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Synthesis and Proton Magnetic Resonance Properties of FesMS; (M =
Mo or W) Cubane-like Cluster Dimers

By George Christou and C. David Garner, * The Chemistry Department, Manchester University, Manchester
M13 9PL

Synthetic procedures leading to the preparation of the complexes [FegM,Sg(SR),1%~ (where M = Mo and R =
Ph, C¢H,Cl-p, CgH Me-p, or Et; or M = W and R = Et) and [FegM,Ss(SPh)s(OMe);]1%~ (where M = Mo or W)
are detailed. 300 MHz 'H n.m.r. spectra have been recorded for these complexes and [FegMo0,S;Clg(SR’),]13~
(where R’ = Et or Ph) in [2H¢]dimethyl sulphoxide at temperatures between ca. 20 and 80 °C. For all complexes,
a clear distinction between bridging and terminal ligands is observed and, within each set of bridging and
terminal ligands, only one resonance is observed for each chemically different proton. The bridging ligands
exhibit much smaller isotropic shifts than those for the corresponding ligands in the terminal positions and all of the
shifts decrease in magnitude with an increase in temperature. The isotropic shifts of the terminal ligands appear to
be predominantly contact in origin via a =- (arylthiolato-groups) or o- (alkylthiolato-groups) spin delocalisation
mechanism; however, for the bridging region both contact and dipolar mechanisms seem to be operative, the

latter being of particular importance for the p2,-methoxo-bridged complexes.

IN recent communications we have reported the syn-
thesis, 5 structural characterisation,}® and some pre-
liminary physicochemical 45 and chemical 2 properties
of a range of complexes of general formulation [NR,];-
(FegM,Sg(SR")e] (R = Et or Bur; R’ = Et, Ph, or
CH,CH,O0H; M = Mo or W), type I, and [NEt,],-
[FegMySg(SPh)g(OMe),] (M = Mo or W), type II. These
contain two Fe,MS, cubane-like clusters bridged between
their M atoms by three u,-thiolato-groups (Figure 1} or
three py,-methoxo-groups. These systems may be con-
sidered as structural derivatives of the well characterised
[Fe,S4(SR),1?>~ clusters,%7 inasmuch as the substitution
of one iron atom by a molybdenum causes little change
in the dimensions of the cubane-like core.:3%7 An
important aspect of the Fe;MoS, cluster systems is that
they contain molybdenum in an environment very
similar to that suggested 82 for this atom in nitrogenase
and its iron-molybdenum cofactor.l® Although sub-
sequent 11 elemental analyses for this cofactor indicate
a Mo: Fe:S ratio of 1:6—8:4—6, e.x.a.f.s. (extended
X-ray absorption fine structure) studies ®°® have sug-
gested that the molybdenum is adjacent to three or
four sulphur atoms, at a distance of 2.35 4 0.03 A,
and two or three iron atoms, at a distance of 2.72 - 0.05
A, features which bear a striking resemblance to the
Mo-S and Mo-Fe contacts within the Fe;MoS, clusters
(I and II).13  Although other structural interpretations
have also been placed on the e.x.a.f.s. data,®12 we con-
sider the occurrence of an Fe;MoS, system an attractive
possibility and have initiated an extensive programme
of physicochemical studies on complexes of types I and
II. Herein, we report the synthesis and proton n.m.r.
studies, which were undertaken principally to investigate
the influence of the electronic properties of the Fe,MS,
core(s) on the n.m.r. spectra of the ligands. In addition,
we have sought to characterise the differing n.m.r.
behaviour of bridging and terminal ligands and have
compared the data obtained with those of the [Fe,S,-
(SR),]?3" complexes.1314

EXPERIMENTAL

All reactions and manipulations were performed in
standard Schlenk-type apparatus under an atmosphere of
purified dinitrogen passed over a column of deoxygenation
catalyst BASF R3-11 at 140—150 °C. Solution transfers
were made by nitrogen-flushed glass syringes and steel
needles through rubber spectrum caps (Gallenkamp). All
solvents were degassed prior to use by repeated vacuum-
nitrogen cycles; AnalaR methanol and ethanol were used
as obtained, reagent-grade acetonitrile was distilled from
CaH,, and tetrahydrofuran was distilled from CaH,-CuCl.
Anhydrous iron(1r) chloride, tetra-alkylammonium halides,
and thiols were used as obtained.

Unless otherwise stated, 'H n.m.r. spectra were run at
300 MHz on a Varian SC-300 spectrometer. Samples were
prepared in [®Hg]dimethyl sulphoxide (dmso) containing
hexamethyldisiloxane (hmd) as an internal reference.
Chemical shifts are quoted relative to SiMe, (Symq = 0.06)
using the delta scale, in which shifts downfield are positive,
in contrast to the opposite sign convention of related
work.1%14  Tsotropic shifts were calculated from relation-
ship (1), where (AH/Hg)g4is. is the corresponding chemical
shift of the free ligand.13:14

(AH/Ho)iso. = (AH/Ho)obs. - (AH/HO)dia. (1)

[NBu",];[FegMo0,S(SPh),] (1).—Sodium (0.92 g, 40
mmol) was dissolved in MeOH (40 ¢cm?® and the solution
cooled to room temperature. Benzenethiol (4.11 cm?, 40
mmol) was added, followed by a solution of iron(1)
chloride (1.62 g, 10 mmol) in MeOH (20 cm?). After
stirring for a few moments, a deep yellow-black solution
was obtained. Addition of solid ammonium thiomolybdate
(0.87 g, 3.3 mmol) resulted in the rapid formation of a deep
red-brown solution which was stirred overnight at room
temperature and filtered into a solution of [NBu?,]I (3.69 g,
10 mmol) in MeOH (20 cm?®) to give an immediate black
precipitate. This was collected by filtration, washed with
MeOH, and dried % vacuo. The crude solid was dissolved
in MeCN (ca. 50 °C), filidred, and MeOH added at this
temperature to incipient crystallisation. Slow cooling
to — 5 °C gave the product as large diamond-shaped crystals
in 60—709, yield (Found: C, 49.1; H, 6.2; Fe, 13.2; Mo,
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7.6; N, 1.7; S, 21.7. Calc. for Cg,H,;;FegMo,NgS .0 C,
49.1; H, 6.2; Le, 13.4; Mo, 7.7; N, 1.7; S, 21-9%).

[NBunr,],[FegM0,S¢(SCH,Cl-p)]  (2).—This compound
was prepared in a manner completely analogous to that
detailed for (1), using p-chlorobenzenethiol (5.78 g, 40
mmol). The material was obtained as small red-black
crystals in 639, yield after crystallisation from MeCN-
MeOH (Found: C, 43.5; H, 5.15; Cl, 11.5; Te, 12.1;
Mo, 7.2; N, 1.6; S, 19.2. Calc. for C4,H,y,ClyFe Mo,-
N,S4.: C, 43.7; H, 5.2; Cl, 11.4; Fe, 12.0; Mo, 6.8; N,
1.5; S, 19.4%,).

[INEt, 15[ Fe,M0,54(SCeH Me-p),]  (3).—This  compounnd
was prepared, in a manner similar to that described for (1),
using toluene-4-thiol (4.97 g, 40 mmol) and [NEt,]Br
(2.10 g, 10 munol), and obtained as large black needles in
40% vyield following crystallisation from MeCN-MeOH
(Found: C, 45.8; H, 5.4; Fe, 14.9; Mo, 8.1; N, 1.8; S,
23.9. Calc. for Cy4H,,,Fe,Mo,N,S,: C 45.8; H, 5.4; Fec,
14.7; Mo, 8.4; N, 1.8; S, 23.99,).

[INEt,]3[Fe,W,S4(SPh)g(OMe),] (4).—The anion of this
complex was obtained in a manner similar to that described
for (1), except that ammonium thiotungstate was used.
A deep red solution was obtained initially which slowly
became orange-brown on stirring overnight at room temper-
ature. Tiltration into [NEt,)Br (2.10 g, 10 mmol) gave an
oily black precipitate which solidified on standing with
occasional agitation. The fine solid was filtered off, washed
copiously with MeOH, and dried in vacuo. Crystallisation
from warm (ca. 50 °C) MeCN-MeOH gave black needles
in 50—609, yield (Found: C, 35.9; H, 4.7; TFe, 15.9;
N, 2.0; S, 22.0; W, 17.4. Calc. for CgHyaIFegN;O55,,W,:
C, 36.1; H, 4.8; Te, 16.0; N, 2.0; S, 21.4; W, 17.5Y%,).

[NEt,])s[1'egM0,S4(SPh)4(OMe),]  (5).—A  solution  of
sodium (0.78 g, 34 mmol) in MeOH (40 cm?®) was treated
with benzenethiol (2.46 cm?, 24 mmol), followed by a solu-
tion of iron(rir) chloride (1.62 g, 10 mmol) in MeOH (20
cm?) to give a dark brown solution. Addition of solid
ammonium thiomolybdate (0.87 g, 3.3 mmol) caused the
rapid formation of an intense orange-brown solution which
was stirred overnight at room temperature. Filtration into
[NEt,)Br (2.10 g, 10 mmol) in MeOH (20 cm?) gave a sticky
black solid which was filtered off, washed copiously with
MeOH, and dried ¢n wvacuo. The crude material was
crystallised from MeCN-MeOH (ca. 50 °C) as black needles
in 339, yicld (Found: C, 39.4; H, 5.2; I'e, 17.6; Mo, 9.6;
N, 2.1; S, 22.9. Calc. for CgHyolegMo,N;0,S,,: C, 39.4;
H, 5.2; Fe, 17.4; Mo, 10.0; N, 2.2; S, 23.4%,).

[INEt,]3[[FegM0,S4(SEt),) (6).—A solution of Na[SEt] in
MeOH (50 cm?®) was prepared from sodium (1.84 g, 80 mmol)
and ethanethiol (7.15 cm?®, 80 mmol). Addition of iron(i1)
chloride (3.24 g, 20 mmol) in MeOH (20 cm?®) gave an
immediate green precipitate which slowly dissolved on
addition of solid ammonium thiomolybdate (1.74 g, 6.67
mmol) to give a golden brown solution. This was stirred
overnight at room temperature and filtered into a solution
of [NEt,)Br (3.15 g, 15 mmol) in MeOH (20 cm?) to give
rapid crystallisation of long black needles. After ca. I h
at 5 °C, the product was collected by filtration, washed
copiously with EtOH and Et,O, and dried in vacuo. The
crude material can be recrystallised from MeOH or MeCN-
tetrahydrofuran as long needles in 40—609, vield (Found:
C, 29.5: H, 6.2; Fe, 19.2; Mo, 11.0; N, 2.2; S, 31.4.
Cale. for CyH g;FegMo,N;S,,: C, 29.3; H, 6.1; Fe, 19.4;
Mo, 11.1; N, 2.4; S, 31.6%,).

[NEt,]3[FesW,Sg(SEt),] (7).—This complex was prepared
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and recrystallised in a similar manner to its molybdenum
analogue, using ammonium thiotungstate (2.32 g, 6.67
mmol), except that the [NEt,]Br was dissolved in EtOH
(30 cm?®) and the solution kept at —5 °C overnight to
ensure maximum crystallisation of the crude product.
Yield 30—50%, (Found: C, 26.5; H, 5.6; Fe, 17.4; N,
2.1; S, 28.9; W, 19.0. Calc. for CyyHy;FegN,;S,W,: C,
26.6; H, 5.6; Fe, 17.6; N, 2.2; S, 38.7; W, 19.4%).

RESULTS AND DISCUSSION

Synthesis of Complexes.—The synthetic route to the
type I compounds, (1)——(3), (6), and (7), is summarised
in Scheme 1. Although other ratios of iron(11) : thiol

6FeCl, + 24NaSR! g 'Fe(SR')," + BNaSR’+ 18NaCl

3(NHLIMS] (M=Mo or W)

[NHl.l2 [FeGMZSB(SR')9]+ 4R'SSR’ + [NH SR

l[NR‘]X

[NR‘]:’ [FeeMZSB(SR’)g)

SCHEME 1

were used (M = Mo), including 1:10 for PhSH, the
predominant reaction products did not change. The
type 11 complex [NEt,]3[I'egW,Sg(SPh)(OMe),] (4) was
prepared in a manner completely analogous to that for
(1); this incorporation of methoxo-groups into the
bridging positions in preference to thiolato-groups is
remarkable, given (i) the successful syntheses of (1) and
(7), (i1) the initial absence of MeO™, and (iii) the presence
of an excess of PhS~. Recrystallisation of the crude
material (4) from MeCN instead of MeCN-MeOH also
gave an analytically pure sample, thus indicating that
the methoxo-groups are incorporated in the reaction
mixture, rather than during recrystallisation. To our
knowledge, the only other characterised complex con-
taining the W(OMe),W bridging unit is [{#3-C,H,)(CO),-
W(OMe);W(CO),(1-C,Hg)].2® In contrast to the ready
incorporation of w,-methoxo-groups in (4), the sub-
stitution of u,-benzenethiolato-groups of (1) by methoxide
ions proved difficult and a direct synthetic procedure
was therefore developed to prepare (5). The initial
iron : benzenethiol ratio was reduced to a level (6: 14)
such that only sufficient of the latter was present for
terminal ligation and reduction of the metal atoms; in
addition, an excess of methoxide ions was present in the
rcaction mixture (Scheme 2). An X-ray crystallographic
study of the product has confirmed the success of this
6FeCly -+ 14Na[SPh] + 10Na[OMe] — o2
[NH,3[FegMo0,S4(SPh)g(OMe);] + 4PhSSPh +
[(NH,4CI 4+ 17NaCl + 7Na[OMe]

SCHEME 2
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synthetic approach; [NEt,];[FesMo0,S4(SPh)g(OMe),] is
isomorphous with its tungsten analogue % with an Mo - - -
Mo separation of 3.142(3) A.16

Hydrogen-1 N.M.R. Spectra—Studies have been
accomplished for the compounds (1)*—(7) in [?Hg]dmso
at ca. 23, 50, and 80 °C. These complexes include
variations in a metal atom (Mo vs. W), the terminal and
bridging thiolato-groups, and the p,-bridging ligands
(thiolato- or methoxo-). Some n.m.r. spectral data
have also been included for the hitherto unreported
compounds [NR,]3[FegMo,S,Clg(SR’);] (R =R’ = Et
or R = Me, R" = Ph) and have provided confirmation
of the spectral assignments suggested for the above
compounds.

The H resonances for the cations were as expected
and showed almost no temperature dependence or para-
magnetic broadening or shifting. The anions of com-
plexes (1) to (7) exhibited only one set of resonances for
the bridging (B) and one set of resonances for the terminal
(T) ligands and, within each set, only one resonance was
observed for each type of proton. This suggests that, in
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FIGURE 1 Framework of the [FesM,S;Ly13~ (M = Mo or W)

cubane-like cluster dimers

group. Such a conclusion is in accord with the results
of X-ray crystallographic studies which established that
the anions of [NEt,],[FegM,Ss(SEt)y]>* and [NEt,],-
[FegM,S4(SPh)g(OMe),1>1% (M = Mo or W) have Cy,

hmd
X
(NBU", J*
° NBu"}*
81°C INBu" T [NBu7}
M m P i P
A e RO A% A
1 ) " N
12-75 8.05 6.06 584 ~1-74-2.24
X
23°C X
MA\‘ e — NAL U;____,L
) 1 1 1 1
13.91 8.35 5.89 5-46 ”0 -414

Ficure 2 300 MHz *H n.m.r. spectra of [FFegMo0,S4(SPh),)3- in [2Hg]dmso (solvent' peaks marked by Xx)

solution, all the bridging ligands are equivalent but are
chemically distinct from all the terminal ligands, with no
rapid exchange occurring between the two types of

* Note the erroneous interpretation of preliminary 'H n.m.r.
spectra at 90 MHz; G. Christou, C. D. Garner, and F. E. Mabbs,
Inovg. Chim. Acta., 1978, 28, L189.

(6) symmetry, which is closely approximated by the
anion in [NBu",],[FegMo0,S4(SPh),],! (Figure 1).

For the aromatic thiolato-complexes, the assignment
of isotropically-shifted resonances was accomplished
from a consideration of the effects of: (i) para substitu-
tion; (ii) replacement of the w,-benzenethiolato-groups
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Ficure 3 Temperature dependences of the 'H n.m.r. chemical
shifts of [FeMo0,Sg(SCsH,R-p),13~ complexes. R = H (x),
R =Me (O), and R = Cl (A)

by methoxo-groups; (iii) the (probable) replacement of
terminal benzenethiolato-groups by chloride; and (iv)
the relative line widths of the peaks assuming o > m >
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#, corresponding to their relative proximities to the
paramagnetic centre(s). The resonance corresponding
to the ortho protons of the terminal ligands (or) of
[FegM0,54(SPh)g]3~ was not well resolved (Figure 2);
however, it was observed in the corresponding para-
substituted complexes, as illustrated in Figure 4 where
the para-methyl resonance is also apparent. For the
ethanethiolato-complexes, the bridging and terminal
ligand resonance positions follow from a comparison of
the spectra of [FegMo,S4(SEt)y]3~ and [FegMo0,S4Cle-
(SEt)4]3~, on the assumption that the latter probably
contains only p,-thiolato-groups. The resonances
assigned to terminal ligands in the spectrum of the former
are absent in the spectrum of the latter. The methyl
vs. methylene proton assignment was accomplished by
analogy with that ¥ of [Fe,S,(SEt),]%", i.e. the shift
from the diamagnetic position was taken to be greater
for the methylene than for the methyl protons.

The isotropic proton shifts for the anions are sum-
marised in Tables 1, 3, and 4 and representative spectra
are reproduced in Figures 2, 4, 5, 7, and 8. The isotropic
shifts of [FegM0,S4(SPh),]3~ are compared with those 13.14
of [Fe,S,(SPh),]2>3~ in Table 2. The temperature
dependences of the resonance positions of [IFegMo0,Se-
(SCeH R-p)o]3~ (R = H, Me, or Cl), [FegM,S4(SPh)e-
(OMe),13~ (M = Mo or W), and [FegM,Sg(SEt)y]3™ (M =
Mo or W) are indicated in Figures 3, 6, and 9, respecti-
vely; Figure 10 illustrates a comparison between the
temperature dependence of the solid-state magnetic
susceptibility 17 of [NBu",];[FegM0,S¢(SPh)y] and the
my and pr isotropic shifts of this anion.

The total isotropic shift of a proton resonance from
its diamagnetic position may be expressed as (2), the

AH\ total AH \ con. AH\ dip.
= |+ — 2
( Ho) isu. (Ho )i.-.o. + (Hu )iao. ( )

hmd
[NEt)*
INEL T
Me,
mf
i N . N

1 1 1 1 L 1

1257 W33 8-05 5~9I} 380 ~-178

)

FiGure 4 300 MHz 'H n.m.r. spectrum of [FegM0,S¢(SCoHMe-p)g]%~ in [*Hg]ldmso at 80 °C (solvent peaks marked by x)
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TABLE 1

Temperature dependences of the isotropic 'H n.m.r. shifts of [FegMo,S5(SCeHR-p),]?~ complexes

Complex 6./°C Isotropic shift @
or my pr 0B my h2:)
R=H? 23 c 6.61 —11.44 1.05 —1.41 —1.84
50 c 5.97 —10.42 0.89 —1.30 —1.62
81 ca. —9.04¢ 5.45 —9.54 0.75 —1.24 —1.46
R =Cl? 22 —10.53 6.58 0.30 —1.29
50 —9.73 6.00 0.26 —1.19
80 —9.03 5.54 0.24 —1.16
R = Me/ 23 —10.78 6.61 11.01° 1.26 —1.39 2.12¢
50 —9.89 6.00 9.99°¢ 1.00 —~1.29 1.82¢
81 —8.89 5.46 9.09 ¢ 0.94 —1.20 1.56¢
¢In [*HgJdmso; +0.02 p.p.m. ¢ [NBu?J*salt. <Obscured. ¢ Poorly resolved. ¢ para-Methyl group. /[NEt,]* salt.

sum of the contact and the dipolar shift contribu-
tions.18

Terminal ligands. The alternating pattern of the
proton shifts of the arylthiolato-complexes (Tables 1
and 3; TFigures 2, 4, and 5), ortho and para upfield,
meta- and para-methyl downfield, is indicative of contact
shifts via a n-delocalisation mechanism.’® The absence
of a dipolar-shift contribution is indicated by the linear
proportionality of the p¢ and mr resonance positions of

TABLE 2

Comparison of the isotropic shifts of [I'e,S,(SPh),]2™»3~
with [FegMo,Sg(SPh),]3~ terminal-ligand shifts

Isotropic shift ¢

Complex 0 m P
[FegMo,Se(SPh)gj3- @ c 6.61 —1i.44
[Fe S{(SPh),)*~ 4 e 3.30 —5.55
[Fe, S (SPh),)*~/ —1.56 0.89 —2.09

@ Temperature 22—23 °C; +40.02 p.p.m. ?[*H./dmso;
[NBur ]+ salt. °Ill resolved but ca. —10.8. 4 [*H,JMeCN;

[NMe,]* salt; ref. 14. ¢ Not observed but ca. —4.3.
dmso; [NBu",]* salt; ref. 13.

4 [2Ho]'

[FegMo0,Sg(SPh)g3~ with the solid-state magnetic sus-
ceptibility (X) 17 of [NBu®];[FegMo,S;(SPh)y] (Table 5,

shifts of the terminal-ligand aromatic protons in these
cubane-like cluster dimers is predominantly, if not
exclusively, contact in origin. The pattern of the contact

TABLE 3

Temperature dependences of the isotropic *H n.m.r. shifts
of [FesM,Sg(SPh)g(OMe),1>~ (M = Mo or W) com-

plexes
Isotropic shift?
Complex @ 0./°C or my Pr CH,
[FegMo0,S4(SPh),-
(OMe),J3- 23 ¢ 625 —10.44 ¢
50 ca. —8.88¢ 570 —9.62 —6.49
[FegW,S4(SPh) - 80 —8.08 521 —886 —6.35
(OMe),)*-
23 —9.14 591 -—9.84 —6.63
50 —8.34 541 —9.11 —6.39
80 -7.72 499 -850 —6.17
¢ [NEt,]*+ salts. ¢[?Hgldmso; +0.02 p.p.m. ¢ Poorly de-
fined.
shifts is similar to that observed for other com-

plexes 13:18,19 with contact-shifted aromatic protons and
is suggestive of ligand-to-metal antiparallel spin transfer
resulting in parallel spin alignment in the sulphur lone-
pair orbitals which is delocalised around the = system of
the aromatic ring in the manner described for [Fe,S,-

Figure 10). Therefore, we conclude that the isotropic  (SPh),]?> 13 and [Fe,S,(SPh),}3~.1¢ The isotropic shifts
hmd
t +
/[NE J\
My
X
X Pr
\ 0

T CH,,
1 - reseTemai ety _ Rasitdiiedl 1 1 1
13-21 t -1.84 -2.54 -3-44

FIGure 6 300 MHz 'H n.m.r. spectrum of [FegWSg(SPh)s(OMe);]3~ in [2Hg]dmso at ca. 23 °C (solvent peaks marked by x)
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FiGure 6 Temperature dependences of the 'H n.m.r. chemical
shifts of [FegM,Sg(SPh)g(OMe)y]*~ [M = Mo (x) or W (Q)]
complexes

of [FegM0,S¢(SPh)y]3~ and the other arylthiolato-com-
plexes are greater than those of [Fe,S,(SPh),]23~ 1314
(Table 2), consistent with the greater net unpaired spin
density of these cubane-like cluster dimers (ground state
S = $) 12 compared to the monomers (dianion, ground
state S = 0; trianion, ground state S = §).2

The pattern of the isotropic shifts of terminal ethane-
thiolato-groups of the complexes [FegMySg(SEt)g]3~
(M = Mo or W) is typical of the contact shift behaviour
of alkyl ligands, in e.g. [FFe,S,(SR),]*~ 13 and octahedral
nickel(i1) complexes,?? in being positive (downfield) and
attenuating markedly with increasing distance from the
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TABLE 4

Temperature dependences of the isotropic *H n.m.r. shifts
of [Fe,M,S4(SEt),)2~ (M = Mo or W) complexes
Isotropic shift @

—

Complex 0./°C CH;r CHy;g CHgpr CHgg?
[FegMo,Sy(SEt) 1%~ 23 52.86 14.98 3.37 ¢

50 48.87 13.62 329 —0.13

80 4587 12556 3.19 —0.13
[FegW,Se(SEL) )3 23 51.35 9.89 3.22 ¢
50 417.51 8.99 3.14 c
80 44.55 8.42 3.02 c

4 [2Hgldmso; 4+0.02 p.p.m. ? Assignments tentative.

¢Overlapped by cation resonances.

paramagnetic centre, consistent with a ¢ delocalisation
of unpaired parallel spin. Although the magnitudes
of the isotropic shifts of [Fe,M,Sg(SEt),]3~ are greater
than those of [FeS,(SEt),]2~ complexes, the ratio of
shift values (CH,:CH; = 1:0.064) for the former is
similar to that (1:0.110) for the latter;13 the shifts
of the latter are also considered to be predominantly
contact in origin. Similar attenuation rates have also
been observed for nickel(ir) complexes of alkyl
ligands.19.23

Bridging ligands. The n.m.r. shifts of the bridging
ligands do not follow the patterns observed for the alkyl
or aryl groups of the terminal ligands. This is seen
most clearly for [FesMySy(SPh)g(OMe)y]3~ (M = Mo or
W) complexes (Table 3, Figure 5), in which the methoxide
resonances (ca. —3.3 p.p.m. at 50 °C) are shifted
markedly upfield. This is not consistent with a contact
shift effect and, in common with other complexes with
upfield shifted alkyl-methyl groups,® is attributed to a
dominant dipolar contribution. In contrast, the bridg-
ing ligand isotropic shifts for the [FesMySg(SEt)y]3~
(M = Mo or W) complexes (Table 4, Figure 7) {CHgzs,
13.6 (Mo) and 9.0 (W); CHgg ca. —0.1 at 50 °C] are
taken to indicate that both contact and dipolar effects
are operative, with the former being the major contri-
butor for the methylene shifts, whereas the net upfield
shift of the methyl resonances is presumably due to the
dipolar contribution dominating at this position. The
reason(s) for the difference in sign between the isotropic
shifts for the protons of the -OCH; and ~SCH,~ bridging
groups is (are) unclear. A major factor could be the
change in the nature of the bridging atom affecting the
relative importance of the o-contact and dipolar-shift
mechanisms; if so, the results obtained here would

TABLE &

Temperature dependences of terminal-ligand isotropic shifts and solid-state magnetic susceptibility (X) of
[NBu"]5[FegMo,34(SPh),]

Isotropic shift

Relative values ¢

A

6,/°C 103 X,"%fcm® mol-! ot mp
23 13.71 —10.78 6.61
35 13.18 e 6.28
50 12.59 -9.89 5.97
60 12.23 e 5.80
81 11.50 —8.89 5.45
90 11.23 e 5.35

@ Extrapolated from 1.8—297.2 K data.
to value at 323.15 K.

223, 50, 81 °C spectra at 300 MHz; 35, 60, and 90 °C spectra at 90 MHz.
4 Quoted values are the unobscured op of [FegMo,S4(SCaH Me-p)g]3—.

— )

pr or® mr pr X
—11.44 1.090 1.107 1.098 1.089
—10.94 1.052 1.050 1.047
—10.42 1.000 1.000 1.000 1.000
—10.12 0.972 0.971 0.972

—9.54 0.899 0.913 0.916 0.914
—9.35 0.896 0.897 0.892

¢ Relative
¢ Il defined at 90 MHz.
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FiGure 7 300 MHz 'H n.m.r. spectra of [Fe,Mo0,S4(SEt)y]*~ in [2Hgldmso at ca. 23 and 80 °C (solvent peaks marked by Xx)
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TFicure 8 High-field expansion of the 300 MHz 'H n.m.r. spectrum of [Fe,M0,S,(SEt),]®~ in [2Hg]Jdmso at ca. 80 °C (solvent peaks
marked by Xx)

suggest that the former mechanism is the more effective
with sulphur, as compared to oxygen, bridging atoms.
Another important factor could be the different M+« « M
separations, which are ca. 3.66 A for three —SR bridging
groups and ca. 3.16 A for three ~OMe bridging groups.
Although the X-ray crystallographic data 1"41¢ indicate

that the shortest H - - - M approaches for the bridging
—~OMe and -SCH,~ groups are approximately equal, the
clectronic structure of the bridging region may be sig-
nificantly different in the two systems, since a separa-
tion of 3.66 A precludes any direct M—M interaction
whereas a separation of 3.16 A does not. Any such
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FiGURE 9 Temperature dependences of the H n.m.r. chemical
shifts of [FegM,S4(SEt)e]3~ [M = Mo (Q) or W (x)] complexes
(the right-hand scale refers to CH,p protons)

change in the nature and/or extent of the M-+ M
interaction could be manifest as a change in the proton
isotropic shifts of the bridging ligands.

For the arylthiolato-bridging groups, the respective
upfield and downfield shifts of the para and the para-
methyl protons (Table 1, Figures 2 and 4) are consistent
with a m-contact shift mechanism. This indicates that,
for these protons distant from the metal centres, this
mechanism is the major contributor to their total iso-
tropic shift. The mechanism responsible for the shift
of the ortho and meta protons is, however, less straight-
forward. If (Table 1) the resonances whose isotropic
shifts are ca. —1.2 and in the range 0.2—1.2 p.p.m. are
taken to be due to the ortho and meta protons, respecti-
vely, the complete sequence of the arylthiolato-n.m.r.
shifts would be consistent with a dominant =n-contact
shift mechanism with the actual shifts being similar to
those observed for [Fe,S,(SR),]?~ complexes 13 (Table 2).
However, this interpretation neglects the fact that the
resonance with isotropic shift in the range 0.2—1.2
p-p-m. is appreciably broader than that with a shift of
ca. —1.2 p.p.m. (Figures 2 and 4). Thus, we favour
the alternative assignment, with the former feature
being attributed to the ortho and the latter feature to
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the meta proton resonances (Table 1). This pattern of
aryl proton resonances is not that expected for a
dominant =-contact mechanism and, if this latter
assignment is correct, the net downfield shift of the
ortho protons could be due to a o-contact contribution.
The upfield shift of the meta protons could be due to a
dipolar effect, as postulated for the bridging ~OMe
groups; any o-contact shift effect would be attenuated
at the meta position. Therefore a possible interpretation
of the n.m.r. resonances for the bridging arylthiolato-
groups requires ¢ and = contact and dipolar mechanisms
to be operative, with the relative importance varying
from ortho (s-contact greatest) to meta (dipolar effect
greatest) and para (w-contact greatest) positions. It is
observed that, although substitution in the para position
only affects the ortho and meta resonances of the terminal
ligands to a slight extent, it produces a significant shift
in the ortho and, to a certain extent, the meta resonance
of the bridging ligand (Table 1). This may be a con-
sequence of a difference in the mechanisms which
dominate the various proton isotropic shifts.

For all of the complexes, the magnitude of the n.m.r.
isotropic shifts for the terminal ligands from their dia-
magnetic positions are much greater than those for the
bridging ligands. Given that the n.m.r. isotropic shift
will be related to the unpaired electron spin density on
the paramagnetic centre to which the ligand is bonded
(for =- and s-contact shift mechanisms) or, among other
factors, to the proximity of the proton to the unpaired
electron spin density (for the dipolar mechanism), the
relative magnitudes of the shifts imply that there is
less unpaired electron spin density on the molybdenum
or tungsten atoms than the iron atoms. A simple
qualitative rationalisation of this is afforded by a
consideration of the individual metal spin states with
reference to the Mdossbauer results obtained for these
complexes, which indicate a net oxidation state for the
iron atoms of ca. 2.5 and, hence, a net oxidation state
for the molybdenum (or tungsten) atoms of ca. 3.5.
Thus, in the approximately tetrahedral ligand field of
the four sulphur atoms, the electronic configuration of
the iron atoms will be Fe' (8, 43) or Fel'l(¢2,,%) with

10

105

Relative values
—
o
o
2

0951

i
340 360
T/K
FiGure 10 Temperature dependences of the solid-state magnetic
susceptibility [X (O)] (ref. 17) and the isotropic proton shifts
[me (A) and pr (x)] of [NBu"(Js[FegM0,S,(SPh),)
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S = 2 or §, respectively; the molybdenum (or tungsten)
atom in the approximately octahedral field of the six
sulphur atoms is expected to have an electronic configur-
ation of Mo (£,3) or Mo'V (4% with S=$% or 1,
respectively. These spin states will be reduced by spin-
pairing effects via direct metal-metal bonding and/or
exchange effects transmitted by the bridging ligand
atoms, and the actual values will depend upon the
extent of these various Fe-Fe, I'e-M, and M-M (M =
Mo or W) couplings. Nevertheless, it would appear that
the spin pairing interactions do not affect the relative
magnitude of the unpaired electron spin density on the
iron and the molybdenum (or tungsten) atoms. Further-
more, we note (Tables 3 and 4) that the shifts for all of
the ligands in the complexes with tungsten are less than
those for the corresponding complexes with molybdenum,
consistent with the expected sense of the spin-pairing
effects, W—-W > Mo—Mo and W-Fe > Mo-Fe.
Conclustons.—The principal results obtained from
these n.m.r. studies of the molybdenum (or tungsten)
iron-sulphur cubane-like cluster dimers are: (i) for
all complexes, a clear distinction of the bridging and
terminal ligands is apparent; (ii) within each set of
three bridging and each set of six terminal ligands, one
resonance is observed for each chemically different
proton; (iii) the isotropic shifts for the protons of the
bridging ligands are much less than those for the cor-
responding ligands in the terminal positions; (iv) the
isotropic shifts of the protons of the tungsten complexes
are slightly smaller than the corresponding ones for the
molybdenum complexes; (v) all of the isotropic shifts
decrease in magnitude with an increase in temperature;
and (vi) the isotropic shifts of the terminal ligands
appear to be predominantly contact in origin via a
= (for arylthiolato-groups) or o (for alkylthiolato-
groups) spin-delocalisation mechanism; however, for the
bridging region both contact and dipolar mechanisms
seem to be operative, the latter being of particular
importance for the p,-methoxo-bridged complexes.

We thank the S.R.C. for financial support.
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