 1 for explanation of entries).

Type Angle
Cr—=8-Cr; 111.2(1)
Cry-S—Cr; 104.7(1)
Cr—S—Cr; 112.7(1)
Cr—$—Cr,’ 104.7(1)
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linear in T (0=T=50 K) in Fig. 2
(dashed line), yields the Curie constant
C=21.3%0.2 (SE) cm>K per mole of
Cry, where

C = Ng28(S + 1)up¥3kg

(N is Avogadro’s number, ¢ is the Landé ¢
factor for the Cr* ion, S is the spin of the
Cry cluster, wp is the Bohr magneton, and
kg is Boltzmann’s constant). The effective
moment per cluster is peg = g[S(S+1)]"* ps
= 13.05 pp. Assuming ¢ = 2 (substantiated
below), we find S = 6 for the ground state
of the Cry cluster from the value of C or pg
found above. Because each Cr3* ion in the
cluster has spin s = 3/2, the spins of the four
Cr** ions must be ferromagnetically aligned
in the ground state of the Cry cluster.

Magnetization data, obtained up to 40 kG
at 1.27 and 4.22 K in a vibrating sample
magnetometer, are plotted versus reduced
field pwgH/kg(T — 0) in Fig. 3, where
8 = —0.4 K is the Weiss temperature found
from x(T) data between 1.27 and 4.22 K;
the data for the two temperatures lie on a
common curve. The high-field saturation
moment M = gSug is equal to
12.0 £ 0.1 (SE) g per cluster. With the
above value of p.g, these two measurements
together prove that § = 6 with g = 2: we
find ¢ = 2.00 = 0.02 (SE). Also plotted in
Fig. 3 are Brillouin functions for S = 6 and
S = 3/2 with M*** = 12 pp per cluster and
¢ = 2 in both cases. The curve for S = 6 fits
the data quite well, in contrast to the curve
for S = 3/2, which would be obtained if the
four Cr atoms in each cluster were magneti-
cally isolated from each other.

Static x(T) data at 75 G were obtained
for the same powder sample as in Figs. 2 and
3 between 13 mK and 1.2 K using a super-
conducting quantum interference device
(SQUID) magnetometer. Plots of x(T) and
its inverse (Fig. 4, a and b) show that long-
range antiferromagnetic intercluster order-
ing occurs below about 190 mK. The actual
Néel temperature T is that at which dx/dT
attains a maximum, 7Ty = 170 mK. The
positive deviation of the data in Fig. 4b

from Curie-Weiss behavior (straight line)

between T and 700 mK is probably caused
by the onset of short-range antiferromagne-
tic intercluster ordering. The Weiss tem-
perature from Fig. 4b obtained by fitting to
the data between 0.7 and 1.2 K is = —307
mkK, antiferromagnetic in sign and similar in
magnitude to Tx.

We turn now to an analysis of the suscep-
tibility data above 50 K in Fig. 2. Because
the four Cr atoms per Cry cluster form a
nearly perfect tetrahedron, we analyze the
data in Fig. 2 in terms of a model in which
the strengths of all the Cr-Cr exchange
interactions within the cluster are the same

T T
30f b
g
mE 20l J:O\ i
KA
T
x
* 10F Jlky = 145K -
= =
—
“7 Ns-s
0 " 1 1
0 100 200 300

Temperature (K)

Fig. 2. Inverse molar magnetic susceptibility
(X — Xo) ! versus temperature for [Cr,S(O,CCHs)g-
(H20)4](BF4),"H,O. The solid curve through the
data points is a theoretical fit, the solid straight
line is the behavior expected for isolated Cr(III)
ions, and the dashed line is a straight-line fit to the
data below 50 K.
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Fig. 3. Magnetization M per Cr, cluster versus
reduced magnetic field ppH/kp(T —6) for
[CrsS(O,CCH3)5(H0)4](BE4), HO  at 1.27
and 4.22 K in fields up to 40 kG. The solid curves
are Brillouin functions for S = 6 and S = 3/2,
both with saturation magnetizations of 12.0 pp
per cluster and g = 2.

and isotropic (Heisenberg-like). The Hamil-
tonian is then (17)
4
H=-2 2 sis 1)
j>i=1

where s = 3/2 is the spin of Cr**, and J is
the coupling constant. Equation 1 is easily
diagonalized, yielding the energy eigenval-
ues Eg = —JS(S + 1), where S =0, 1, .. .,
6. The magnetic susceptibility per mole of
Cry clusters is

_ Ne*wg?
X" 3ZkgT

6
2. GsS(S + 1) (28 + 1)e /T (2a)
s=0
where Gg is the degeneracy of the levels at

energy Eg, not including the Zeeman degen-
eracy, and the partition function Z is

6
Z= 2 G528 + 1)e BT (2b)
$=0

One obtains the G values using the rule for
addition of angular momenta, yielding
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Fig. 4. The dc molar magnetic susceptibility (a)
and its inverse (b) versus temperature for
[CT4S(02CCH3)8(H20)4](BF4)2‘H20 between
13 mK and 1.2 K. The data have been normalized
to the data in Fig. 2 above 1 K.

Gs=4,9,11,10,6,3,and 1 for S = 0, 1,
.. .0, respectively. An excellent single-pa-
rameter fit of Eq. 2 to the data in Fig. 2 was
obtained for J/kg = +14.5 = 0.3 K (ferro-
magnetic intracluster interactions) and
¢ = 2, as shown by the solid curve through
the data in Fig. 2. This agreement strongly
supports the original assumptions that the
strengths of the Cr-Cr intracluster exchange
interactions are all about the same and are
Heisenberg-like.

The electron paramagnetic resonance
spectrum at 15 K of I dissolved and frozen
in methanol shows a single broad peak with
¢ = 1.983 and peak-to-peak width of 160
G. The g value is approximately that found
from the magnetic studies on the solid com-
pound.

The 12 unpaired electrons in the relatively
small [Cl‘4S(02CCH3)3(H20)4]2+ ion sug-
gest many potential uses. The complex cat-
ion could be used as a contrasting agent for
nuclear magnetic resonance (NMR) imag-
ing or as a zero-shift relaxation reagent to
aid the accumulation of *C NMR data. The
water ligands on I are potentially labile,
making it possible to bind this cation to a
ligand on a protein or other macromolecule.
As such a spin label, its magnetic effect on
neighboring nuclei would reveal its location.
Attaching the tetranuclear CryS unit to a
polymer would allow its strong paramagne-
tism to be exploited by using a magnetic
field to orient the cluster and the attached
polymer. The cluster could also be useful as
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a selective microwave absorber that could, in
a magnetic field, facilitate localized heating
in a particular organelle, organ, organism,
or inanimate substructure. Moreover, the
cation could be used as part of a thermome-
ter for measurements above 0.2 K.
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Nef Protein of HIV-1 Is a Transcriptional Repressor

of HIV-1 LTR

NAFEES AHMAD AND SUNDARARAJAN VENKATESAN*

In studies of the genetics of human immunodeficiency virus type 1 (HIV-1), the
product of the nef gene, formerly known as F, 3'-otf, or B-ORF, was a negative
regulator of HIV-1 replication. Proviruses with mutations in the nef gene replicated
better than their standard counterparts during transient expression, and the mutant
virus maintained its enhanced replication even after serial passages in T lymphocytes.
The nef protein trans-suppressed, in a dose-dependent manner, the replication of wild-
type and nef mutant proviruses and the expression of reporter genes linked to the HIV-
1 long terminal repeat (LTR). The repression induced by the nef protein was mediated
by inhibition of transcription from the HIV-1 LTR, which contains a far upstream cis
element (previously recognized to be a negative regulatory element) between 340 and
156 nucleotides upstream of the RNA initiation site.

HE BASAL TRANSCRIPTION OF HIV-1
is governed by the interactions of
several cis-acting elements in the
HIV-1 LTR with cellular transcriptional
factors such as TATAA, SP1, and NFkB
factors (1). Replication of the virus is depen-
dent on the functional expression of certain

small virus-coded regulatory proteins, such
as the tat gene product (Tat) of 86 amino
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