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ABSTRACT

Iron-sulfur clusters in various geometries have crucial roles in a diverse array of biological
transformations. In an attempt to expand the diversity of synthetic analogues, we have
prepared a tris(amido) ligand intended to support a site-differentiated [Fe4 S4] cluster. We
have similarly synthesized two bis(pyrazolyl)borate ligands envisioned for [Fe2S2] clusters.
None of these ligands were found to metallate productively. Two bidentate diphosphine
ligands have been shown to support an [Fe 4 S 4 ] cluster with an extremely distorted core
geometry.
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Chapter 1
Introduction

1.1 Introduction

Since the first report of a synthetic analogue of an [Fe4S4] protein active site in 1972,
a diverse array of compounds have been prepared in an attempt to replicate the behavior
of these incredible bioinorganic structures.1 ,2 As our understanding of the biological
complexity, structural diversity and reactivity of these systems has expanded, so too has
our ability to mimic them. Initially, studies were limited to simple spectroscopy, redox
chemistry and ligand substitution. Over time, however, the variety of ligands known to
support clusters slowly grew, and a key development-the synthesis of tridentate
ligands-fundamentally changed the field. 3 The asymmetry of the protein environment
inherently allows for site-differentiation of in vivo clusters, and tridentate ligands could
now replicate this fundamental feature. Despite the broad array of ligands (including both
biologically relevant and irrelevant donors) and reaction conditions afforded by synthetic
chemistry, coordination chemistry has historically been unable to replicate a number of
exciting discoveries with biological clusters. For example, an organometallic intermediate
has been observed in the reactivity of radical SAM enzymes, and methylation of an [Fe4S4]
cluster has been implicated as a step in the biosynthesis of FeMoco, itself an extraordinary
[Fe7MoS9C] cluster renowned for its ability to convert dinitrogen to ammonia.4- 6 The
literature comprises only a single contrived iron-sulfur-cluster-alkyl complex and no
reports of a cluster with the ability to fix (or even bind!) dinitrogen. 7

In an effort to address these deficiencies and others, we describe herein the
preparation of a tris(amido) ligand that would allow for site-differentiation of [Fe4S4]
clusters and have a number of benefits over previously prepared tris(thiolato) ligands. We
also report two novel bis(pyrazolyl)borate ligands, whose metallation on [Fe2S2] clusters
would allow for site-differentiation and asymmetricization. To our chagrin, none of these
systems have been shown to metallate productively. We have, however, prepared a [Fe4S4]
cluster with an extremely distorted core that is supported by two highly strained bidentate
diphosphine ligands.
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Chapter 2
Reduction of and Differentiation at Sulfur in Fe 4S4-Tetraphosphine Clusters

2.1 Introduction

Whereas most of the first wave of [Fe4S4] model complexes were supported by

anionic ligands, in 1996, Holm et al. reported the synthesis of homoleptic, phosphine-

ligated clusters [Fe4S4(PR3)4](BPh 4) (R = iPr, Cy, tBu).l These semi-reduced clusters are

composed of four equivalent Fe 2 .2 s+ centers with an overall S = ground state. Further

reduction of these clusters to [Fe4 S4 (PR 3 ) 4]0 can be effected by various reagents, but the

products are unstable and readily dimerize or tetramerize. Treatment of the as-isolated

clusters with sources of anionic ligands affords the neutral site-differentiated

Fe 4 S4 (PR 3 ) 3 (X) (X = Cl-, Br-, [, SR-). 2 ,3 Displacement of a halide with thiophenolate in the

presence of diphenyl disulfide as an oxidant affords the ususual 2:2 site-differentiated

Fe4S4 (P tBu 3 )2(SPh)2.2

Several groups have previously exploited multidentate ligands to confer additional

stability to highly reactive Fe-S clusters. In the realm of Fe4S4 chemistry, these ligands have

historically been limited to a small variety of tridentate tris-thiolate scaffolds, but the

diversity of tridentate ligands for these clusters has been dramatically enriched by the

work of our group; bidentate ligands, however, remain scarce.4,s A number of clusters have

been prepared, however, wherein a bidentate ligand binds twice to the same iron,

rendering it pentacoordinate.6- 8 Bidentate phosphines are commonplace in organic

chemistry due to their desirable properties in C-X cross-coupling reactions such as the

Buchwald-Hartwig amination. Among these ligands, dppf (1,1'-

bis(diphenylphosphino)ferrocene) is unusual in that it incorporates a transition metal-in

the form of a ferrocenyl unit-into the ligand. Beyond its use in coupling reactions, dppf

has been repurposed to serve as a bridging ligand between the two iron sites in a [FeFe]

hydrogenase mimic.9

u 2  [BPh4] BU2

2 dtbpf, (etu/S \ tU
CoCp 2, 4 NaBPh 4  /S Fe-? COCP*2 -- -u 2

(PPh 4)2[Fe 4S4C04] S--Fe , Fe S Fe

Fe P Fe

tBu 2  
tU2

[Fe4S4 (dtbpf)2](BPh 4) Fe 4S4 (dtbpf)2

Figure 1. Synthesis of [Fe4S4(dtbpf) 2]''
0 and structure of the cation.
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2.2 Results and discussion
2.2.1 Synthesis of [Fe 4S 4(dtbpf)2](BPh4)

In an attempt to replicate this bridging structure on an [Fe4S4] cluster, we subjected
dppf and two related ligands, dippf (1,1'-bis(diiso-propylphosphino)ferrocene) and dtbpf
(1,1'-bis(ditert-butylphosphino)ferrocene), to metallation. Under all conditions surveyed,
reactions with dppf and dippf lead to unproductive chemistry. However, dtbpf was found to
analogously bridge two iron atoms in an [Fe4S4] cluster. The resulting cluster,
[Fe 4S4(dtbpf)2](BPh4), is supported by two dtbpf's but is otherwise comparable to Holm's
previously reported tetraphosphine clusters. As with Holm's systems, (PPh4 ) 2 [Fe 4 S 4 Cl 4 ]
serves as the starting material, but its [Fe4S4] 2+ core must necessarily be reduced by one
electron to [Fe 4S4] 1+ as otherwise it is too oxidizing for phosphine ligation. To achieve this,
Holm incorporates an excess 0.5 equivalents of phosphine that serves as a sacrificial
reductant and is lost as the respective phosphine sulfide. This method is significantly less
feasible when the phosphine employed is bidentate; to combat this, an exogenous
reductant, CoCp2, is included in the reaction.

2.2.2 Reduction of [Fe 4S4(dtbpf)2](BPh 4)

To test the accessibility and stability of the reduced Fe4S4(dtbpf)2 cluster,
[Fe 4S4(dtbpo2](BPh4) was treated with COCp*2. The resulting black solids were arene-
soluble and possessed an NMR spectrum consistent by integration with the formation of
the desired neutral cluster. The peaks also showed significantly increased paramagnetic
shift and broadening, suggesting that the product is a higher-spin species than the S =
starting material. The related fully reduced [Fe4S4 (NHC) 4] 0 is S = 4, and although we have
not recorded EPR spectra of the alleged Fe4S4(dtbpf) 2, the data are not inconsistent with a
similar electronic structure. Solutions of Fe4S 4(dtbpf) 2 at room temperature slowly
deposited black solids, and unknown impurities began to grow in by 1H-NMR spectroscopy.
Under these conditions, the reduced cluster had a half-life of approximately 4 hours, judged
relative to the residual solvent peak. Attempts to "trap" the reduced cluster with HBArF
(BArF = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate), HOTf or MeOTf were unsuccessful
and led to immediate decomposition upon addition.

2.2.3 Structural analysis

The crystal structure of [Fe4S 4(dtbpf)2](BPh4) is highly symmetric and reveals two
severely compressed Fe2S2 rhombs with an inter-rhomb Fe-Fe distance of 2.559 A and S-S
distance of 3.855 A. Whereas distortion from Td symmetry in most synthetic clusters is
minimal with monodentate ligands, multidentate ligands engender more distortion, and
this particularly extreme geometry appears to be strictly imposed by the relatively small
bite angle of the dtbpf ligands. 10 In order to bridge two Fe centers, the dtbpf unit must
stretch to nearly maximal extension, leading to substantial deparallelization of the Cp rings.
Indeed, the fact that dtbpf barely "fits" may be suggestive of why dippf was not observed to
support an analogous cluster. The Fe-P distance in [Fe 4S4 (dtbpf) 2](BPh 4) (2.406 A) is
intermediate between that of the homoleptic PtBu 3 cluster (2.457 A) and the homoleptic
PiPr 3 cluster (2.389 A). Perhaps the increased steric bulk and cone angle of the tBu groups
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both enforce and allow for a more preferable ligand-cluster binding geometry. A similar
argument likely applies for dppf and is strengthened further by the known weaker a-
donicity of triaryl phosphines.

The NMR spectra of [Fe4S4(dtbpf) 2](BPh 4) and Fe4S4(dtbpf)2 have four distinct
proton peaks corresponding to the Cp ring and two peaks for the 'Bu groups, indicating
slow flexure of the dtbpf units on the NMR timescale (Figures S1-S3). A slow rate of
exchange in this already strained system is consistent with a high barrier for the process,
which would necessitate even further expansion of the dtbpf ligand. Reduction of [Fe4S4]
clusters leads to an increase in the general size of the core and in the metal-ligand distance
due to further population of antibonding orbitals.1 0 Reduction of [Fe4S4(dtbpf) 2](BPh 4)
therefore increases the strain in the system even further, likely offsetting and
overshadowing any stabilization gained by the chelate effect.

2.2.4 Protonation of [Fe 4S4 (PR3)4J+ clusters

Previous attempts to protonate or methylate thiolate-ligated [Fe4S4] clusters have
led to reaction at the ligand. Treatment of [Fe 4 S 4 (SR) 4 ] 2 - with (MeO) 3 PO very slowly
liberates MeSR and was proposed to generate [Fe4S4(SR) 3(0 2P(OMe)2)] 2-, although this
product was not crystallographically characterized. Data suggest that attempts to generate
site-differentiated clusters via treatment with Mel and addition of a new ligand were
successful, but crystallization of the products lead to only starting material." Treatment of
[Fe4S4(SAr)4] 2- (Ar = 2,4,6-triiso-propylphenyl) with HBArF in MeCN liberated thiol, yielding
the putative [Fe4S4(SAr) 3(MeCN)]-. Treatment with weaker acids that have a sufficiently
coordinating conjugate base (i.e. pyridine, dimethylformamide) likely led to the analogous
adduct [Fe 4 S4(SAr) 3 (L)]-. 2

Due to the absence of unbound electron pairs, we hoped that phosphines might be
useful ligands for protonation or alkylation of a core sulfide. This methodology could be an
effective method to study S-differentiated [Fe4S4 ] clusters, a class of compounds that have
not yet been prepared. Initial attempts to protonate [Fe4S4(dtbpf) 2](BArF) with HBArF lead
to complex spectra that might be consistent with protonation at the Cp ring. In an attempt
to study protonation with a more innocent ligand, we explored the alternative clusters
[Fe 4S4(PR 3)4](BArF) (R = iPr, Cy). Treatment with one equivalent of HBArF in Et20 at low
temperature nearly cleanly liberates (HPR 3)(BArF) with formation of a new S = species
similar to the starting material (Figures S4-S6 and S8).1 The resulting cluster and
phosphonium salts were inseparable. Crystals grown from the mixture were
crystallographically identified as [Fe 4S4 (PR3)4](BArF), suggesting some degree of thermal
decomposition or of a solvent- or temperature-dependent equilibrium process. Without
more data, it is difficult to ascertain the identity of the product, but the most probable
candidates are a higher-nuclearity cluster or the solvento complex,
[Fe 4S4 (PR3)3(OEt 2)](BArF). Broadening of the Et20 peaks in the 1H-NMR spectrum are
suggestive of this second product (Figures S4 and S6).
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2.3 Summary and conclusions

We have prepared [Fe4S4(dtbpf) 2](BPh4), which is uniquely supported by two
bidentate phosphine ligands. Reduction with CoCp 2* likely affords Fe4S4 (dtbpf) 2, but as will
all previous all-ferrous tetraphosphine clusters, the product is unstable. Although the
chelate effect was expected to engender additional stability to the cluster in both its
oxidized and reduced states, strain from the insufficient bite angle of dtbpf is likely a net
destabilizing force. As such, this system is likely unsuitable for further study at this stage.
Treatment of previously reported tetraphosphine clusters with HBArF generates one
equivalent of the phosphonium salt and an S = cluster that awaits structural
characterization.

2.4 Experimental

General considerations. Unless otherwise specified, all manipulations were performed
using standard Schlenk techniques or in an LC Technologies inert-atmosphere glovebox
under an atmosphere of dinitrogen (<1 ppm 02/H20). Glassware was dried in an over at
160 'C prior to use. Molecular sieves (3 A) and Celite were activated by heating to 300 'C
overnight under vacuum prior to storage under an atmosphere of dinitrogen. Diethyl ether,
benzene, pentane and acetonitrile were degassed by sparging with argon, dried by passing
through a column of activated alumina and stored under an atmosphere of dinitrogen over
3 A molecular sieves. Tetrahydrofuran was distilled from sodium/benzophenone and
stored under an atmosphere of dinitrogen over 3 A molecular sieves. C 6D 6, CD 2 Cl2 and
CD 3CN were degassed by three freeze-pump-thaw cycles and stored under an atmosphere
of dinitrogen over 3 A molecular sieves. (PPh 4 ) 2 [Fe 4 S4 Cl 4 ],13 (HPiPr3)(BF 4),14 PiPr 3,' 4

[Fe4S4(PiPr3)4](BPh4),3 [Fe4 S4 (PCy3 ) 4](BPh 4),' NaBArF,1s, 6 and HBArF17 were prepared
according to literature methods. [Fe 4S4 (PiPr 3) 4](BArF) and [Fe 4 S 4 (PCy3)4](BArF) were
prepared by the addition of a subcess of NaBArF in Et20 to a DCM solution of the cluster
BPh 4- salt followed by removal of solvent and extraction with Et20. (HPCy 3)(BArF) was
prepared by addition of an Et20 solution of HBArF to an Et20 solution of PCy3. PPh4Cl was
dried under vacuum at 150 'C overnight prior to use. All other reagents were purchased
and used as received. NMR spectra were recorded on Bruker spectrometers. 1H chemical
shifts are given relative to residual solvent peaks. 31P chemical shifts are given relative to
an external sample of 85% H 3P0 4.

[Fe 4S4 (dtbpf)2](BPh 4). (PPh 4 ) 2 [Fe4 S 4 Cl 4 ] (1.17 g, 1.00 mmol), was suspended in 130 mL
THF and cooled to -78 'C. A solution of NaBPh 4 (1.37 g, 4.00 mmol), dtbpf (0.949 g, 2.00
rnmol) and CoCp2 (0.189 g, 1.00 mmol) was prepared separately in 20 mL THF, cooled to -
78 'C and added quickly to the suspension. The solution was stirred for 1 hour then
warmed to room temperature for 2 hours. The black solution was filtered through Celite,
concentrated, and precipitated with hexanes. The resultant grey-black powder was washed
thoroughly with hexanes and acetonitrile to give a black powder (710 mg, 44%).
1H NMR (500 MHz, CD 2 CI 2 , 293 K): & 1.29 (36H, tBu), 2.69 (36H, tBu), 5.61 (4H, Cp), 6.09
(4H, Cp), 6.61 (4H, Cp), 6.88 (4H, (BPh4)-), 7.16 (d, 4H, Cp), 7.04 (8H, (BPh 4 )-), 7.32 (8H,
(BPh 4)-).
31P NMR (500 MHz, CH 2 C1 2, 293 K): 6 290 (4P, dtbpf).
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Fe 4S 4(dtbpf)2. A solution of CoCp* 2 (10.3 mg, 0.031 mmol) in 2 mL THF was added
dropwise to a solution of [Fe4S4(dtbpf) 2](BPh4) (50.5 mg, 0.031 mmol) in 3 mL THF at -78
'C. The solution was stirred for 30 minutes then allowed to warm to room temperature
over 1 hour. The solution was dried under vacuum, extracted with benzene and lyophilized.
The resulting solids were washed with pentane to give a black powder (20 mg, 49.2%).
1H NMR (500 MHz, C 6D 6, 293 K): 6 -8.29 (4H, Cp), 0.60 (4H, Cp), 4.21 (4H, Cp), 4.85 (36H,
1Bu), 6.15 (36H, tBu), 10.72 (d, 4H, Cp).
3 1P NMR (C 6D6): not observed

General procedure for the protonation of [Fe 4S4(PR3)41(BArF) (R = Pr, Cy). A solution
of HBArF (0.3 mmol) in 3 mL Et20 was cooled to -78 'C and added dropwise to a precooled
solution of [Fe4S4(PR 3)4](BArF) (0.3 mmol) in 4 mL Et2 0. The solution was stirred cold for 1
hour, then warmed to room temperature for one hour. The reaction was filtered through
Celite, and volatiles were removed in vacuo to give a black powder in nearly quantitative
mass yield.
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2.6 Spectra
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Figure Si. 1H-NMR spectrum (500 MHz) of [Fe4S4 (dtbpf)2](BPh4) in CD 2Cl 2 at 293 K.
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Figure S2. 31P-NMR spectrum (500 MHz) of [Fe4S4 (dtbpf2](BPh4) in CH 2CI 2 at 293 K.
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Figure S3. 'H-NMR spectrum (500 MHz) of Fe4S4(dtbpfj 2 in C 6D 6 at 293 K.
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Figure S4. 1H-NMR spectrum of the protonation of [Fe 4 S4 (PCy 3) 4 ](BArF) with HBArF in

CD 2Cl 2 at 293 K.
Top: [Fe4 S4(PCy 3)4 ](BArF)
Middle: [Fe4 S4 (PCy 3) 4](BArF) + HBArF
Bottom: (HPCy 3)(BArF)
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Figure S5. 31P-NMR spectrum (500 MHz) of the protonation of [Fe4 S4 (PCy 3 ) 4](BArF) with
HBArF in CD 2Cl 2 at 293 K.

Top: [Fe4S4 (PCy 3) 4](BArF) + HBArF
Bottom: (HPCy3)(BArF)
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Figure S6.1H-NMR spectrum of the protonation of [Fe4S4(PiPr3)4](BArF) with HBArF in
CD 2Cl 2 at 293 K.
Top: [Fe4S4(PiPr 3) 4](BArF) (CD 2 Cl 2 )
Middle: [Fe4S4 (PiPr3) 4](BArF) + HBArF (CD 2Cl 2)
Bottom: (HPiPr 3)(BF 4) (CDCl 3)
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Figure S7. X-band EPR spectrum of [Fe4S4 (dtbpf)2](BPh 4) (15 K, 100 pW,g = [2.10, 1.94]).
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Figure S8. X-band EPR spectrum of the crude reaction mixture of the protonation of
[Fe4 S4 (PCy 3) 4](BArF) with HBArF (15 K, 1 mW,g = [2.15, 1.93]).
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Chapter 3
Anionic N-donors for 3:1 Differentiated Fe 4S4 Clusters

3.1 Introduction

Owing to their relevance to biological systems and to their accessibility, thiolate-
ligated Fe 4 S 4 clusters are the most well-studied synthetic models. Despite the use of
multidentate or highly bulky thiolates to isolate unusual and reactive species, there are a
number of limitations inherent to this class of ligands. Due to having only a single organic
substituent, tuning steric properties is difficult or indeed very nearly impossible in the case
of tridentate thiolate ligands. Related to this, thiolates possess a highly accessible and
reactive lone pair that reacts readily with electrophiles.

Amides, however, have two substituents and form very strong a- and IT-bonds with
the cluster. Moreover, because they have two substituents, the amido lone pair could be
sterically protected from undesired reactivity with external electrophiles. HMDS
(bis(trimethylsilyl)amide) has been used in the isolation of [Fe 4S 4(HMDS)4] 0 1

,2- clusters,
but reactivity studies and even preliminary characterization of these complexes are
severely limited.1 -3 Furthermore, although HMDS has historically been considered a
moderately bulky ligand in mononuclear transition metal and main group chemistry, it is
insufficient to prevent the formation of homoleptic complexes and thus to allow for the
generation of robust 3:1 site-differentiated clusters. We have prepared a tridentate
triamide ligand that would allow for the study of chemistry at a unique iron site in these
unusual oxidized systems, but metallation from [Fe 4 S4 Cl 4 ] 2 -, was unsuccessful.

3.2 Results and discussion

3.2.1 Ligand synthesis

Inspired by other tridentate ligands with a basal arene,4 we have synthesized a
tris(diaryl)amine proligand, L(NH) 3 (Figure 1), which is expected to have excellent
solubility properties due to the abundant iPr groups and an advantageous steric profile
according to computational modeling. The immediate tri-aniline precursor is accessible in
seven steps from 1,3,5-triethylbenzene and has been used previously within the group to
prepare a similar tri(iminophosphorane) ligand. A Pd-catalyzed Buchwald-Hartwig
amination between the tri-aniline and an excess of 2,4,6-tri(iso-propyl)bromobenzene
(tipp-Br) affords the desired L(NH) 3 in good yield (Scheme 1).

Ar Ar OPr
NH Pd2(dba)3, PCy 3, NH

tipp-Br, NaOt
Bu

PoI,11Otol, 110 OC ;Pr D Pr

Ar Ar

Scheme 1. Synthesis of proligand L(NH) 3 .
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3.2.2 Metallation of L(NH) 3

L(NH) 3 can be selectively deprotonated with nBuLi, NaHMDS, KHMDS or KH. Among
these, treatment with a suspension of 6 equivalents of KH in THF at 60 'C overnight was
found to be the most convenient due to facile workup and the unimportance of precise
stoichiometry. In a representative reaction, the resulting L(NK) 3 was filtered, chilled to -78
*C and added dropwise to a cold suspension of (PPh 4 ) 2 [Fe4 S4 Cl 4 ]. The reaction
homogenized and turned inky purple-black as it stirred for several hours at low
temperature and then at room temperature.

Filtration and subsequent characterization by NMR in various solvents showed an
inconsistent mixture of products that revealed significant base-inflicted degradation of
PPh 4 +, partial or complete regeneration of L(NH) 3 and variable other peaks. The highly
basic nature of diarylamides (Ph 2NH has a pKa of 25.0 in DMSOs) prohibits the use of other
more polar solvents (e.g. DCM, MeCN) and was seemingly sufficiently strong to degrade
common organic cations (PPh 4+, NMe4+, NnBu 4+). Although the products seemed to show
some degree of dependence on the cation used in the initial deprotonation of the proligand,
attempts to elucidate this phenomenon were unsuccessful, and treatment with crown
ethers lead to minimal changes in the spectra of the products.

With these observations, one or more of the following likely preclude successful
metallation:

* The expected product, [(N) 3Fe 4 S4 C] 2 -, is unstable in the given redox state
e L(NH) 3 has a geometry incompatible with an [Fe4S4] cluster
- [Fe4 S 4 CI 4 ] 2- is not a viable starting material

Assuming a redox-neutral reaction, we expect the dianionic product to be stable and
isolable, as is the case for the HMDS-ligated variant.2 Inclusion of ferrocenium in the
reaction mixture was very briefly tested but had a minimal impact on the result, suggesting
that this is unlikely to be the primary problem. Second, although the general basal
framework of the ligand has been historically successful, perhaps the N-tipp groups
interfere with binding. The aforementioned tri(iminophosphorane) ligand is known to
successfully support [Fe4S4] clusters, and preparation of an isostructural N-triarylsilylated
ligand could test this hypothesis in future studies.

Perhaps most likely, however, is the unviability of [Fe 4 S4Cl 4 ]2-. The HMDS-ligated
clusters are prepared from the well-defined mononuclear precursors Fe(HMDS) 2 or
FeCl2(HMDS)(THF). Unfortunately, the tridentate nature of this ligand renders self-
assembly reactions unlikely to succeed, and none were attempted. The weak acidity of the
N-H protons similarly eliminates protonolysis as a possible metalation route with most
other known clusters. As such, only other amide-ligated clusters are truly contenders.
Although we unsuccessfully tested a protonolysis reaction between L(NH) 3 and
Fe4S4(HMDS) 4, impurities in the cluster preclude disqualification of this route. A thorough
screening of conditions would include a survey of the entire redox series,
[Fe4S 4(HMDS) 4]O,1-,2-, but these reactions have likewise not been attempted. As a more
exotic option, metallation with [Fe 6S6CI 6]2-3- may generate [L(N) 3 Fe6S 6C 3 ] 2 ,3- or the
desired [L(N) 3Fe4 S4 Cl]2-, as interconversion between [Fe6 S 6] and [Fe 4 S 4 ] clusters is a well-
established phenomenon.6-8
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3.2.3 Pyrroles

While considering other anionic N-donor ligands and inspired by our group's
success with the monodentate carbene IMes (1,3-dimesitylimidazol-2-ylidene), we set out
to prepare the geometrically identical but monoanionic 2,5-dimesitylpyrollide. 9 To our
benefit, pyrrolides are significantly less basic than amides, potentially facilitating cluster
synthesis, but they are not rr-donors, and their HOMO-1 lies on the backbone, potentially
leading to undesirable side reactivity in future studies. The Paal-Knorr pyrrole synthesis is
the de facto synthetic methodology and involves the condensation of a 1,4-dione and an
amine or ammonium salt. 1,4-dimesitylbutane-1,4-dione was prepared in good yield by
Friedel-Crafts acylation of mesitylene with succinyl chloride and AlCl 3 . However,
condensation with sources of nitrogen was unsuccessful even under aggressive conditions,
likely due to steric clash between the mesityl groups. Among other routes, a more modern
approach to the preparation of 2-substituted pyrroles invokes a Pd-catalyzed cross
coupling reaction between a given pyrrole and aryl halide. 2-mesitylpyrrole has been
previously prepared using this method.1 0 Subjecting this 2-mesitylpyrrole to the same
reaction conditions afforded primarily 2,3- or 2,4-dimesitylpyrrole. The desired 2,5-
dimesitylpyrrole may have been present in very low yields, but isolation was not
attempted.

Rather than continuing to pursue this potentially inaccessible molecule, we
prepared the less bulky 1,4-di(p-tolyl)pyrrole (HpyrP-to') from the known 1,4-di(p-
tolyl)butane-1,4-dione." Although this specific pyrrole has not been previously prepared, a
general synthesis for 2,5-diarylpyrroles was found to be successful.1 2 Refluxing the starting
material in HOAc with a vast excess of NH 40Ac generated the desired product, which
crystallized into plates upon cooling the reaction. Although oxygen was not excluded in the
above report, degassing the solvent and running the reaction under dinitrogen prevented
the formation of a bright red oxidation product. Following workup, the pyrrole was
brought into a glovebox and conveniently deprotonated with NaH and isolated as NapyrP-tol.

Analogously to L(NH) 3, a cooled solution containing three equivalents of NapyrP-tol
was added dropwise to a cold suspension/solution of (PPh 4 ) 2 [Fe4 S 4 Cl 4 ]. When the reaction
was performed in THF, significant decomposition of PPh4+ was again observed. However,
when MeCN was employed as the solvent (in which the pyrrolide shows no decomposition
over days), only traces (<2%) of re-protonated pyrrole were evident. The resulting product
had paramagnetically broadened and shifted peaks, but seemingly of insufficient quantity
to be the expected (PPh 4)2 [(pyrP-tol) 3Fe4S4Cl]. Furthermore, upon inspection, several of the
peaks had unusual structure, suggesting either complex fluxional behavior or impurities.
(Figure S5). Once again, the highly charged nature of the product made further
purifications difficult.

3.3 Summary and conclusions

We have prepared a tris(diarylamido) ligand intended for the study of highly
oxidized, site-differentiated [Fe4S4] clusters, but metallation from [Fe4 S 4 Cl 4 ] 2 -was
unsuccessful. Alternative pre-formed clusters such as [Fe 4 S 4 (HMDS) 4]O2- or [Fe6S6Cl 6] 2 ,3-
may prove to be viable synthons if this class of ligands continues to be of interest. Among
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similar ligand sets, preliminary work with monodentate pyrrolides appears promising, but
difficulties in purification and characterization have impaired progress.

3.4 Experimental

L(NH) 3. In a Schlenk tube in a glovebox, Pd 2(dba) 3 (23 mg, 0.025 mmol) and PCy3 (14 mg,
0.050 mmol) were stirred in 3 mL toluene for 30 minutes, at which point NaOtBu (724 mg,
7.54 mmol) and the tri-aniline precursor (800 mg, 1.67 mmol) were added with 7 mL
toluene. The tube was removed from the glovebox, and tipp-Br (1.56 g, 5.53 mmol, 1.4 mL)
was injected against a counter-flow of N 2. The reaction was stirred at 110 'C overnight then
allowed to cool to room temperature and worked up under air. The suspension was diluted
with 20 mL Et20 and filtered through a silica plug that was then rinsed with Et 20. The
solvent was removed by rotovap, and the resulting solids dissolved in hexanes. This
solution was applied to a second silica plug, washed with copious hexanes to remove excess
tipp-Br and eluted with 5% EtOAc/95% hexanes. The solution was rotovapped to dryness
and lyophilized from benzene in a glovebox to give an off-white powder (1.61 g, 89%).
1H-NMR (400 MHz, C 6D 6, 293 K): 6 0.95 (t, 9H, Et CH3 ), 1.17 (d, 36H, tipp m-iPr CH), 1.27 (d,
18H, tipp p-iPr CH), 2.61 (q, 6H, Et CH2), 2.85 (sept, 3H, tipp p-iPr CH 3), 3.28 (tipp m-iPr
CH 3), 4.00 (6H, Ar 2CH 2), 4.64 (3H, NH), 6.25 (d, 3H, Ar-H), 6.42 (3H, Ar-H), 6.54 (3H, Ar-H),
6.98 (t, 3H, Ar-H), 7.20 (6H, tipp m-H).

1,4-dimesitylbutane-1,4-dione. In air, anyhydrous AlCl 3 (6.67 g, 50 mmol) was added
portionwise to a solution of mesitylene (7.21 g, 60 mmol) and succinyl chloride (3.93 g, 20
mmol) in 200 mL DCM. The solution quickly turned wine-red and was stirred for 1 hour
before being poured over 200 mL ice. The organic layer was collected, and the aqueous
layer was extracted with 50 mL DCM. The solution was then dried over MgSO4, filtered
through a silica plug and rotovapped to dryness. The resulting solids were washed with
hexanes and dried under vacuum to give a white microcrystalline solid (4.5 g, 70%).
1H-NMR (400 MHz, C 6D 6, 293 K): 6 2.26 (12H, o-CH3), 2.29 (6H, p-CH3), 3.12 (4H, CH2), 6.86
(4H, m-H).

HpyrP-toI. NH 4 0Ac (2.0 g, 26 mmol) and 1,4-di(p-tolyl)butane-1,4-dione (690 mg, 2.6 mmol)
were suspended in degassed HOAc (20 mL). The reaction was heated to reflux overnight
under a nitrogen atmosphere then cooled slowly to room temperature. Over several hours,
large plates crystallized from solution. In air, these were collected on a frit, washed with
HOAc and water and then dried under vacuum. The resulting plates (520 mg, 81%) were
stored in a glovebox.
1H-NMR (400 MHz, CDCl 3, 293 K): 6 2.37 (6H, p-CH3), 6.53 (2H, backbone C-H), 7.21 (d, 4H,
Ar C-H), 7.42 (d, 4H, Ar C-H), 8.49 (1H, N-H).

(THF)xe Napyro-tol. A solution of HpyrP-tol (250 mg, 1.0 mmol) in 6 mL THF was added
dropwise to a suspension of NaH (100 mg, 4 mmol) in 2 mL THF. Vigorous H 2 evolution
initiated immediately, and the reaction was stirred for 1 hour then filtered through Celite.
Solvent was removed in vacuo, and the resulting white solids (95%) had variable amounts
of residual THF.
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'H-NMR (400 MHz, CD3CN, 293 K): 61.80 (THF), 2.28 (6H, p-CH3), 3.64 (THF), 6.40 (2H,
backbone C-H), 7.06 (d, 4H, Ar C-H), 7.58 (d, 4H, Ar C-H).
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Figure Si. 1H-NMR spectrum (400 MHz) of (NH) 3 in C6D 6 at 293 K.
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Figure S2. 'H-NMR spectrum (400 MHz) of 1,4-dimesitylbutane-1,4-dione in C 6D6 at 293 K.
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Chapter 4
A Novel Synthesis of Bis(pyrazolyl)borate Ligands and their Attempted Metallation
on Fe2 S2 Clusters

4.1 Introduction

4.1.1 Synthetic [FezSz] clusters

Until recently, the scope of ligands on synthetic [Fe2S2] clusters has been limited to
anionic donors such as halides, thiolates, phenoxides and benzimidizolates (Chart 1).1 The
reductive chemistry of these clusters has been closely studied in an attempt to model the
FellFe'll/Fe"lFel redox couple uniquely employed by biological systems. Without exception,
the mixed-valent state in synthetic models exhibits an S = 1/2 ground state, and the
Mossbauer spectra of these compounds show two distinct Fe atoms, indicating strong
valence localization. Both of these features are congruent with native [Fe2S2] clusters in
biological systems. However, two clusters-one synthetic and one biological-deviate from
the standard paradigm. First, among synthetic clusters, only one example has been isolated
in the further reduced diferrous state.2 Second, mutation of a coordinated cysteine to a
serine in a Clostridium pasteurianum ferredoxin effects a significant change in the
electronic structure of the cluster, generating a hitherto unseen S = 9/2 spin system.3

Beyond the aforementioned reductive chemistry, very little reactivity has been
assayed for these structures. In order to address this deficiency and indeed expand upon
previous results, a suitable architecture must be chosen. The majority of preexisting
clusters have a coordination sphere consisting of two additional anionic ligands per iron,
resulting in an overall dianion. Upon reduction, these clusters become tri- or tetraanionic.
Such high charges necessitate the use of strongly polar solvents (MeCN, DMSO, etc.), which
are not amenable to the sensitive chemistry we wish to explore. There do, however, exist
five examples of neutral [Fe2S2] clusters (Chart 1), that circumvent this problem.4-8 Among
other factors, reductive instability, low synthetic yields, ligand lability or ligand
susceptibility to electrophiles limit the synthetic viability of these platforms.

Dianionic Fe 2S2 clusters Neutral Fe2S 2 clusters
Ar Ar

RS SR N N_ L N(SiMe3)2
Fe" FFe F S Fe" ",Fe

RS SR -N N (Me 3Si)2 N L

Ar Ar
various authors Holland, 2015 Tatsumi
R = alkyl, aryl Ar = (2,6-Me2)Ph L = py (2016),

tetramethylthiourea (2005)

tBu tBu dipp dipp
'BI~ I IX X 'BU N N

Fe*"'' Fe -Fe* Fe- N -(N Fe Fe )F N

OtBu N
tBu 'Bu dipp dipp

Holm, 1977 Walter 2017 Jones, 2015
X = C-, Br, I-

Chart 1. Representative dianionic and neutral [Fe 2 S 2 ] clusters.
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4.1.2 Bis(pyrazolyl)borate ligands

Since their introduction by Trofimenko in 1966,9 poly(1-pyrazolyl)borate ligands
have been used to support a wide variety of complexes across the periodic table. Their
steric pressure, backbone substituents and even denticity can be tuned to meet the desired
properties. The tridentate variant, trispyrazolylborate (Tp), is a stongly-binding anionic
six-electron donor analogous to Cp and is the most commonly used among this class of
ligands. The bidentate bispyrazolylborate, Bp, has seen substantially less use, but as
monoanionic bidentate ligands analogous to j-diketiminates, acetylacetonates or
guanidinates, they are ideal for our purposes. And, in fact, the steric protection afforded by
3-substitution of the pyrazole ring has better geometric positioning and tunability than that
offered by any of these other ligand classes.

The vast majority of previously used Bp ligands possess a -BH 2 backbone, but others
have been prepared with dialkyl and diaryl backbones. Among these, alkyl and
hydridoborates are known to be particularly unstable to acids and oxidants, whereas aryl
groups show significantly enhanced stability. As such, we decided to target bis(3,5-
dimethylpyrazolyl)diphenylborate (BpPh*) and bis(3-mesitylpyrazolyl)diphenylborate
(BpPhMes). The former has been previously prepared, but the authors report significant (10-
40%) contamination of the final product with NaBPh4.1 O We have made initial attempts to
prepare BpPhMes but all attempts to purify it have led to what appears to be the adduct of 3-
mesityl-pyrrole: HpzMes-NaBpPhMes. Fortunately, we have prepared variants with a 3,5-
bis(trifluoromethyl)phenyl backbone, which should further enhance both the stability and
the solubility of the borate functionality. The syntheses of the resulting ligands-bis(3,5-
dimethylpyrazolyl)bis (3,5-bis(trifluoromethyl)phenyl)borate (Bp**) and bis(3-
mesitylpyrazolyl)bis(3,5-bis(trifluoromethyl)phenyl)borate (Bp*Mes)-from the
corresponding diarylbromoborane are described herein (Chart 2).

/ N-N Ar N-N N-N Ar
Ar 2B K ----- B Fe"S Fe BCA

CF 3  N-N N-N I N-N Ar

F3C
S /KBp** Bp** 2Fe2S 2

B-Br

F3C - ( Mes (>..Mes 7-
F3 C~ /N-Ns Ar N-N CI

CF Ar 2B %Na Ar'B Fe"soFe
N-N - N-N S ci

K> Mes 4X Mes

NaBp*Mes Bp*MesFe 2S 2CI 2
Chart 2. Bp ligands prepared and their [Fe2 S2] clusters expected from metallation.
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Each of these ligands would allow for the study of the impact of site-differentiation
on different components of the [Fe2S2] core. Synthesis of (Bp**)2Fe2S2 would allow us to
probe the impact of reactivity at sulfur (protonation, alkylation, Lewis base adducts, etc.)
while maintaining a symmetric environment at each iron site. Due to the steric bulk of
Bp*Mes, we anticipate that only a single ligand could bind to the cluster, affording
[(Bp*Mes)Fe 2S 2Cl 2]-. This would serve as a valuable synthon for clusters displaying
asymmetry at iron, which have previously only been accessible in low yield via careful
control of reaction stoichiometry.11 Beyond being valuable targets for synthetic studies,
they may allow us to learn more about valence localization in these clusters and to obtain
the elusive S = 9/2 spin state resulting from valence delocalization.

4.2 Results and discussion
4.2.1 Ligand synthesis

Whereas NaBpPh* and several related ligands have been prepared by protonolysis
from NaBPh 4 and the appropriate pyrazole, the resulting ligands are often difficult to purify
or have steric properties undesirable for our purposes. 10 Inspired by previous reports of
the synthesis of Tp ligands with a p-bromophenyl backbone from a dibromoarylborane,
and by a Bp ligand with a diferrocenyl backbone, we hoped to analogously prepare Bp
ligands from a previously reported diarylbromoborane. 12-14  Bis(bis(3,5-
trifluoromethyl)phenyl)bromoborane can be prepared via a two-pot procedure from
commercially available starting materials. Unfortunately, each step of this synthesis as
described afforded material that was of <95% purity. Additional washing and
recrystallization steps lead to a product that was sufficiently pure for use.

Treatment of the diarylbromoborane with a slight excess of 3,5-dimethylpyrazole
and triethylamine generates the salt (HNEt 3)(Bp**). This can be extracted from the
(HNEt 3)Br byproduct and subjected to salt metathesis with KOtBu. Workup affords a
product with an NMR spectrum consistent with KBp** in 57% yield. The ligand is
extremely soluble in coordinating and polar organic solvents, sparingly soluble in
aromatics and insoluble in alkanes.

The bulkier NaBpMes* can be prepared analogously. Reaction between the
diarylbromoborane and two equivalents of 3-mesitylpyrazole in the presence of excess
triethylamine affords the pentane-soluble (HNEt 3)(Bp Mes*). Extraction followed by
treatment with NaH allowed for the isolation of NaBpMes* in 54% yield. The ligand is
extremely soluble in commonly used organic solvents.

4.2.2 Metallation with [Fe2S 2 Cl 4] 2 -

Many of the [Fe 2 S 2] clusters with two anionic ligands per iron employ
(NEt4)2 [Fe2S2Cl 4] as a precursor as its preparation is facile, and it has a pre-formed iron-
sulfur core.' Initial attempts to metallate with two equivalents of NaBpPh* with or without
two equivalents of additional NaBPh 4 lead to impure mixtures containing high-spin species.
Attempts at purification were hindered by unexpectedly low solubility and presumably by
impurities in the ligand. Although we expected a low-spin S = 0 system based on previous
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clusters, we rationalized that an unusual geometry at iron-perhaps due to residual
chloride ligation-might lead to an unusual spin state. These initial results inspired the
synthesis of the more solubilizing ligands Bp** and Bp*Mes.

We then explored a more extensive array of metallation conditions using KBp**:
* (NEt4) [Fe2 S 2 Cl4 ] + 2 KBp**
* (NEt4) [Fe2 S 2 Cl4 ] + 2 KBp** + 2 NaBPh4
* (NEt4)[Fe 2 S 2 Cl4 ] + 2 KBp** + 1 [reductant]
* (NEt4) [Fe2 S 2 CI 4 ] + 2 KBp** + 2 [reductant]

In all cases, we observed either decomposition or the formation of a similar high-spin
species. Fortuitously, the solubility of the ligand allowed for the extraction of this
compound with Et2 0, but the resulting solution was colorless or light tan. As all known
iron-sulfur clusters are deeply colored due to strong charge transfer bands, the cluster has
likely degraded by abstraction of Fe to give mononuclear complexes, a result observed
under similar conditions from attempted metallation of 1-diketiminate ligands from the
same precursor.5 Initial attempts to generate these compounds from mononuclear iron
chloride have been unsuccessful.

We attempted to metallate NaBp*Mes under analogous conditions, expecting ligand
substitution at a single iron site:

" (NEt4) [Fe2 S 2 Cl4 ] + NaBp*Mes
* (NEt4)[Fe 2 S 2 CI4 ] + NaBp*Mes + 1 NaBPh 4
* (NEt4) [Fe2S2CI 4 ] + NaBp*Mes + 1 [reductant]
" (NEt4) [Fe2 S2 Cl4 ] + NaBp*Mes + 1 NaBPh 4 + 1 [reductant]

The results were analogous, as all reactions lead to decomposition or to a high-spin,
colorless compound.

Perhaps unintuitively, almost all examples of neutral [Fe2S2] clusters are generated
from diiron synthons without preexisting sulfur atoms. 4-6,8 The remaining example is
formed via addition of pyridine to an all-ferric [Fe4 S 4 ] cluster, effecting a redox-neutral
"splitting" of the cluster into two [Fe2S2] fragments.7 Attempting to replicate this reactivity
pattern with 4 equivalents of KBp** and (PPh 4)2[Fe 4S4Cl 4] was unproductive.

4.3 Summary and conclusions

We have prepared two bis(pyrazolyl)boate ligands with different steric profiles with
the intention of generating different classes of site-differentiated [Fe2S2] clusters.
Metallation from [Fe 2 S 2 Cl4 ] 2 - was unsuccessful, and results from other groups suggest that
a mononuclear iron source may serve as a better precursor. Subsequent treatment with a
source of sulfur or sulfide (S 8, TMS 2S, Na2S, NaSH, etc.) could then generate the cluster.
Alternatively, similarly bidentate monoanionic ligands such as bis(carbene)borates have
similarly desirable properties and a potentially more facile metallation.
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4.4 Experimental

General considerations. Unless otherwise specified, all manipulations were performed
using standard Schlenk techniques or in an LC Technologies inert-atmosphere glovebox
under an atmosphere of dinitrogen (<1 ppm 0 2 /H 20). Glassware was dried in an over at
160 'C prior to use. Molecular sieves (3 A) and Celite were activated by heating to 300 'C
overnight under vacuum prior to storage under an atmosphere of dinitrogen. Diethyl ether,
benzene, pentane and acetonitrile were degassed by sparging with argon, dried by passing
through a column of activated alumina and stored under an atmosphere of dinitrogen over
3 molecular sieves. Tetrahydrofuran was distilled from sodium/benzophenone and
stored under an atmosphere of dinitrogen over 3 A molecular sieves. C6 D6 , CD 2 Cl2 and
CD3CN were degassed by three freeze-pump-thaw cycles and stored under an atmosphere
of dinitrogen over 3 A molecular sieves. ((3,5-(CF 3)2-C 6H 3)2BBr was prepared according to
literature methods then recrystallized from hexanes at -35 0C.14 ((3,5-(CF 3)2-C 6H 3)2BOMe
was also prepared according to literature methods, then washed with hexanes and
extracted with benzene.1 4 3-mesitylpyrazole15 and (NEt4 ) 2 [Fe2 S 2 CI 4 ] 16 were prepared
according to literature methods. Triethylamine was distilled from CaHz. All other reagents
were purchased and used as received. NMR spectra were recorded on Bruker
spectrometers. 1H chemical shifts are given relative to residual solvent peaks. 19F chemical
shifts are given relative to CFC13.

KBp**. A solution of 3,5-dimethyl-pyrazole (202 mg, 2.1 mmol) in 5 mL DCM was cooled to
-78 'C then added dropwise to a solution of ((3,5-(CF 3)2-C 6H3)2BBr (517 mg, 1.0 mmol) in
10 mL DCM at -78 'C. The reaction was warmed to room temperature over 30 minutes,
after which a solution of triethylamine (212 mg, 2.1 mmol) in 5 mL DCM was added and
allowed to stir overnight. Volatiles were removed in vacuo, and the resulting white powder
was extracted with THF (3 x 3 mL). A solution of KO'Bu in 2 mL THF was added dropwise,
stirred for 1 hour and dried under vacuum. The resulting solids were washed with benzene
(3 x 5 mL) then extracted with Et20 (3 x 5 mL) and filtered. Volatiles were removed in
vacuo, affording a white powder (380 mg, 57%).
1H NMR (500 MHz, CD 3CN, 293 K): 6 1.42 (6H, Me), 2.13 (6H, Me), 5.80 (2H, pz-H), 7.58 (2H,
ArFp-H), 7.74 (4H, ArFo-H).
19F NMR (500 MHz, C 6D 6, 293K): 6 -62.3 (12F, ArF).

NaBpMes*. To solution of ((3,5-(CF 3)2-C 6H3)2BBr (103.4 mg, 0.20 mmol) in 10 mL DCM at -
78 'C was added a cooled solution of 3-mesitylpyrazole (74.5 mg, 0.40 mmol) in 5 mL DCM.
The reaction was warmed to room temperature over 30 minutes, after which a solution of
triethylamine (50 mg, 0.5 mmol) in 5 mL DCM was added and allowed to stir overnight.
Volatiles were removed in vacuo, and the resulting white powder was washed with
pentane. The remaining solids were dissolved in Et 20, filtered and added dropwise to a
suspension of NaH (24 mg, 1 mmol) in 1 mL Et 20. The reaction was stirred for one hour
then filtered through Celite, and dried under vacuum to a white powder (90 mg, 54%). A
second crop (63 mg, total: 94%) of slightly less pure material could be recovered by
treating the pentane wash with NaH in Et 20 as before.
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1H NMR (500 MHz, C6D6, 293 K): 6 2.00 (12H, Mes o-CH 3), 2.15 (6H, Mes p-CH 3), 5.90 (2H,
pyrazole), 6.77 (4H, Mes m-H), 7.36 (2H, pyrazole), 7.65 (4H, ArF o-H), 7.82 (2H, ArF p-H).
19F NMR (500 MHz, C6D 6, 293 K): 6 -62.3 (12F, ArF).
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4.6 Spectra
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Figure Si. 'H-NMR spectrum (500 MHz) of KBp** in CD 3CN at 293 K.
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Figure S4. 19F-NMR spectrum (500 MHz) of KBp** in C 6D6 at 293 K.
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Figure S3. 'H-NMR spectrum (500 MHz) of NaBpMes* in C 6D 6 at 293 K.
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Figure S4. 19F-NMR spectrum (500 MHz) of NaBpMes* in C6D 6 at 293 K.
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