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Abstract: The effects of protonation and
alkylation at the sulfur donors in metal-
sulfur complexes have been investigated
by taking the specific example of [Fe-
(COX“NES,™)] (1). The 18 valence elec-
tron (VE) complex 1 consists of a low-spin
Fe!' center and the dithioether thiolato
amine ligand “N,S,”?" (= 2,2-bis(2-
mercaptophenyithio)diethylamine(2 —)).
Complex 1 can be reversibly protonated
at the two thiolato donors; this results in
an increase in v(CO) of 35cm ™! after the
first protonation and 45cm™! after the

crease in W(CO) of 31-32cm™! is ob-
served for each successive alkylation. Due
to the C, symmetry of 1, complexes 4, 5,
and 8 are formed as 1:1 mixtures of two
diastereomers, whereas 6 and 7 are
present as only one stereoisomer. Acidic
hydrolysis of 4, 6, and 7 liberates the cor-
responding ligands [“Ny,S,”-R,I(BF,),
(9-11; n =1,2), which were isolated as
the ammonium tetrafluoroborate salts.
The molecular structure of 8a has been
elucidated by X-ray structure analysis.
This shows that the Fe—-N and Fe-S

bonds in the [FeNS,] core do not change
after alkylation of the thiolato donors de-
spite the Av(CO) of ca. 60 cm ~ ! between 1
and 8, which indicates a distinct decrease
in electron density at the Fe center. This
decrease can be rationalized by increased
n-acceptor character of the sulfur donors
upon protonation or alkylation. The
change in electron density at the [Fe-
(““NS,™)] core is further corroborated by
cyclic voltammetry. For each successive
protonation or alkylation of 1, the redox
couple potentials shift by 600-800 mV.

second. Alkylation of 1 with one or two
equivalents of the oxonium salts R,OBF,
(R = Me, Et) yields [Fe(CO)(*NgS,"-
R)IBF, (R=Me: 4, Et: 5§), [Fe-
(CO)(*“N,S,”-RI(BF,), (R = Me: 6, Et:
7), and the methyl ethyl derivative [Fe-

sulfur ligands
(COX(*"“NyS,”-Me-Et)|(BF,), (8). An in-

Introduction

The coupled transfer of protons and electrons is an essential
feature of numerous redox reactions catalyzed by reductases.
This process involves conversion of the substrate S into the
product P according to Equation (1).1' An important point

S+xH* +ye” — P )

concerns the order of these two transfer steps.!') In particular, if
the redox reaction takes place at the active site of a reductase
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As a consequence, the diethyl derivative,
for example, gives rise to reduced species
(19 or 20 VE) which are not observed for
1. The implications of these results for the
reduction of N, within the coordination
sphere of the FeMo cofactor of nitroge-
nases are discussed.

containing an [M,S)] aggregate (e.g. as in nitrogenases), the
question arises as to whether or not the initial transfer of pro-
tons can influence the metal—sulfur core, the small molecules
(such as CO or N,) bound to the core, and the subsequent
transfer of electrons.

In order to shed light upon this problem, we have investigated
the protonation, alkylation, and redox properties of complexes
with the [Fe(“N,S,™)] fragment (“N,S,”?~ = 2,2’-bis(2-mer-
captophenylthio)diethylamine(2 —)). This fragment contains
an Fe' center in a sulfur-rich coordination sphere and can exist
in the diastereomeric forms A and B. These two forms can bind
either o—n ligands such as CO or N,H, (form A) or o ligands
such as N,H,, NH,, or MeOH (form B).12!
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Results

Protonation and alkylation of [Fe(CO)(““N,S,”)] (1): The addi-
tion of one equivalent of CF,SO,H to a CH,Cl, solution of 1

- 78 °C resulted in a color change from red to red-violet. The
CO band at ¥ =1965 cm ™! in the IR spectrum of 1 was replaced
by another CO band at ¥ =1999 cm ™!, which was assigned to
the complex [Fe(CO)(“Ny S, -H)(CF,SO,) (2). Addition of a
second equivalent of CF,SO;H gave an orange solution, and a
CO band at v =2044cm~' due to the formation of [Fe-
(CO)“N,;S,”-H,)(CF;S0,), (3) was detected; an SH band at
¥ = 2442 cm ™! could also be observed. Subsequent addition of
Et,0 or H,O to the reaction mixture regenerated 1 as deter-
mined by IR spectroscopy. These results are consistent with the
stepwise and reversible protonation of the thiolato donors in 1
according to Scheme 1. The v(CO) shifts can be explained by a
decrease in electron density at the Fe center leading to a weaken-
ing of the Fe—CO = back-bonding.

In order to achieve complete and reversible reactions, it was
necessary to work at temperatures below —30 °C. Decomposi-
tion of 1 was observed at 0°C and above, as indicated by the
slow decrease in the v(CO) intensities. Only monoprotonation of

Abstract in German: Welche Effekte ergeben sich bei Protonie-
rungs- und Alkylierungsreaktionen von Schwefeldonoren in Me-
tall-Schwefel-Komplexen? Diese Frage wurde am Beispiel des 18-
Valenzelektronen (VE)-Komplexes [Fe(CO)( NyS,"”)] 1, in
dem der fiinfzdhnige Thioether-Thiolat-Amin-Ligand “N,S,"?~
( = 2,2-Bis(2-mercaptophenylthio )diethylamin(2 —)) an ein
low-spin-Fe''-Zentrum koordiniert ist, untersucht. Die beiden
Thiolatdonoren in 1 kidnnen reversibel protoniert werden. Die
v(CO )-Frequenz erhiht sich im ersten Protonierungsschritt um
35 cm™ ! und im zweiten um 45 cm™'. Die Alkylierung von I mit
einem oder zwei Aquivalenten der Oxoniumsalze R,OBF,
(R = Me, Et) fithrt zu [Fe(CO)("“NyS,”-R)]BF, (R = Me 4,
Et:5),[Fe(CO)("“NyS,-R,)](BF,), (R= Me:6,Et:7) und
dem Methyl-Ethyl-Derivat [Fe(CO)(" NyS, -Me-Et)](BF,),
8. Dabei wird fiir jeden der aufeinanderfolgenden Alkylierungs-
schritte eine Erhohung der v(CO)-Frequenz um 31-32cm™!
beobachtet. Aufgrund der C -Symmetrie von 1 bilden sich 4, 5 und
8 als 1: I-Gemische zweier Diastereomere, wihrend 6 und 7 jeweils
nur ein Diastereomer liefern. Die saure Hydrolyse von 4, 6 und 7
ergibt die entsprechenden Liganden [ 'Ny,S,"-R,](BF,), (9-11;
n=1,2), die als Ammoniumtetrafluoroboratsalze isoliert wurden.
Die Molekiilstruktur von 8a wurde rontgenstrukturanalytisch
aufgekldrt. Die Rontgenstrukturanalyse zeigt, dap sich die Fe-N-
und Fe-S-Abstinde durch die Alkylierung der Thiolatdonoren
nicht dndern, obwohl der Unterschied der v( CO )-Frequenzen von
1 und 8 auf eine deutliche Abnahme der Elekironendichte am
Fe-Zentrum hinweist. Die Abnahme der Elektronendichte Idft
sich plausibel mit der Zunahme des m-Acceptorcharakters der
Schwefeldonoren durch Protonierung oder Alkylierung erkldren.
Die Verdnderung der Elektronendichte im [Fe( ‘NS, ) ]-Geriist
wird dariiber hinaus durch die cyclovoltametrischen Untersuchun-
gen bekrdftigt. Das Redoxpotential jedes Redoxpaares wird in
jedem Schritt der aufeinanderfolgenden Protonierungen oder
Alkylierungen um 600-800 mV verschoben. Als Folge davon
treten beispielsweise im Falle des Diethylderivats reduzierte
19 VE- oder 20 VE-Spezies auf, die sich bei 1 nicht beobachten
lieflen. Die Schiuffolgerungen aus diesen Ergebnissen fiir die Re-
duktion von N, innerhalb der Koordinationssphdre des FeMo-Co-
factors von Nitrogenasen werden diskutiert.
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Scheme 1. Stepwise and reversible protonation of the thiolato donors in 1.

1 could be achieved when an Et,O solution of HBF, (a weaker
Bronsted acid than CF,SO,H in CH,Cl,) was used.

Since all attempts to isolate the thiol complexes 2 and 3 were
unsuccessful, we decided to prepare the isoelectronic alkyl
derivatives. Alkylation of 1 with one equivalent of Me,OBF, or
Et,OBF, gave the monoalkylated complexes 4 and §, respective-
ly, in good yields as red microcrystals (step (i), Scheme 2). Both

o f:% —0_. S\F’ejssﬁ BF,

5 A 5
R=Me: 4,Et:5

i(ii) //(',“),/ l(iv)
i

SC\Fej:@ (BFJ) AU @ :@ BF,

R 0 R
R=R=Me:6;Et, 7 R=Me,R'=H: 9
R=Me, R'=Et: 8 R =R'=Me: 10, Et: 11

Scheme 2. Alkylation reactions of 1: i) and iii) Me;OBF, or Et,OBF,, 1 equiv;
i) Me,OBF, or Et;OBF,, 2 equiv; iv) and v) conc. HCl/MeOH at reflux.

4 and 5 are soluble in CH,Cl,, CHCl,, acetone, nitroalkanes,
CH,CN, and MeOH. Treatment of 1 with two equivalents of
Me,OBF, or Et;OBF, (step (ii)) yielded the dialkylated deriva-
tives 6 and 7, respectively. Furthermore, treatment of 1 with one
equivalent of Me;OBF, followed by the addition of one equiva-
lent of Et,OBF, gave the “‘asymmetric” dialkyl derivative 8
(steps (i) + (iii)). The second alkylation always took consider-
ably longer (ca. 15 h) than the first (15 min), a fact explained by
the significant decrease in nucleophilicity of the remaining thio-
lato donor in the monoalkyl derivatives.

Complexes 6, 7, and 8 all precipitated from the reaction mix-
tures as orange powders. Each was obtained in crystalline form
by recrystallization from MeOH/Et,O or EtNO,/Et,0. Com-
plexes 4-8 are soluble in MeOH, MeCN, acetone, and ni-
troalkanes; complexes 4 and 5 are also soluble in CH,Cl, and
CHCl,.

Synthesis and ligation properties of new open-chain thioether
amine thiols: Acidic hydrolysis of the alkylated complexes 4, 6,
and 7 with concentrated hydrochloric acid in refluxing MeOH
yielded the free ligands, which were isolated as the ammonium
tetrafluoroborate salts 9, 10, and 11, respectively (steps (iv) and
(v), Scheme 2). The free ligands 9-11 are all soluble in CH,Cl,,
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CHCI,, MeOH., acetone, DMF, and DMSO. These ligands are
not accessible by conventional alkylation procedures from the
free thioether thiol amine ligand “N,S,”-H, . Furthermore, the
isolation of 9 allows the coordination chemistry of this ligand
to a Fe" center to be investigated according to Equation (2).

2 h, reflux

Fe(CF,S0,), +"N,S,"-Me-Li [Fe(CF,S0,)("N,;S,"-Me)]
12

1.4 - dioxane

+ CO

——  [Fe(COX" NS, -Me)|(CF,50;) (2)

Complex 12 was isolated as a yellow-green powder and is
soluble in CH,Cl,, CHCI,, THF, dioxane, DMSO, and DMF.
It is paramagnetic in the solid state; its effective magnetic mo-
ment (g = 4.96 nz. 298K) is near the spin-only value
(e = 4.90 pg) expected for a pseudooctahedral high spin Fell
center. Three SO bands at ¥ =1283, 1239, and 1028 cm ~ ! can be
identified in the IR (KBr) spectrum and indicate that the
CF,SOj; anion is coordinated to the Fe center.¥) Addition of
CO to complex 12 [Eq.(2)] rapidly gave the cation [Fe-
(CO)(**N,S,"-Me)] ", which could be identified by its character-
istic CO band at ¥ =1979 cm ™.

Characterization and stereochemistry: The FD mass spectra of
the monoalkyl derivatives 4 and 5 reveal peaks for the cations
[Fe(CO)(*“N,S,"-Me)]* and [Fe(CO)*“N,S,”-Et)]*, respec-
tively. The mass spectra of the dialkyl derivatives only display
peaks for the free ligands. Slow decomposition in solution pre-
vented the measurement of *C{'H} NMR spectra of the mono
and dialkylated complexes.

The IR (KBr) spectra of the ligand salts 911 exhibit broad
but characteristic NH, bands in the region v = 2725-
2675 cm ™! as well as a strong BF,.band at ¥~ 1040 cm . The
characteristic CO bands of these complexes serve as a probe for
the electron density at the [Fe(**“NS, ")} core. The v(CO) frequen-
cies for complexes 1-8 are listed in Table 1; an increase in W(CO)
of 31-32 cm ™! is observed for each successive alkylation. This
increase parallels the v(CO) shifts observed when a CH,Cl,
solution of 1 (1956 cm ') is protonated to give 2 (1999 cm™!)
and 3 (2044 cm™!). These shifts indicate that both protonation
and alkylation take place at the thiolato donors (Scheme 1).

Table 1. IR CO frequencies of complexes 1-8.

Complex ¥ CO), solution [cm '] v(CO). KBr [em™!]
(Fe(COX*NyS,™)] (1) 1965 [2],1957 [b] 1954
[Fe(CO)**NyS,"-H)ICF,S80; (2) 1999 [a]

[Fe(CO)("NS,"-Me)(BF,) (4 1989 (b] 1973
(Fe(CO)(*NyS, -EDK(BF,) (5) 1988 [b] 1971

[Fe(COY*“NyS."-H,)|(CF,S0,), (3) 2044 [a] 1983

[Fe(CO)(""NyS,"-Me,)I(BF,), (6) 2021 [b] 2023
[Fe(CO)"N,S,-Et)I(BE,), (7) 2020 [b] 2023
[Fe(CO)("N,S,"-Me-EDJ(BF,), (8) 2020 [b] 2026

[a) In CH,Cl;. [b) In EINO,.

The SMe and SEt signals in the 'H NMR spectra were used
to determine the stereochemistry of the alkylated derivatives
and indicated the formation of diastereomers in the case of 4, 5,
and 8: complex 1 possesses C, symmetry and consequently ex-
hibits stereochemically inequivalent thiolato S atoms (S(1) and
S(4), Fig. 1).1? Accordingly, the monoalkylation of 1 yielded a
1:1 mixture of diastereomers of 4 or 5, resulting from reaction
at either the S(1) or S(4) atom. Only one stereoisomer was ob-
tained when the second thiolato donor was alkylated with a
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Fig. 1. View along the Fe~N axis of 1.

second equivalent of the same R,OBF,, to give the dialkyl
derivatives 6 or 7. In the case of the “‘asymmetrical” dialkyl
derivative 8, a 1:1 mixture of diastereomers was obtained.

X-ray structure analysis of 4 and 8: One of the diastereomers of
the monomethyl derivative 4 could be isolated by crystallization
and characterized by X-ray structure analysis. The poor quality
of the crystals, however, only allowed the confirmation of the
atom connectivities as indicated in 4a. Complexes 4a and 4b
represent the diastereomers formed by methylation of the S(1)
and S(4) thiolato donors of 1, respectively (Fig. 1).

’? H
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The diastereomeric mixture of 8 could also be separated by
crystallization. The molecular structure of one isomer (8 a) was
determined by X-ray structure analysis (Fig. 2). Table 2 com-
pares selected bond lengths and angles of 8a with those of the
parent compound 1.

Fig. 2. ORTEP PLOT of the cation of 8a (drawn with ellipsoids at the 50% prob-
ability level; H atoms omitted).

Table 2. Comparison of selected bond lengths [pm] and angles [°] for complexes 8a
and 1.

Bond 8a 1 Angle 8a 1
Fe(1)-C(1) 177.2(12) 1753(12) C(1)-Fe(1)-S(2) 94.4(4) 93.6(3)
Fe(1)-N(1) 203.4(9) 207.2(8) S(1)-Fe(1)-N(1) 87.7(3) 88.7(2)
Fe(1)-S(1) 227.1(4) 2298(3) S(1)-Fe(1)-S(2)  88.9(1)  88.7(1)
Fe(1)-S(2) 224.54)  222.5(3) S(2)-Fe(1)-S(4)  92.3(1)  83.9(1)
Fe(1)-S(3) 224.4(4) 2251(3) S(2)-Fe(1)-S(3) 172.0(1) 172.4(1)
Fe(1)-S(4) 229.1(4)  230.5(3) C(1)-Fe(1)-N(1) 179.3(5) 176.4(5)

Complex 8a consists of discrete [Fe(CO)(““N,;S,”’-Me-Et))**
cations and BF; anions. The Fe center is pseudooctahedrally
coordinated by the amine N, the carbon monoxide C, and the
four thioether S donors, which occupy identical positions to
those in the parent complex 1. The Fe—C, Fe—N, and Fe-S
bond lengths in both 8a and 1 are characteristic for low-spin
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Fe'.1) Four of the five distances in the [Fe(**NS,™")] core appear
to decrease and one appears to increase slightly upon alkylation
of 1 to give 8a. These changes, however, are insignificant within
the 3 g criterion. This consistency is noteworthy when compared
to the large changes observed in the Fe—N and Fe-S distances
(18 and 22 pm, respectively) in [Fe(CO)(**N,S,’")] upon substi-
tution of the CO ligand with either N,H,, NH;, or MeOH.[?<!
Thus, alkylation of the thiolato donors in 1 does not result in
geometrical changes in the [Fe(*'NS,’")] core despite the consid-
erable electronic changes indicated by the v(CO) shifts.

Cyclic voltammetry: Alkylation and protonation of 1 produce
essentially identical v(CO) shifts. This observation suggests that
both the alkyl groups and the protons are bound to the thiolato
donors in 1 and, thus, affect the [Fe(“NS,”)] core in an
analogous manner. This is further reflected in the electrochemi-
cal behavior shown in Figure 3. All potentials quoted in Table 3
and Figure 3 are quoted versus NHE.

a) 0.30 /\

— [mwm

-1.34

B
[
IzouA

@) '

(_' IZOuA I‘OM

1.46
T I ] I 1
M5 410 0.0 10 -15 Vs NHE

Fig. 3. Cyclic voltammograms of a) 1,b) cthyl derivative 5,c) diethyl derivative 7,
d) 1 +1CF,;SO;H,ande) 1 +2CF,SO;H,inCH,Cl,.c =107 *M,v =100 mVs™';
a~—c) recorded at room temperature, d) and ¢) at — 78 °C.

Table 3. Selected electrochemical data for 1, the mono- and diprotonated deriva-
tives 2 and 3, and the mono- and dialkylated species 5 and 7. Supporting electrolyte:
NBu,PF; (c = 0.1 m).

Complex E°[V][al AE,[V][b] 1./l Redox couples

1 +0.35(qr) 0.096 0.84 [Fe(COX“N,S,M°* Fell/Fe'
2 +098 (qr)  0.093 082  [Fe(CO)“N,S,”-H)|*/2*  Fel/Fe"
3 +146 (i) - - [Fe(COX“N,S,"-H,)[?*1* Fel/Fell
5 +1.02(qr) 0.123 0.83  [Fe(COX“N,S,"-Ey)]*/**  Fe'/FeM

—134 3 - - [Fe(CO)Y“N,S,-E}*®  Fe'/Fe'
7 —0.54 (qr) 0.172 113 [Fe(COX"NyS.-Et,)]**/*  Fell/Fe!

—144 () - - [Fe(COX“N,;S,™-Et)]*"®  Fe'/Fe?

[a} vs. NHE, qr = quasireversible, ir = irreversible. [b] v =100 mVs~!.

Complex 1 displays one quasireversible redox wave in the
anodic direction at 0.35 V, which can be assigned to the redox
pair [Fe(CO)(“N,S,”)]%* or to an Fe"/Fe" couple. This redox
process is solvent dependent, since the wave is shifted to 0.76 V
in DMF.!®) The corresponding redox couple of the monoalkyl

Chem. Eur. J. 1996, 2, No. 9
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derivative 5 at 1.02 V is also quasireversible, but is shifted to a
higher potential. In contrast to the parent complex, which ex-
hibits no redox wave in the cathodic direction, 5 shows an irre-
versible redox wave at —1.34 V. This electrochemical process
can be assigned to the redox pair [Fe(CO)(“NyS, -Et)]*/°,
which is equivalent to a Fe''/Fe' couple or the reductive forma-
tion of the 19 VE species [Fe(CO)(*‘N,S,”-Et)]°. The dialkylat-
ed derivative 7 exhibits two waves in the cathodic direction. The
quasireversible wave at —0.54 V and the irreversible wave
at —1.44 V can be assigned to Fe"/Fe' and Fe'/Fe® couples or
the formation of the 19 VE species [Fe(CO)(**N,;S,”-Et,)]* and
the 20 VE complex [Fe(CO)*“NgS,”-Et,)]°, respectively.

The electrochemical properties of complexes 1, §, and 7 reveal
a clear trend in that each alkylation of the thiolato donors in-
creases the potential of the corresponding redox couple by ca.
0.7 V. In other words, the alkylated derivatives become more
difficult to oxidize and easier to reduce relative to complex 1. As
a result, the dialkylated derivative 7 can no longer be oxidized,
but it can be reduced to give 19 and 20 VE species.

The cyclic voltammograms of CH,Cl, solutions of 1 in the
presence of one and two equivalents of CF,SO,;H are shown in
Figures 3d and e, respectively. The different intensities of the
oxidation and reduction waves at 0.40 and 0.30 V and at 1.02
and 0.93 V in the anodic direction indicate equilibria between
protonated and unprotonated species according to Scheme 1. In
the cathodic direction the irreversible reduction of protons to
dihydrogen prevents the observation of defined redox waves.

Based on the equilibria shown in Scheme 1, the cyclic voltam-
mogram in Figure 3d reveals the redox couple for the unproto-
nated [Fe(CO)(*“N,S,.™)]”* at 0.35 V as well as a second redox
wave at 0.98 V, which can be assigned to the Fe'/Fe!" oxidation
of the protonated [Fe(CO)(*“N,S,’-H)]* species. Thus, a com-
parison of Figures 3b and 3d reveals that both alkylation and
protonation lead to an essentially identical increase in the oxida-
tion potential. In the presence of two equivalents of CF,SO,H
(Fig. 3e), the redox wave at 0.98 V seen in Figure 3d is signifi-
cantly reduced in intensity, and a new redox wave at 1.46 V
appears, which has been tentatively assigned to the oxidation of
the doubly protonated species [Fe(CO)(*“N,S,"-H,)])**.

Discussion

The order and the mutual influence of the proton and electron
transfer steps that take place at the active sites of reductases
containing metal —sulfur centers have been largely unexplored.
The investigation of [Fe(CO)(*“N,S, )] (1) was expected to shed
some light upon this problem.

Complex 1 contains an Fe" center in a sulfur-rich coordina-
tion sphere. The NH and thiolato S donors provide three sites
at which Bronsted acid —base reactions can take place. In addi-
tion, the CO band in the IR spectrum provides a sensitive probe
for studying electronic effects. Sequential protonation of 1
(v(CO) =1965 cm ™ ') by two equivalents of CF;SO,H results in
an increase in W(CO) of 34 cm ™! after the addition of the first
equivalent and 45cm™! after the second. As previously ob-
served, complex 1 can also be deprotonated by nBuLi at the NH
functionality to give Li[Fe(CO)(**NS,")] with a v(CO) frequency
lowered by 25 cm ™ .1} Thus complex 1 can exist in four differ-
ent protonated states. The changes in v(CO) can be explained by
an increase or decrease in electron density at the Fe center lead-
ing to a strengthening or weakening of the Fe-CO n back-
bonding, respectively. The relatively large change in the w(CO)
shift of over 100cm~' between the deprotonated [Fe-
(CO)(“NS,™)}” anion and the diprotonated [Fe(CO)(*'N,S,"-
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H,)]>" cation is remarkable. [n homoleptic carbonyl complexes,
such as [V(CO),] (1976 cm™!) and [V(CO))~ (1860 cm ™ 1),1"!
such a large Av(CO) is only observed when the oxidation state
of the metal differs by a whole unit. Similar effects (within a
more restricted range) have been previously observed for the
related complexes [Fe(CO),(*S,™)], [Fe(CO)*S;™)."® [Ru-
(CO)Y(**™S,™)).1) and [CpFe(CO),(SPh)].I'%

The protonation and deprotonation of 1 is reversible, and this
prevents the isolation of the protonated complexes. In order to
confirm the sites of protonation and to obtain fully characteriz-
able species, complex 1 was alkylated yielding the mono alky!
derivatives 4 and 5, and the dialkyl derivatives 6, 7, and 8
(Scheme 2). Hydrolysis of these complexes liberated the free
ligands, which are not accessible from “NyS,"-H, by conven-
tional alkylation methods.

Owing to the C, symmetry of 1, monoalkylation resulted in a
1:1 mixture of two diastereomers, which, upon further alkyla-
tion with the same electrophile, gave isomerically pure compiex-
es. The molecular structure of the dialkyl derivative 8a was
elucidated and fully refined by X-ray structure analysis. It shows
that, in spite of the different electron densities at the Fe centers
in 8a and 1, as indicated by the large Av(CO), the Fe-N and
Fe-S bond lengths of 8a are essentially identical to those of the
parent complex 1. This demonstrates the remarkable electronic
flexibility of the [Fe(**NS,”)] core. which can be traced back to
the bonding characteristics of thioether and thiolato sulfur
donors. These sulfur donors can act as o-donor, o-donor/n-
donor, or o-donor/r-acceptor ligands.!'!! In order to explain
the unaltered distances between complexes 1 and 8, we suggest
the bonding scheme shown in Figure 4. The Fe-S(thioiato)

QF;CE—SR R QFe@—ngR — QFeD;—Qs{* X
a0 Q0QOH g 6@ CH

Fig. 4. Suggested bonding scheme for the [Fe(**NS,™)] complexes.

bonds are assumed to have predominantly o-donor bond char-
acter. Both alkylation and protonation of the thiolato S donors
lead to a weakening of the Fe-S o bond and an inductive
withdrawal of electron density from the Fe center. These
thioether or thiol donors, however, gain n-acceptor character
such that partial Fe — S n back-donation can occur leading to
a further decrease in electron density at the Fe center. The Fe-S
distances remain unchanged because the weakening of the
S — Fe o-donor bond is compensated by the formation of the
Fe — S n back-bond. A general consequence is that these metal
sulfur cores can facilitate the uptake and release of electrons
since no additional activation barriers due to the rearrangement
of atoms, distances, angles, etc. exist to impede electron trans-
fer.!'?] In addition, decreased electron density in the core is
expected to favor reduction of these complexes.

Effects similar to those described here were recently observed
for the related complexes [Fe(CO),(**S,”)] and [Fe-
(CO)(“S,™)]."®) However, these complexes display no redox
waves between + 1.5and —1.5 V. In contrast, complex 1 and its

S
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alkylated and protonated derivatives exhibit well defined redox
processes. The cyclic voltammograms show that each step of
alkylation, or protonation, shifts the potential of the corre-
sponding redox pairs by about 700 mV. As a consequence, the
alkylated or protonated species are more difficult to oxidize and
easier to reduce. The 19 or 20 VE complexes, which are not
electrochemically observed for the neutral parent complex 1. are
accessible when one or both thiolato donors are alkylated.
These results are consistent with our previous discussions that
the alkylated derivatives can serve as models for the protonated
species.18: %131

The results reported here may also be significant for bio-
logical N, fixation.!!*! It has been taken for granted that the
N, molecule binds to the FeMo cofactor of nitrogenases. The
structure —function relationship that exists between the Fe-S
distances and redox properties of [Fe(CO)*“N,S,”-R)J*
(x =0, +1, +2, R = alkyl, H) suggests that protonation of
the FeMoco may be necessary in order to facilitate the subse-
quent transfer of electrons at biologically accessible redox po-
tentials.

Experimental Section

General: All reactions were carried out under nitrogen using Schlenk techniques:
solvents were dried and distilied before use. As far as possible, reactions were
monitored by IR spectroscopy. Spectra were recorded with the following instru-
ments: IR: Perkin Elmer 16 PC FT-IR, solvent bands were compensated for; NMR:
Jeol NMR-Spektrometer INM-EX 270; MS: Varian MAT 212; magnetic suscepti-
bility: Johnson Matthey susceptibility balance. Cyclic voltammograms were mea-
sured with a PAR 264A potentiostat and a standard three-electrode cell. Electrodes
used were a glassy carbon ROTEL A working electrode, a Ag/AgCl reference elec-
trode and a Pt wire auxiliary electrode. Potentials were referenced to NHE via
Cp,Fe/Cp,Fe*, which was used as an internal standard [E°(Cp,Fe/Cp,Fe*) =
0.400 V vs. NHE] (15]. NBu,PF, (¢ = 0.1 M) was used as the supporting electrolyte.
[Fe(COX**'N,S,.™)] (1) [2b) was prepared according to literature methods.

IR spectroscopic monitoring of the reaction of 1 with CF,SO,H: CF,SO,H
(0.068 mL, 0.77 mmol) was added to a red solution of 1 (335 mg. 0.77 mmol) in
10 mL of CH,Cl, ((CO) = 1965 cm ™ '). The solution instantly became red-purple
and the v(CO) band shifted to 1999 cm ~'. Addition of a second equivalent of
CF,SO;H resulted in a color change to orange and a further v(CO) shift to
2044 cm ™!, Finally. addition of H,0 (0.5 mL) led to the regeneration of 1 and the
original band at 1965cm ™',

[Fe(CO)(**N,S,’-Me)|BF, (4): Solid Me,OBF, (815 mg, 5.49 mmol) was added to
a red solution of 1(2.390 g, 5.49 mmol) in CH,Cl, (100 mL). After 30 min, the red
mixture was filtered through filter pulp, reduced in volume to 50 mL, layered with
Et,0(50 mL), and stored at — 30 °C. The resulting red microcrystals of the isomeric
mixture of 4 were isolated after 1 d, washed with Et,0 (50 mL), and dried in vacuo.
Yield: 1.8 g (59%). "HNMR (CD,;NO,): § = 8.10-7.13 (m, 8H: C,H,. 4a, 4b),
5.85(m.1H; NH. 4a). 5.04 (im. { H; NH. 4b), 4.07-2.61 (m, 8H; C,H,, 41, 4b),
3.01(s.3H;CH,,42)2.95(s,3H:CH,.4b); IR (KBr): ¥ = 3224 (NH), 1973 (CO).
1083cm™! (BF); MS (FD: EiNO,): m/z: 450 [Fe(CO)*“N,S,"-Me)]*, 422
[Fe("N,S,"-Me)]*. C,,H,,FeBF,NOS, (537.3): calcd. C 40.24, H 3.75, N 2.61, S
23.87: found C 40.19, H 3.88, N 2.62, S 23.60.

4a: Layering a solution of the isomeric mixture of 4 (200 mg) in CH,Cl, (20 mL)
with Et,O (20 mL) and storage at —30°C yielded crystals of isomerically pure 4a,
which were isolated after 1 d, washed with Et,0 (10 mL), and dried in vacuo. Yield:
80 mg (40%). 'HNMR (CD;NO,): é = 8.09 (d. 1 H; C,H,). 8.01 (d. 1H; C H,).
7.78-7.73 (m, 4H; C H,). 7.26 (1, H: C¢H,), 7.13 (t. 1H; C,H,). 5.85 (m, 1 H;
NH),4.07 (m, 1H;C,H,), 3.52-3.35(m, SH; C,H,), 3.01 (s, 3H: CH,), 2.81 (m,
1H: C,H,), 2.62 (m, 1H. C,H,).

(Fe(CON*“N,S,”-Et)IBF, (5): Solid Et,OBF, (500 mg, 2.63 mmol) was added to a
red solution of 1(1.145 g, 2.63 mmol) in CH,Cl, (50 mL) at 0°C. The mixture was
stirred for 30 min at 0 °C, warmed to room temperature, filtered through filter pulp,
reduced to one fourth of its volume, layered with Et,0 (15mL), and stored
at — 30 °C. The resulting red microcrystals of the isomeric mixture of 5 were isolated
after 1d, washed with Et,0 (20 mL), and dried in vacuo. Yield: 1.2 g (83%).
'HNMR (CD;NO,): é = 8.12-7.14 (m, 8H; C¢H,), 499 (1. 1 H: NH), 4.22 (m,
tH:C,H,),3.44-2.29 (m, 11 H: C,H, and CH,CH;), 1.63 (m, 3H: CH,CH,): IR
(KBr): # = 3211 (NH), 1971 (CO), 1083 cm ™' (BF); MS (FD, CH,Cl,): m/z: 436
[Fe(*NgS,"-Ev)]*: C,,H,,FeBF,NOS, (551.3): calcd. C 41.39, H 4.02, N 2.54, §
23.27; found C 41.66, H 4.14, N 2.54, S 23.33.
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|Fe{COX*NS,"-R,)I(BF,), (R = Me: 6, R = Et:7): 4 mmol of R,OBF, (R = Me:
590 mg. R = Et: 800 mg) were added to a red solution of 1 (870 mg, 2 mmol) in
CH,Cl, (50 mL). After 15 h, the resulting orange precipitate was removed by filtra-
tion and dissolved in MeOH (25 mL). Layering this solution with Et,O (25 mL)
gave an orange microcrystalline material, which was isolated after 1 d, washed with
Et,0 (20 mL), and dried in vacuo.

6: Yield: 705 mg (55%). '"HNMR (CD;NO,): § = 8.33-7.75 (m, 8H; CcH,). 5.80
(s, 1H:NH),3.76-2.65(m,8H; C,H,). 3.16(s,3H; CH,), 3.15(s. 3H; CH,); IR
(EINQ,): ¥ = 2021 cm ™! (CO); MS (FD, E(NQ,): m/z: 381 [*N,S,"-Me,]*, 219
[Fe("NyS,-Me,)]2 *. 191 [“N,S,"-Me,]?* ; C,4H,;B,F,FeNOS, (639.1): caled. C
35.71, H 3.63, N 2.19, § 20.07; found: C 35.93, H 3.63. N 2.23, S 20.13.

7:Yield: 1.0 g(75%). '"HNMR (CD;NO,): § = 8.28-7.25(m.8H; C4H,). 5.71 (s,
1H; NH), 3.68-2.54 (m, 12H; C,H, and CH,CH,); 1.79 (m, 3H; CH,CH,); IR
(KBr) : ¥ = 3207 (NH), 2023 (CO), 1062 cm ™' (BF): MS (FD, EtNO,): m/z: 409
[“NpSs"-Et,]*, 205 [*N,S,"-Et,}**; C,,H,,B,F;FeNOS, (667.2): caled. C 37.80,
H 4.08, N 2.10, S 19.23; found C 37.93, H 4.30, N 2.09, S 19.09.

[Fe(COX*“N,S”-Me-Et)|(BF,), (8): Solid Me,OBF, (405mg, 2.73 mmol) was
added to a red solution of 1 (1.19 g, 2.73 mmol) in CH,Cl, (40 mL). After 15 min,
Et,;OBF, (520 mg, 2.73 mmol) was added to the red-violet solution. After another
15 h, the resulting orange precipitate was filtered off, washed with CH,Cl, (20 mL),
and dried in vacuo. Yield: 1.2 g (68%). 'H NMR (CD;NO,): § = 8.24-7.23 (m,
8H;C.H,,8a,8b), 5.78 (m, 1 H; NH. 8b), 5.53 (m. 1H; NH. 8a), 3.78-2.51 (m,
10H; C,H, and CH,CH,, 8a, 8b), 3.16 (s, 3H; CH,, 8b), 3.14 (s, 3H; CH,, 8a).
1.78 (t, 3H; CH,CH,. 8b), 1.76 (1. 3H; CH,CH,. 8a). IR (KBr): i = 3213 (NH),
2026 (CO), 1068cm ™! (BF); MS (FD, EtNO,): m/z: 395 ["N,S,"-Me-Et]*;
C,0H,sB,FgFeNOS, (653.2): caled. C 36.78, H 3.86, N 2.14, S 19.64; found C 37.81,
H 3.88, N 2.17. S 19.69.

Layering a solution of the isomeric mixture of 8 (200 mg) in EtNO, (20 mL) with
Et,0 (20 mL) yielded single crystals of isomerically pure 8a. These crystals were
isolated after 1 d. washed with Et,0 (10 mL), and dried in vacuo. Yield: 70 mg 8a
(35%). 'HNMR (CD,NO,): § = 8.24-7.71 (m, 8H; C4H,), 5.53 (m, 1H; NH),
3.72-2.51 (m, 10H; C,H, and CH,CH,), 3.14 (s, 3H; CH,), 1.76 (t, 3H;
CH,CH,).

[“NgS"-R-R’]‘-HBF, (R =H, R'=Me: 9; R=R" = Me: 10; R =R’ = Et: 11):
Conc. hydrochloric acid (0.5 mL, 60 mmol) was added to a red solution of 4
(540 mg, 1 mmol) or an orange solution of [Fe(CO)("'N,S,"-R,)I(BF,), (1 mmol;
R = Me, 6: 640 mg; R = Et, 7: 670 mg) in MeOH (30 mL). The reaction mixture
was heated under reflux for 2 h yielding in all cases a light yellow solution. After
removal of the solvent, the residue was extracted with CH,Cl, (30 mL), dried with
Na,SO, (3 g). and filtered. The solvent was removed and the residue redissolved in
CH,Cl, (2 mL). In each case, layering this solution with cyclohexane (5 mL) yielded
either a colorless or a light yellow powder of the ammonium tetrafluoroborate salt
of the ligand, which was isolated and washed with cyclohexane (SmlL).
[“NyS,"-H-Me|-HBF, (9): Yield: 350 mg (77%). "H NMR (CDCl,): § = 8.90 (s,
2H;NH,).7.52-7.17(m,8H; C,H,),4.13(s,1H;SH).3.32-3.17(m,4H; C,H,),
2.4 (s, 3H: CH,); IR (CH,Cl,): ¥ = 2702 (NH). 2577cm™"' (SH); MS (FD,
CH,Cl,): m/z: 368 [*NyS,"-H,;-Me]*; C,,H,;BF NS, (455.5): caled. C 44.83, H
4.87, N 3.08; found C 45.72, H 4.95, N 2.37.

[“NuS."-Me,|-HBF, (10): Yield: 360 mg (77%). '"H NMR (CDCl,): 6 = 8.68 (br,
2H; NH,), 7.54-7.19 (m, 8 H; C,H,), 3.70- 2.90 (m, 8H; C,H,), 2.46 (s, 6H;
CH,); '*C{'"H} NMR (CDCl,): § =143.0, 134.3,129.8, 129.6, 126.1, 125.5 (C:H,).
48.7, 32.3 (C,H,), 16.4 (CH;). IR (KBr): ¥ = 2744 (NH), 1032cm™~! (BF); MS
(FD, CH,CL,): m/z: 381 [“N,;S."-Me,]*: C,,H,,CINS, (469.5): caicd. C 46.05. H
5.15, N 2.98, found: C 45.84, H 5.11, N 2.95.

[“NgS.-Et,)-HBF, (11): Yield: 370 mg (74%). 'HNMR (CD,Cl,): 6 = 8.88 (s,
2H: NH,), 7.50-7.15 (m, 8H: C,H,), 3.35- 2.94 (m. 12H; C,H, and CH,CH,),
1.32 (t, 3H; CH,CH,); "*C{'H} NMR (CD,Cl,): 6 =140.7, 133.1, 131.8, 129.0,
127.9,126.7 (C,H,). 47.3, 31.0 (C,H,), 27.3 (CH,(Et)). 14.0 (CH(Et); IR (KBr):
¥ = 2675 (NH), 1041 cm ™! (BF); MS (FD, acetone): m/z: 410 {*N,S,”-Et,-H]*;
C,0H,4CINS, (497.5): caled. C 48.28. H 5.67, N 2.82. found C 48.52, H 5.93, N 2.31.

|Fe(CF,SO,;)“N,S,”-Me)] (12): A solution of AgCF,SO, (255 mg, 1 mmol) in
MeOH (10 mL) was added dropwise to a solution of FeCl,-4H,0 (100 mg,
0.5 mmol) in MeOH (10 mL). The white precipitate of AgCl was removed by filtra-
tion after 15 min. Removal of the solvent in vacuo yielded 335 mg (0.5 mmol) of
Fe(CF,S0;),.

LiOMe (1 mmol, 1 mL of 2 1M solution in MeOH) was added to a solution of 9
(230 mg, 0.5 mmol) in MeOH (15 mL). The solvent was removed in vacuo and the
residue was dissolved in 1,4-dioxane (10 mL). In order to remove LiCl, the resulting
suspension was filtered through filter pulp. The filtrate was combined with a solu-
tion of Fe(CF;80,), (355 mg, 0.5 mmol) (see above) in 1,4-dioxane (10 mL) and
heated under reflux for 2 h. The solvent of the green-brown reaction mixture was
removed in vacuo, and the resulting residue was dissolved in CH,Cl, (10 mL).
Layering this solution with Et,O led to precipitation of yellow-green microcrystals.
These crystals were isolated by filtration, washed with Et,0 (10 mL), and dried in
vacuo. Yield: 195 mg (68%). IR (KBr): v =1283, 1239, 1028 cm~’ (SO): MS (EI,
70 eV): m/z: 571 [Fe(CF,SO;)(**N,S,"-Me)]*, 422 [Fe(CF,SO,)("*N,;S,"-Me)]; MS
(FD, THF): m/z: 571 [Fe(CF,SO;)("N,S,"-Me)}*. 422 [Fe(*'N,S,"-Me)];
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C,4H;0F:FeNO,S, (571.6): calcd. C 37.83, H 3.53, N 2.45, S 28.05; found C 37.66,
H 3.83. N 2.46, S 27.35.

X-ray structure analysis of 8a: Orange needles of 8a were obtained by layering a
saturated EtNO, solution of the diastereomeric mixture of 8 with Et,O. A suitable
single crystal was sealed in a glass capillary. Intensity data and lattice parameters
were ed on a Si P4 diffractometer with Moy, radiation (graphite-
monochromator, 4 =71.073 pm). Intensity data were corrected for Lorentzian po-
larization in the usual manner: absorption corrections were not applied. The struc-
ture was solved by direct methods using the SHELXTL-PLUS program package
[16). The function minimized during full-matrix least-squares refinement was
S w(| Fy| — |F.|)*. The nonhydrogen atoms were refined using anisotropic thermal
parameters; the hydrogen atoms were refined using common isotropic temperature
factors. The positions of the hydrogen atoms were taken from the difference Fourier
synthesis and restricted during refinement. Further details of the crystal structure
investigation may be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen (Germany) on quoting the depository number
CSD-404295. Selected crystallographic data are listed in Table 4.

Table 4. Selected crystallographic data for [Fe(CO)(**N,S,”’-Me-Et)](BF,), (81).

formula C,oH, B, F;FeNOS,
M, [gmol Y] 653.1

crystal size [mm?] 0.7x0.2x0.2
crystal system monoclinic
space group P2jc

a (pm) 1137.8(5)

b (pm) 1418.8(7)

¢ (pm) 1734.5(6)
B 105.66(3)

V (pm?) 2696(2) x 10°
z 4

Peaica (gEM ™) 1.609

Huoxe (€M ™) 9.41

T (K) 293

scan technique w-scan

26 range (°) 3-54

scan speed (°min~') 3-29.3
reflections measured 7787
independent reflections 5887
observed reflections 1968
o-criterion F>44(F)
refined parameters 334

R (a) 0.059

Ry, [b] 0.052

largest differnce peak (epm~?) 0.67x10°°
largest differnce hole (epm ~3) —0.42x10"¢

[a] R=ZXlIF| — |FIVZIFl; [b] R, = Z[w(|Fo) ~ |FDVEWI Rl w™' = a*(F).
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