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Abstract

The deployment of metalloclusters in applications such as catalysis and materials synthesis
requires robust methods for site-differentiation: the conversion of clusters with symmetric ligand
spheres to those with unsymmetrical ligand spheres. However, imparting precise patterns of
site-differentiation is challenging because, compared with mononuclear complexes, the ligands
bound to clusters exert limited spatial and electronic influence on one another. Here, we report

a method that employs sterically encumbering ligands to bind to only a subset of a cluster’s
coordination sites. Specifically, we show that homoleptic, phosphine-ligated Fe—S clusters undergo
ligand substitution with A-heterocyclic carbenes (NHCs) to give heteroleptic clusters in which the
resultant clusters’ site-differentiation patterns are encoded by the steric profile of the incoming
NHC. This method affords access to every site-differentiation pattern for cuboidal [Fe4S,4] clusters
and can be extended to other cluster types, particularly in the stereoselective synthesis of site-
differentiated Chevrel-type [FegSg] clusters.
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Introduction

Compared with single metal centers, metalloclusters offer additional compositional
tunability, novel electronic structures, and unique modes of reactivity with substrates

(e.g., via metal-metal cooperativity or multi-site reactivity).1~8 For these and other

reasons, atomically precise metalloclusters are finding increasing use in various contexts
including bioinorganic chemistry,9-12 materials synthesis,13-20 and catalysis.21~23 Synthetic
methodology is foundational to these efforts, underlying both cluster assembly and
subsequent coordination chemistry. Regarding the latter, it is critical to be able to control a
cluster’s coordination sphere—the identity and stereochemical arrangement of its ligands—
ideally with similar precision as has been achieved for mononuclear complexes.2* A major
obstacle is that, unlike for mononuclear complexes, the ligands in clusters are bound to
different metal centers, which are typically separated by at least several angstroms. As a
result, the spatial and electronic interactions between a ligand and the rest of the cluster

(the metal centers as well as the other ligands) are weak. This fundamental difference
between the coordination chemistry of clusters and that of mononuclear complexes

has several consequences, and we focus herein on how it affects one of the simplest
elementary reactions: ligand substitution, particularly in the conversion of highly symmetric,
undifferentiated clusters (in which the same ligands bind to chemically equivalent metal
centers) to site-differentiated clusters (in which a particular ligand binds to only a subset of
the metal centers, thereby imparting chemical inequivalence).

Site-differentiated clusters have broad utility, including as structural and functional models
of biological metalloclusters25-33 and as building blocks in materials synthesis.20:34-

36 However, imparting site-differentiation remains a substantial synthetic challenge, as
illustrated in Fig. 1 for a generic cluster in which the metal ions are arranged in a tetrahedron
(e.g., in a cuboidal [Fe,S4] cluster). Typically, ligand substitution reactions at such

clusters generate mixtures of unsubstituted, monosubstituted, disubstituted, trisubstituted,
and tetrasubstituted products (7= 0-4, respectively, for nsubstitution events; Fig. 1A),
where the ratio of the products depends primarily on the stoichiometry of the incoming
ligand (x; Fig. 1B). Such mixtures are generated because, to a first approximation,

ligand substitution at one site will minimally impact the kinetics or thermodynamics of
ligand substitution at another, resulting in mixtures of partially substituted clusters.3” The
stochastic nature of ligand substitution has been a long-standing challenge in metallocluster
coordination chemistry,37-40 and although there are many examples of site-differentiated
clusters, their preparation often relies on the unique solubility properties of partially
substituted clusters,20:41-43 on chromatographic separation of clusters with different site-
differentiation patterns,3%44 or on the use of carefully designed, chelating ligands.25:26.28~
30.33 As such, there remains a need for general, robust methods for the selective synthesis of
site-differentiated clusters.

We herein report such a method that uses the steric properties of monodentate ligands
to impart site-differentiation. In this approach (Fig. 1C), the size of the incoming ligand
dictates the maximum number of substitution events that can occur (/77) whereby over-
substitution is prevented because additional ligands cannot fit around the cluster. Thus,
a particular site-differentiation pattern can be obtained simply by adding an excess of a
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ligand (x= m) that has the appropriate steric properties. Support for this approach includes
examples of metallocluster self-assembly reactions in which the product is dictated by

the steric properties of the ligand,*>~47 as well as reports of partial ligand substitution

at polycarbonylated Fe clusters using bulky isocyanides or phosphines (giving rise to
products with asymmetric substitution patterns).#8:4 In the current work, we develop this
method using cuboidal [Fe4S4] clusters, which serve as models for active sites of Fe-S
proteins,312:50-52 and we show that it can be extended to Chevrel-type [FegSg] clusters,
which have garnered interest as building blocks in extended solids.>3 Experiments with the
Chevrel-type clusters demonstrate that, in addition to dictating the number of substitution
events, the incoming ligand’s steric profile can control the cluster’s stereochemistry,
enabling site-differentiation with high diastereoselectivity.

Results and Discussion

We initiated our study by investigating substitution reactions of cuboidal [Fe;S,4] clusters
with A:heterocyclic carbenes (NHCs), which form relatively strong Fe-C bonds®* and
have highly tunable steric properties.>® Moreover, previous work from our laboratory
has established that installing bulky NHCs onto pre-site-differentiated clusters enhances
the stability of the clusters with respect to disproportionation to undifferentiated clusters
(a common side-reaction in metallocluster chemistry).32 In the present work, we utilize
NHCs to transform undifferentiated clusters into clusters with precise patterns of site-
differentiation.

We first examined the substitution of the PCyj3 ligands of the undifferentiated cluster
[FesSa(PCy3)4][BPha] (1)* with a series of A-aryl NHCs in which the steric properties
of the aryl groups are systematically tuned (Fig. 2). Beginning with the smallest NHC

in the series, 1Tol (1,3-di-p-tolylimidazol-2-ylidene), we observed that adding excess ITol
(5 equiv) to 1 resulted in complete substitution of the PCys ligands. This was evident
from the crude 3P NMR spectrum, which showed the disappearance of the resonance
corresponding to 1 at 324 ppm, the generation of free PCy3 at 10.7 ppm, and no additional
resonances corresponding to species with cluster-bound PCys ligands. The identity of

the product as [FesS4(1Tol)4][BPh4] (2) was confirmed by single-crystal X-ray diffraction
(XRD) analysis (Fig. 2B). Therefore, ITol, like the smaller Atalkyl NHC I/PrMe (1/prMe

= 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene) can bind [FesS4] clusters at all four Fe
sites.32:54

The analogous reaction with IMes (1,3-dimesitylimidazol-2-ylidene; 5 equiv) yielded a
different outcome. In addition to the peak corresponding to free PCys, a paramagnetically
shifted peak was observed at 289 ppm in the 31P NMR spectrum of the reaction mixture,
indicating at least one PCy3 ligand remained bound to the cluster. Purification and
characterization of the product revealed its identity as the trisubstituted cluster [Fe,S4(PCys)
(IMes)3][BPhy4] (3). Here, despite the thermodynamic favorability of substituting a
phosphine with an NHC,54:56 complete substitution does not occur because a fourth IMes
ligand is too sterically encumbering to bind. The partial substitution of [Fe,S,4] clusters

by bulky ligands has clear parallels in the chemistry of metalloclusters (vide supra) and
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mononuclear complexes, for example in substitution reactions of phosphines with NHCs in
the synthesis of Ru metathesis catalysts.>6:57

Further increasing the bulkiness of the ortho substituents from methyl to isopropy! (IPr;
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) halts substitution after the second event.
Specifically, the maximally substituted product of the reaction of excess IPr (5 equiv) with
1 is the disubstituted cluster [FesS4(PCy3)2(1Pr)2][BPh4] (4) in which two PCys ligands
remain bound to the cluster (8(31P) = 390 ppm). Efficient conversion of 1 to 4 required
refluxing the reaction mixture for 3 h. The relatively slow rate of ligand substitution,
particularly for the second substitution event, is evident in reactions monitored by 3P NMR
spectroscopy at room temperature (Fig. S4) and contrasts the behavior of the smaller NHCs
(ITol and IMes) for which the maximally substituted clusters are obtained within minutes
at room temperature. These observations highlight the importance of the size of the ortfo
substituent on the kinetics and the thermodynamics of ligand substitution.

In an initial attempt to generate a monosubstituted cluster of the form [FesS4(PCy3)3(NHC)]
[BPhy4], we mixed 1 with the bulky NHC IPr* (1,3-bis(2,6-bis(diphenylmethyl)-4-
methylphenyl)imidazol-2-ylidene). However, only slow decomposition was observed, with
no evidence for ligand substitution; apparently, the ortho-diphenylmethyl substituents render
IPr* too large to fit onto the cluster. Paring down the steric profile to ITpp (1,3-bis(2,4,6-
triphenylphenyl)imidazol-2-ylidene) achieved the desired outcome: the monosubstituted
cluster [Fe4S4(PCy3)3(ITpp)1[BPh4] (5; 8(31P) = 348 ppm). Here, the massive steric profile
of ITpp—specifically, perpendicular to the imidazolyl ring—prevents a second substitution
event, leaving the other three Fe sites bound to PCy3 even in the presence of excess

ITpp. Performing an analogous reaction with IDpp (1,3-bis(2,6-diphenylphenyl)imidazol-2-
ylidene; identical to 1Tpp but lacking the para-phenyl substituents on the Ar group) also
yields a monosubstituted cluster, [Fe4S4(PCys3)3(IDpp)][BPh4] (6; 8(31P) = 339 ppm; vide
infra). Thus, the para-phenyl substituents on the A-aryl groups of ITpp play no role in
halting disubstitution, and the observed monosubstitution pattern for both can be attributed
to the ortho-phenyl groups. Both ITpp and IDpp react slowly with 1 and the reaction
conditions that give high conversion (70 °C, THF) also yield some unidentified byproducts.
As such, 5 and 6 were not isolated as pure materials, though NMR spectroscopic analysis of
both species (Figs. S6 and S7) and single-crystal XRD analysis of 5 (Fig. 2) confirmed their
identities.

Notably, in the syntheses of 2—6, under no conditions did we observe further substitution by
additional NHC equivalents beyond the maximum shown in Fig. 2. Although we attribute
this to thermodynamic reasons (/.e., that additional NHC ligands simply cannot fit around
the cluster), we cannot rule out the possibility that additional substitution events are only
kinetically disfavored. Regardless, the outcome is the same: precise site-differentiation
patterns can be imparted to [FesS4] clusters by rationally tuning the A-aryl substitutions

of NHCs.

The solid-state structures of 2-5 were established by single-crystal XRD analysis (Fig.
2). The ligand sphere of 2 confers nearly S4 symmetry to the cluster, whereas the three
IMes ligands in 3 form a Csz-like pocket that harbors the cluster core and the PCyj ligand,
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similarly to other tris-IMes-ligated [Fe4S4] clusters.32:58-63 Cluster 4 is positioned on a
crystallographic two-fold rotational axis and its two IPr ligands form a clamshell-like pocket
in which the cluster sits. The steric profile of the lone ITpp ligand in 5 is comparatively flat,
and as suggested by the space-filling model, no more than one ITpp ligand can fit around
the cluster. For 2-5, the Fe—C bond lengths fall in a narrow range (the shortest distance is
2.060(2) A in 5 and the longest is 2.082(1) A in 2) and are in line with those observed for
other NHC-ligated [FesS4] clusters.32:54.58-63 Similarly, the Fe—P bonds in the series fall
between 2.3874(8) A in 5 and 2.4159(8) A in 4, fully within the range of Fe—P distances
reported for 1 (2.371(2)-2.428(3) A).#6 Each NHC-ligated cluster displays a tetragonal
compression along four Fe-S bonds as is commonly observed for [Fe,S]* clusters,4 and
there is no statistically significant difference in the average Fe-S distances of NHC-ligated
Fe sites compared to phosphine-ligated Fe sites. The absence of any meaningful differences
in Fe—C, Fe-P, and cluster core bond metrics leads us to rule out the possibility that

the observed site-differentiation patterns are a result of the bulky NHCs perturbing the
cluster core’s geometric or electronic structures (though, as expected from previous work,>*
substitution of phosphines by NHCs does make the clusters more electron-rich; see the Sl
for the cyclic voltammograms of 1-4).

Although the trend observed for the series 2-5 is qualitatively sensible—the NHCs with
larger aryl groups give rise to a decreased maximum number of ligand substitution

events, m—we sought a parameter based on the NHC steric profile that would predict

m. For this purpose, we needed to analyze the substitution chemistry of a larger number

of NHCs with a broader range of structural features. This objective was accomplished

by preparing a small library of NHCs, titrating each individually into solutions of 1,

and monitoring the reactions by 3P NMR spectroscopy (Fig. 3A). To illustrate, we
describe the results for IMes (Fig. 3B). As stated above, the starting cluster 1 gives

rise to a peak in the 3P NMR spectrum at 324 ppm that decreases in intensity

with added IMes. Intermediates en routeto the fully substituted cluster 3 emerge

first at 311 ppm, then at 233 ppm. These features disappear with =3 equiv IMes

(at which point only 3 is present at 289 ppm) and can therefore be assigned to the

mono- and disubstituted clusters, [FesS4(PCy3)3(IMes)][BPhy] and [FesS4(PCys)o(IMes)s]
[BPhy], respectively. Using this procedure, we determined the maximal substitution
number for a total of eleven NHCs (Fig. 3A,; see Sl Fig. S40-S52 for spectra). Of

the new clusters generated in these experiments, [Fe4S4(IMesCy)4][BPh4] (7; IMesCy,
1-cyclohexyl-3-mesitylimidazol-2-ylidene) was isolated and structurally characterized (Fig.
S54). In short, we found that 1Tol, ICy (1,3-dicyclohexylimidazol-2-ylidene), and IMesCy
fully substitute 1 (mm = 4); IMes, IDep (1,3-bis(2,6-diethylphenyl)imidazol-2-ylidene),

and IMesAd (1-adamantyl-3-mesitylimidazol-2-ylidene) result in trisubstitution (/m=

3); IPr, SIANt (1,3-di(anthracene-9-yl)-4,5-dihydroimidazol-2-ylidene), and ITppCy (1-
cyclohexyl-3-(2,4,6-triphenylphenyl)imidazol-2-ylidene) substitute twice (/7= 2); and I Tpp
and IDpp substitute once (/m = 1; vide supra). The structural diversity of the NHCs

that can effect well-defined site-differentiation—those having symmetric or asymmetric NV
substituents, alkyl and/or aryl substituents, and saturated or unsaturated backbone rings—
highlights the generality of this approach.
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With the m values for a wide range of NHCs in hand, we sought to identify a steric
parameterization that could predict the experimentally observed substitution chemistry. We
found that the solid angle5® is suitable for this purpose; an alternative metric, the percent
buried volume,®8 gives qualitatively similar but somewhat poorer results and is discussed
in the SI. The theoretical solid angles, Gy, were computed for each NHC in Fig. 3A using
atomic coordinates obtained from geometry optimizations of FeCl3(NHC) model complexes
with a fixed Fe—C bond length of 2 A (see Sl for details), and the resulting values were
plotted against /77 (Fig. 3C). The calculated Gt values of each NHC correlate well with
substitution number: NHCs with Gt < ca. 36% are observed to substitute up to four times,
those within the narrow range of ca. 40% < Gt < ca. 41% up to three times, and those with
ca. 42% < Gt < ca. 46% up to twice. The observation that IPr substitutes twice while IDpp
substitutes only once suggests that disubstitution stops at a Gt value between 46-50%.

Although the foregoing analysis demonstrates that Gt correlates strongly with m, there

is likely no strict cutoff between /7 values because Gt (or any steric parameter) cannot
fully capture the spatial considerations that influence these reactions. For example, IDep
and SIAnt have nearly identical Gt values (41.2% and 41.5%, respectively), yet SIAnt
substitutes twice and 1Dep substitutes thrice. Additionally, we note that Gy is not well-suited
for predicting maximum substitution numbers for NHCs with steric bulk concentrated near
the metal center. For example, 1Bu (1,3-di- tert-butylimidazol-2-ylidene) has a relatively
low Gt value of 36.2%, yet, under our reaction conditions, it does not bind 1, presumably
because of the significant steric bulk from the tertiary A-alkyl substituents oriented directly
towards the metal center (c¢.7. ICy, with a Gt value of 32.0%, which has secondary N-alkyl
substituents and fully substitutes the cluster). Nonetheless, outside of these exceptions
(which are also not accurately predicted by the percent buried volume; see Sl), the solid
angle is a useful metric for predicting the observed substitution behavior of NHCs at
cuboidal [FesS4] clusters.

As noted in the Introduction, the difficulty in imparting site-differentiation—in particular,
the stochastic nature of ligand substitution—is not unique to cuboidal clusters featuring
tetrahedral metal cores, and instead applies to virtually any highly symmetric, polyhedral
cluster. Of these, octahedral [MgEgLg] Chevrel-type clusters present substantial challenges
because ligand substitution reactions can yield reaction mixtures with up to ten possible
species, several of which are stereoisomers (Fig. 4A). We hypothesized that, as for the
cuboidal [FesS4] clusters, the distal bulk of NHCs could be leveraged to exert steric control
over both the substitution number and the stereochemistry of site-differentiated Chevrel-type
clusters (Fig. 4A).

To test this hypothesis, we conducted analogous experiments to those described above,
except using [FegSg(PEt3)6l[BF4] (8)87 instead of 1. We first mixed 8 with an excess (8
equiv) of the relatively small NHC, ICy, which resulted in the precipitation of a black
solid identified as [FegSg(ICy)s][BF4] (9) in which all six PEts ligands from 8 had been
substituted by ICy (Fig. 4B and 4C). Interestingly, a relatively modest increase in the NHC
steric profile from ICy to IMes resulted in a dramatically different reaction outcome (Fig.
4B). Specifically, mixing 8 with IMes (4 equiv) yielded frans{FegSg(PEt3)4(IMes),]1[BF4]
(10) (Fig. 4B and 4D). Under no conditions have we observed either further substitution
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of 10 by IMes or formation of the c/sisomer of 10. Thus, 10 is produced without
complications from over-substitution and with perfect stereoselectivity. Moreover, the fact
that hexasubstitution occurs in the preparation of 9 indicates that IMes (which, like ICy;,

is a stronger donor than PEt3)%8:69 would likewise undergo six substitution events if not
for its more imposing steric profile; we therefore conclude that the basis for stereoselective
disubstitution in 10 is steric rather than electronic in origin. The imposing steric profile

of IMes with respect to the [FegSg]* cluster is evident by the observation that IMes and
PEt3 bind competitively (necessitating the removal of PEt3 in the synthesis of 10; see SI).
Notably, a few [MgEg] clusters bearing NHC ligands have been reported, and each shows
a similar #rans disposition of the NHC ligands;’? however, as each was prepared from
heteroleptic clusters, the site-differentiation pattern and stereochemistry of the product were
likely derived from the starting cluster rather than from the steric profile of the NHC.

Both 9 and 10 crystallize in P1” with two half-molecules in the asymmetric unit to

give two crystallographically unique clusters that each lie on an inversion center; 9 was
crystallographically characterized with a [BPh4]™ anion, installed via salt metathesis (see
SI). In 9, each of the twelve cyclohexyl methine protons bisect the S—Fe-S angle (Fig.

4C). This arrangement yields a configuration in which the cyclohexyl groups reside over a
neighboring imidazolyl ring, giving a cluster with approximate 7, symmetry. For IMes, the
ortho-methyl groups project over the imidazolyl ring (Fig. 4D), and thus would block such
an arrangement and prevent binding of c/s-IMes ligands. Furthermore, the orientation of the
IMes ligands in 10 is rotated ~45° with respect to the ICy ligands in 9, and this configuration
may allow the ortho-methyl protons to avoid clashing with the bridging sulfides and/or the
equatorial PEts ligands. (Fig. 4D, right).

Conclusion

Methods

Using two ubiquitous cluster structures, we showed that simple ligand substitution reactions
can convert homoleptic clusters to site-differentiated clusters, whereby the pattern of site-
differentiation is dictated by the ligands’ steric properties. For cuboidal [FesS4]* clusters,
this enabled the selective preparation of site-differentiated clusters v/a rational tuning of

the aryl substituents of the incoming NHC ligands. In an extension to octahedral, Chevrel-
type clusters, we demonstrated that site-differentiated clusters can be obtained in a similar
manner and with high stereoselectivity. We anticipate that this method can be generalized
to metalloclusters of nearly any composition and geometry, and that these findings will
accelerate the application of metalloclusters in catalysis and materials science.

General considerations

Unless otherwise noted, all reactions were performed using standard Schlenk techniques or
in an LC Technologies inert atmosphere glovebox under an N, atmosphere. Glassware was
dried in an oven 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 N, atmosphere. ¢-
Difluorobenzene (DFB) was distilled from CaH,, THF was distilled from Na benzophenone,
CgDg and CD3CN were degassed by three freeze-pump-thaw cycles, and other solvents
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were degassed by sparging with argon and dried by passing through a column of activated
alumina. All solvents were stored under an N, atmosphere over 3 A molecular sieves for at
least 12 h prior to use. For synthetic protocols and characterization details see SI.

Titration experiments

Titration experiments were conducted via two procedures depending on the solubility of the
N-heterocyclic carbene ligand. Each titration point (e.g., 1 equiv, 2 equiv, etc.) was prepared
independently from stock solutions, as opposed to sequential addition of NHC to a single
sample. That each sample was at equilibrium was established by monitoring the composition
by 1H and 3P NMR spectra over a 3-hour time period. All NMR spectra were recorded
using identical acquisition parameters, and all titration points for each NHC were collected
on the same instrument.

Procedure A: This method was employed for NHCs with good solubility in THF (ICy;,
IMesCy, IMesAd, IMes, IDep, IPr). In an NMR tube containing a solution of 1 (15.2 mM) in
THF, aliquots of an NHC stock solution in THF (164 mM) were added via syringe. For IPr,
the reaction was heated to 70 °C for 3 hours.

Procedure B: This method was employed for NHCs with poor solubility in THF (ITol,
SIAnt, ITppCy, IDpp, and 1Tpp). Solid NHC was weighed into small crystallization vials.
The solid NHC was suspended in 250 pL. THF and, with vigorous stirring, a stock solution
of 1 (15.2 mM) in THF was added rapidly via syringe. For IDpp and ITpp, the reactions
were heated to 70 °C for 2 hours.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Challenges in metallocluster site-differentiation illustrated for a tetrahedral cluster. (a)

Products resulting from unselective substitution of tetrahedral clusters. (b) Binomial
distribution model of stochastic ligand substitution at a tetrahedral cluster. 7=0, 1, 2, 3, and
4 given by the black, red, teal, purple, and dotted traces, respectively (see Sl for details about
the mathematical model). (c) This work. Left limiting the maximal substitution number, m,
by tuning the steric properties of the incoming ligand. Right. average substitution number of
the product distribution as a function of amount added ligand, x. For ligands that dictate /7=
4,3, 2,and 1 (given by the black, purple, teal, and red traces, respectively), precise patterns
of site-differentiation are obtained for x= m.
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Figure 2.
Site differentiation of [Fe4S4]* clusters using remote steric effects. (a) Synthesis; ligands

color-coded as in Fig. 1b. (b) Thermal ellipsoid plots (50%; top) and corresponding space-
filling illustrations (rotated 90°; bottom) of 2, 3, 4, and 5 (left to right). Hydrogen atoms,
counter ions, solvent molecules, and thermal ellipsoids of PCy3 ligands omitted for clarity.
Color scheme: Fe (red-orange), S (yellow), P (orange), N (blue), C (grey).
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Figure 3.
Expanding the scope of site-differentiation to develop a predictable model for determining

the maximum number of substitution events, m. (a) Chart of NHCs and their theoretical
solid angles (Gr) organized according to their observed m values. (b) 3P NMR traces of
the IMes titration reaction. The peaks are assigned as the number of bound 1Mes ligands, 7.
(c) Plot of maximal substitution number, m, against computed solid angle, Gt. Note that the
points for IMes and IMesAd obscure one another.
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Figure 4.
Stereoselective site-differentiation of [FegSg]™ clusters. (a) Expected product distribution

resulting from unselective substitution reactions with octahedral clusters. (b) Synthesis of
9 and 10. (c-d) Thermal ellipsoid plots (50%) and space-filling illustration of 9 and 10 as
well as an NHC-bound Fe site of each, illustrating the observed £SFeCN dihedral angles.
Hydrogen atoms, counter ions, solvent molecules, and thermal ellipsoids of PEt3 ligands
omitted for clarity. Color scheme as in Fig. 2b.
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