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The extraordinary stability of bridged 0,0-[cobalt bis(dicarbollide)ion] O-(4-nitrophenyl)phosphor-
othioate [2]” and phosphate [3]™ esters under alkali conditions was discovered. The hydrolysis of met-
allacarborane esters [2]” and [3]” was studied, and the kinetic and thermodynamic parameters were
measured and compared with those of their organic counterparts, parathion and paraoxon. The extreme
differences between the hydrolytic properties of alkyl- and metallacarborane phosphate and phos-

phorothioate esters are attributed to the electronic and steric effects of the metallacarborane non leaving
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group (“metallacarborane effect”). The known “thio effect” contributes to a lesser extent to the resistance
of [2] to the basic conditions.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

One of the important features of polyhedral boron clusters [1—3]
is the ability to coordinate a broad range of metal ions such as Fe,
Co, Cr, Ta, Mo, W, V, Nb, forming coordination compounds, that is,
metallacarboranes [4—7]. Since the discovery of icosahedral met-
allacarboranes [3,3’-M(1,2-C2BgH11)2]", one of the subsets of this
class of metal complexes half a century ago by M.F. Hawthorne [8],
they have been a subject of ongoing interest. The reasons for this
are unique features of metallacrboranes such as rigid cage, rotary
motion, hydrophobicity or amphiphilicity, redox activity and
remarkable chemical and thermal stability of the caged core
structure [9]. Among them, a widely employed metallacarborane is
a sandwich of two [C,BgH11]%" (dicarbollide) clusters with a cobalt
ion in the center of the complex structure [10]. Derivatives of
cobalt(IIl) bis(1,2-dicarbollide) anion have applications in different
areas such as remediation of nuclear wastes [11,12], radio-imaging
and medicinal chemistry [13].

One of the exciting applications of metallacarboranes is as cat-
alysts. The use of metallacarboranes as catalytic system for different
reactions is underrated but the potential has been demonstrated
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more than once. For example, the usefulness of Li[3,3’-Co(1,2-
C2BgH11)2] as Lewis acid in the catalysis of the addition of silyl
ketene acetals to hindered o,B-unsaturated carbonyl compounds
[14] and for the substitution of allylic acetates with various nucle-
ophiles [15] was reported. More recently, we have shown that
phosphoric acid bridged 8,8’-dihydroxy-cobalt bis(dicarbollide) ion
is an effective catalyst for the reduction of aryl substituted keti-
mines to the corresponding secondary amines [16]. In order to
explore further modification to improve activity of this promising
catalyst, we designed a thiophosphoric analogue intended to be
obtained from the hydrolysis of the corresponding phosphor-
othioate bridged aryl-ester (|8,8’-u-0,P(S)OCgH4NO>-3,3’-Co(1,2-
C2BgH1p)2]). The extraordinary hydrolytic stability of this aryl
phosphorothioate bridged metallacarborane and its phosphate
counterpart under extreme conditions (2 M NaOH, elevated tem-
perature) inspired us to study this phenomenon in more detail.

2. Results and discussion

The tendency of cobalt(Ill) bis(1,2-dicarbollide) anion to form
bridged compounds between boron atoms at position 8 and 8’ of
the two dicarbollide moieties is well known [17—21]. Bridged thi-
ophosphate [8,8’-u-02P(S)OCgH4NO,-3,3'-Co(1,2-C2BgH10)2]” [2]
and its oxo-analogue [8,8’-u-0,P(0)0OCgH4NO>-3,3'-Co(1,2-
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C2BgH1p)2]” [3]7 were conveniently prepared by the treatment of
8,8’-bis-hydroxy metallacarborane [8,8'-u—(0OH),—3,3’-Co(1,2-
C2BgHyp)2]” with 1 equivalent of the corresponding dichloride
ester in pyridine at room temperature (Scheme 1).

The reaction to obtain oxo derivative [3]™ is relatively fast
(reaching completion after 3 h), while the reaction to obtain [2]
under the same conditions took 24 h. Products [2] and [3]" were
isolated as the triethylammonium salts.

For both the bridged compounds HNEt3[2] and HNEt3[3] ''B
NMR is characterized by a pattern of signals 2:2:4:4:4:2. The first
signal at around 23 ppm for both compounds is a singlet integrating
for two boron atoms, reasonably 8 and 8, which is maintained in
both proton coupled and decoupled "B NMR spectra. The spectral
pattern reflects an higher symmetry than that expected for a
bridged chiral compound [22], resembling that of NMR equivalence
of both dicarbollide parts. There is no doubt that [1] and [2] are
asymmetric chiral anions, considering that the bridging moiety
tends to preserve its tetrahedral arrangement around phosphorus.
This in turn led to: 1) twisted conformation of carborane ligands
around the central cobalt atom; 2) inclination of P = X bond (X: O or
S) toward one carborane ligand and POPhNO; bond toward the
other side of the molecule. Also the non-perfectly parallel
pentagonal faces connected with the cobalt atom (behavior that is
typical of bridged dicarbollide ligands) contribute to the overall
asymmetry of this compounds. Moreover, in a past study involving
similar compounds [23], PleSek and colleagues were able to
determine the absolute configuration of one enantiomer in solid
state by single ray diffraction analysis. Resolution of enantiomers in
solution by means of chromatographic method using B-cyclodex-
trin modified stationary phase was also reported for such bridged
compounds [24]. This actually exclude the idea that the reason for
the symmetric !'B spectral pattern is a racemization due to fast
tautomerism in solution of the antiprismatic enantiomers around
the unfavorable eclipsed prismatic conformation. Most probably,
the small magnitude of the chiral effect and the broadness of the
signals are explanations. Also the accidental overlapping of signals
can not be excluded. An indication about the asymmetry of the
compound HNEt3[3] can be found in its '"H NMR spectrum, in which
two sets of CHc,rp resonances at 3.73 and 3.71 ppm, integrated for 2
each, can be seen. Differently, '"H NMR spectrum of HNEt3[2] con-
sists of one CH resonance of intensity 4 but two different reso-
nances can be found in its *C NMR spectrum at 47.87 and
47.75 ppm respectively, which are attributed to cluster carbon
atoms. The rest of the peaks in the spectra of both derivatives
correspond to the presence of aryl substituent and triethylammo-
nium counter-ion. 3'P NMR spectra of both compounds after pu-
rification consist of one singlet. The counter-ion is believed to affect
directly or indirectly the bridge system, since we observed a shift of
the 31P signals of the crude product after treatment with an excess
of aqueous solution of HNEt3-HCl standardizing the counter-ion.
This idea is supported by crystallographic determination of

Pyridine, rt
2) NEt3*HCl(4q)

[Q:BH, = B,.=CH]

[2I X=$S
[3]' X=0

Scheme 1. Synthesis of [8,8'-1-0,P(S)OCgH4NO,-3,3'-Co(1,2-C2BgH10),] [2] and [8,8’-
1-0,P(0)0CsH4NO,-3,3"-Co(1,2-C,B9H10)2]™ [3]. Ar = 4-nitrophenyl.

analogous phosphorus bridged chloride [8,8’-u-0,POCI-3,3'-
Co(1,2-C3BgH10)2] reported by Plesek and colleagues [23].

As part of our search for possible reasons for the resistance of
esters [2]” and [3] to alkaline hydrolysis, we compared four com-
pounds, the metallacarboranyl-aryl and dialkyl-aryl phosphate
triesters ([3]" and paraoxon) and their phosphorothioate counter-
parts ([2]” and parathion) (Fig. 1).

The hydrolytic process was followed spectrophotometrically by
measuring the rate of the release of the 4-nitrophenolate ion in
aqueous NaOH solution containing 25% ethanol. Second-order rate
constants (K values) were obtained by plotting the pseudo-first
order constants (Kops) against the NaOH concentration. The com-
plete set of plots and second-order rate constants are shown in
Fig. S14 and Table S1 in the Supporting Information. The suscepti-
bility to hydrolysis was found to decrease in the following order:
paraoxon > parathion >[3] >[2]’, with a difference in the rate
constants of the alkyl- and metallacarboranyl derivatives of up to
four orders of magnitude. The hydrolysis of [3]” with 2 M NaOH at
50°C is almost complete after 42 h, while only ~40% of [2] is
converted to [2a]". Paraoxon and parathion are almost completely
hydrolyzed within 20 min under the same conditions (Fig. 2).

The activation thermodynamic parameters were calculated
from the Eyring plots of all four compounds (Fig. S15), and the
calculated values shown in Fig. 3. It has to be acknowledged that
even if in the 42 h experiment (Fig. 2) the very different hydrolytic
behavior between compound [2] and [3] is appreciable, the
thermodynamic parameters calculated for hydrolysis of compound
[2] are affected by higher uncertainty compared to other com-
pounds, making hydrolysis of [2]" and [3] not effectively compa-
rable by considering only those values. The large deviation comes
from the very low rate of hydrolysis of compound [2]". Since the
experimental approach to find the observed constants involves the
initial rate determination, the occurrence of errors in the case of
compound [2]" were higher among the replicates.

The activation parameters correlate well with the differences in
the hydrolysis rates between the alkyl- and metallacarboranyl
compounds, as the value of AH! nearly doubled. Based on the
negative activation entropies, it is possible to conclude that all four
compounds are hydrolyzed by an associative mechanism. This is in
accordance with what was previously found for paraoxon and
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Fig. 1. Metallacarboranyl-aryl and a dialkyl-aryl phosphate triesters and their ana-
logues phosphorothioates used in this study. Ar = 4-nitrophenyl.
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Fig. 2. (a) Alkaline hydrolysis of compounds [2]" and [3]". Hydrolysis was performed in
a EtOH/2 M NaOH aq mixture (1:3) at 50 °C. The percentage of hydrolysis [%] versus
time plots are shown for [2]” and [3]". Paraoxon and parathion are used for comparison
(insert). Ar = 4-nitrophenyl.

parathion alkaline hydrolysis [25]. The ratio between the rate
constant of the phosphate ester (Ko) and that of its phosphor-
othioate counterpart (Ks) represents the thio effect (Fig. 3).

The magnitude of the thio effect correlates with the relative
timing of the attack of the nucleophile and departure of the living
group; hence, it can be a valid tool for elucidating the reaction
mechanism and transition state [26,27]. When the reaction pro-
ceeds through a transition state in which the P—O bond formation
occurs prior to the formation of the bond with the entering
nucleophile (dissociative mechanism), the thio substituent is rate
enhancing, with ko/ks values lower than 1. This is typical of phos-
phomonoesters. In the case of phosphotriesters, the thio effect
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results in a ratio higher than 1 (typically in the 10—160 range) and
reflects another scenario in which the nucleophilic attack domi-
nates the reaction coordinate and precedes the P—O (leaving group)
bond cleavage (associative mechanism) [26]. As expected, the thio
substituent clearly stabilizes the hydrolysis of both the alkyl- and
metallacarboranyl analogues of the 4-nitrophenyl phosphate esters
analyzed here. In both cases, ko/ks >1 and AH* followed a trend
compatible with lower reaction rates for the phosphorothioates
compared to the phosphate analogues. Although the overall
mechanism is the same, the magnitude of the thio effects are very
different in these two cases. In the case of paraoxon and parathion,
a thio effect of 14.4at 40°C was observed, while in the case of
bridged metallacarborane esters, the thio effect falls to 2.1 under
the same conditions. These data support the hypothesis that in the
case of the metallacarborane derivatives, the transition state (TS)
(Fig. 3)1is less tight, i.e., the participation of the nucleophile is lower,
and the transition state is slightly shifted toward the extreme
methaphosphate-like TS, which is characteristic of a fully disso-
ciative unimolecular mechanism. This observation fits with the
more positive entropy of activation found for metallacarborane
derivatives compared to the alkyl derivatives. The importance of
AS* can not be underrated. The contribution of entropy to the
different behavior of alkyl- and metallacarboranyl-derivatives can
be due to both electrostatic and solvation effects. This is expectable
since the studied reaction involves strongly solvated ions. It is
indeed not uncommon that reactions involving aqueous hydroxide
ion are dominated by entropy because the required desolvation of
OH™. On the other hand, because anionic character of the metal-
lacarborane species an electrostatic shielding of the phosphorus
reaction center against approaching nucleophile can be expected to
contribute to the entropy factor.

The electron density of the dicarbollide cages is inductively
transferred through the more electronegative bridging oxygen
atoms, which act as molecular conductors, to the empty d orbitals
on the P center, weakening of the electrophilicity of the phosphorus
atom. The transfer of the electrons of the nucleophilic agent into
these orbitals in the transition state is thus significantly hindered
with a concomitant drop in the rate of nucleophilic substitution.
Thus, both the shielding effect of the negatively charged metal-
lacarborane towards approaching nucleophile and the inductive
effect decreasing the electrophilicity of the phosphorus can
combine and contribute to the “metallacarborane effect”. It can also
be speculated that the formation of the bridge between positions 8
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[27 27.02+4.93 23.01+6.23 -1283+15.75 2.1
[3]T 26.46+0.15 21.12+0.18 -17.08 £0.46
Parathion 22.26+0.42 13.02+0.53 -2954+1.35 144
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Fig. 3. (a) Schematic representation of the transition state (TS) in the hydrolysis of metallacarboranyl-aryl esters [2] and [3]". (b) Activation thermodynamic parameters: met-
allacarborane and thio effects for the alkaline hydrolysis of HNEt3[2], HNEt3[3], paraoxon and parathion at 40 °C.
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Fig. 4. a) UV—Vis spectra (solid red lines) of compounds [2]", [2a]’, [3]’, and [3a]” and Gaussians obtained by mean line fitting (dashed black lines). b) Gaussians, obtained from
deconvolution, relative to the d-d transition band of compounds [2], [2a]’, [3], and [3a]". c) Gaussians relative to the band at approximately 320 nm for compounds [1]’, [2]” and
[3]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

and & forces the compound to maintain a conformation with
higher polarization because all four 6+ carbon vertices are
concentrated on one side of the molecule. In this conformation the
inductive transfer of electron density could result more
pronounced.

Involment of hyperconjugation has been also considered. In
particular it was considered the kinetic consequences stemming
from electron density delocalization from the B—O oxygen atom
lone pair into the P—OPhNO, sigma antibonding orbital [28]. This
effect would preferentially stabilize a resonance structure double-
bond/no bond, which is close to product formed after hydrolysis.
Therefore the consequence for the occurrence of hyperconjugation
would be the increase in the hydrolysis rate for metallacarboranyl-
derivatives compared to those of alkyl derivatives. Since this is not
the case, the involvement of such stereoelectronic effect can be
excluded.

The electronic interaction between the cluster and the outer
phosphorus bridge of the molecule is clearly reflected in the
UV—Vis spectroscopic properties. Teixidor and coworkers [29,30]
reported the UV/Vis spectrum of [3; 3’-Co(1; 2-C3BgHy1)2] in
acetonitrile to account for four absorption bands at 207; 281; 337;
445 nm respectively. This is in agreement with what we found by
recording and deconvoluting the spectrum of [3; 3’-Co(1; 2-
CoBgH11)2]- in the same solvent. UV—Vis spectra and results of
line fitting are reported in Fig. 4 and Table 1.

The d-d transition band at approximately 450 nm, which de-
pends on the electronic environment around the Co center, appears
to be bathochromically shifted by 5 and 7 nm in the spectra of [2a]
and [3a]’, respectively, i.e., after the leaving of the 4-nitrophenolate
ion (Fig. 4b). Second, the absorption at approximately 310 nm

Table 1

UV—Vis spectra of compounds [1], [2], [2a], [3], [3a] in acetonitrile.
Compound A (nm)?
[3,3"-Co(1,2-C5BgH11)2] 211 281 329 449
(11 213 265 300 316 341 453
[21 206 245 283 291 304 329 447
[2a] 210 285 289 311 339 452
[3I 209 245 281 293 302 328 445
[3a] 210 264 298 308 290 452

2 Values obtained after line fitting analysis.

appears blueshifted for [2]" and [3]" compared to bis-hydroxy
precursor [1]" (Fig. 4c). This band, which is absent in the spec-
trum of [3,3’-Co(1,2-C2BgH11)2],, has been attributed to atoms
bearing unshared n electrons or 7 systems directly bound at posi-
tion 8 of the dicarbollide moiety in the metallacarboranes [30]. The
shift to a higher wavelength is due to the conjugation of the cluster
with the phosphorus 3d orbitals. The full set of numeric values for
the UV absorption maxima of compounds [1], [2], [2a], [3], [3a]
and [3,3’-Co(1,2-C3BgH11)3] are provided in Table 1.

In accordance with the rules of nucleophilic substitution at a
tetrahedral phosphorus atom, the most likely structure of the
transition state is a trigonal bipyramid in which the entering and
leaving groups occupy the axial positions. The bulky, negatively
charged Co bis(dicarbollide) part, positioned to allow the O—P—0O
group to occupy an equatorial position, could represent both an
electrostatic and steric barrier that slows the nucleophilic attack.
Moreover, the rearrangement of the substituents around the
phosphorus center during the formation of the transition state
requires a change in the O—P—O0 (with an angle equal to 120°) and
B—O—P angles, as represented in Fig. 3.

We hypothesize that the steric hindrance and limited flexibility
of the bridge required for the rearrangement in the transition state
are also factors that contribute to the amazing stability of these
compounds. Alkoxy cyclic phosphate ester 4 (Fig. 5) has been found
to hydrolyze much more easily than the metallacarboranyl phos-
phate triester even when the same leaving group and the same
number of atoms are present in the bridge and in the ring.

This 6-membered bridge behaved similarly to the acyclic para-
oxon (second-order rate constant for the hydrolysis of 2-aryloxy-2-
oxo-1,3,2-dioxaphosphorinan  [31] with NaOH at 39°C
=75-10"2M~1s71). In general, six-membered cyclic triesters react
at rates that are comparable to those of acyclic triesters [32,33].

K(M1s) o, o
: Y%
37 2.1x10° /P\
4 75x1022 o) OAr
Paraoxon 2.7 x 102 4

Fig. 5. Comparison between second order hydrolysis constant (K) of 2-aryloxy-2-oxo-
1,3,2-dioxaphosphorinan 4 (39 °C [31]), HNEt5[3], and paraoxon at 40 °C.
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3. Conclusion

In summary, it was shown that, compared to the alkoxy group,
metallacarboranes reduce the reactivity of the phosphorus bridged
metallacarborane esters by weakening the electrophilicity of the
associated phosphorus atom due to the inductive effect of the
cluster as well as the electrostatic shielding of the phosphorus
center by the metallacarborane, hindering the approach of the
negatively charged nucleophile. These effects in addition to the
steric hindrance and limited flexibility of the atypical six-
membered ring formed by the phosphorus, oxygens, boron atoms
and cobalt, can overall be called the “metallacarborane effect”. They
are the major factors influencing the reactivity of the phosphate
and phosphorothioate functional groups bonded through a bridge,
while the thio effect plays a minor role in this case. Thus, our
findings clearly indicate that a metallacarborane cannot be
considered a “spectator” nonleaving group, and instead, it plays a
very significant role as a deactivator of the reaction at the reactive
phosphate and phosphorothioate triesters, directly affecting the
stability of the transition state and hence its hydrolytic suscepti-
bility. This observation is in accordance with the slow (though
much faster than for [3]") hydrolysis of chloride salt [3,3’-Co-8,8’-1-
0,P(0)CI(1,2-C2BgH10)2]” reported earlier by Griiner et al. [23].
Finally, these systems could be valid models to study nonleaving
group effects [34,35] on the reactivity of phosphate and phos-
phorothioate triesters and to explore new approaches for the
chemical manipulation of metallacarboranes. This would signifi-
cantly broaden the applicability of metallacarboranes not only in
catalysis but also in a number of other potential applications.

4. Experimental section
4.1. Materials

All solvents were purchased in the highest available quality
required for the specific application. Where required, reactions
were performed under argon atmosphere using anhydrous solvents
treated with heat activated molecular sieves for at least 24 h. Op-
erations such as chromatography and crystallization, were carried
out in the air. Molecular sieves (4 A and 3 A) were purchased by Alfa
Aesar. Triethylamine, pyridine anhydrous, 4-nitrophenyl phos-
phorodichloridate, P,0s, sodium hydroxide, O,0-diethyl O-(4-
nitrophenyl) phosphorothioate (parathion) and O,0-diethyl O-(4-
nitrophenyl) phosphate (paraoxon) were purchased from Sigma
Aldrich. Cobalt bis(1,2-dicarbollide) was purchased from Katchem
Ltd., Czech Republic. 8,8'-dihydroxy derivative of cobalt bis(1,2-
dicarbollide) HNEt3[1] was synthesized according to the proced-
ure reported by Plesek et al. [36] Spectroscopic properties are in
agreement with those previously reported (data not shown).

4.2. Chromatography

Analytical HPLC to check purity of products was performed on a
DIONEX Ultramate 3000 HPLC system equipped with a photodiode
array detector (fixed wavelengths 268, 280, 295, 309, 458 nm). The
method consisted in a gradient elution from 20% to 60% aqueous
acetonitrile trough a Thermo Scientific Hypersil Gold (5 pm particle
size) reverse phase column at 25 °C. HPLC data were acquired and
processed by Chromaleon 6.8 software. Chromatography for puri-
fication of products was performed on a 230—400 mesh silica gel
(Sigma Aldrich) filled glass column. TLC was performed on F254
silica gel on Al foils purchased by Sigma Aldrich. Compounds were
visualized using UV light (254 nm) and by staining with 0.05 %w/v
palladium chloride solution in MeOH/HCL

4.3. NMR

1H, 1B, 13C and 3'P NMR spectra were recorded in acetonitrile-ds3
with a Bruker Advance Il 600 MHz spectrometer. Residual solvent
resonances were taken as references in >C (CD3CN: 118.26 ppm)
and 'H NMR (CD5;CN: 1.94 ppm) spectra.

4.4. FI-IR spectroscopy

Infrared absorption spectra were recorded using a Nicolet 6700
FT-IR spectrometer (Thermo Scientific) equipped with a Smart orbit
diamond Attenuated Total Reflectance (ATR) accessory. Samples to
be analyzed were placed on a diamond ATR element in the solid
form or by casting from CH,Cl, solution. Data were acquired and
processed by Omnic 8.1 software.

4.5. UV/Vis spectrometry and deconvolution of spectra

UV/Vis absorption spectra (190—600 nm) were recorded with a
Jasco V-750 spectrophotometer at 25 °C in acetonitrile; by using QS
high precision cell with 1cm light path. Molar extinction co-
efficients (¢; L mol™' cm™!) of were determined according to
Lambert-Beer law as the slope of linear fitting curve of absorbance
versus concentration plots (Fig. S13). ¢ equal to 33164 and
43640Lmol 'cm™! were found for HNEt3[2] and HNEts[3]
respectively. To resolve complex spectra into individual bands with
defined absorption maxima; a line fitting analysis was performed
for each compound. The curves composing the spectra were
simulated with a Gaussian distribution assuming the cumulative
spectra is the mathematical sum of the various distributions and
assuming a linear correlation between raw data and the simulated
distributions. The good of fitting (R?) for all the spectra deconvo-
lution was 0.9999 with fitting error in the range 0.08250—0.00074.
Therefore; relevant comparison was guaranteed.

Hydrolytic studies. Alkaline hydrolysis reactions were followed
recording the absorbance due to p-nitrophenolate production; at
400 nm in a Jasco V-750 UV-spectrophotometer equipped with a
temperature controller and a peltier thermostated cell holder. Stock
solutions of parathion (4.17-10"#M); paraoxon (4.44-10"*M);
HNEt3[2] (5.11-10~* M) or HNEt3[3] (6.05-10~* M) in ethanol were
prepared and aliquots of these (0.5 ml) were added to 1.5 ml of
aqueous sodium hydroxide to initiate hydrolysis. Reactions were
followed for 1 h and rate constants were obtained from the initial
rates method under pseudo-first order conditions ([NaOH]/[sub-
strate]>100). Five hydroxide final concentrations (in the range
0.02—1.00 M) were used in order to determine second order rate
constants; and the reaction were repeated at five different tem-
peratures (in the range 35—60°C). Activation parameters were
calculated from Eyring plots; using second-order rate constants.

Reaction of parathion; paraoxon; HNEts[2] or HNEt3[3] were
also followed spectrophotometrically to completeness by recording
the full spectra from 190 to 600 nm; one every 10 min. In this case;
a final concentration of substrate of 2.78-107> M) and 2 M NaOH in
water: ethanol 3 : 1 bv and a temperature of 50 °C were applied.

4.6. Synthesis of [8,8'-u-02P(S)0CsH4NO,-3,3'-Co(1,2-CoBoH10)a]
HNEts [2]

To a stirred solution of HNEt3[1] (200 mg, 43.7-10~2 mmol) in
anhydrous pyridine (2.2 ml) a solution of p-nitrophenyl dichlor-
othiophosphonate (119 mg, 43.7-10~2mmol) in the same solvent
(2.2 ml) was added dropwise. The mixture was stirred for 18 hat
ambient temperature. Then, the reaction was quenched with water
(8 ml). Chloroform (1 mL) was added and the organic layer was
separated. The aqueous layer was extracted with chloroform
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(3 x 7mL). The combined organic phase was washed with water
(3 x 1 ml) and dried over anhydrous MgSO4 prior to evaporation to
dryness under reduced pressure. The residue was dissolved in the
minimum volume of ethanol and an aqueous solution containing
an excess of NEt3-HCl was added, resulting in the formation of a
precipitate. This was filtered, washed with water and dried under
vacuum. The resulting solid was dissolved in CH,Cl, and purified by
silica gel column chromatography by a gradient elution (0—20% of
CH3CN in CHCl3). Fraction containing the product were collected
together and the solvent evaporated to dryness, affording 182 mg of
an orange solid. Yield 75%. Purity 99.07% (HPLC). TLC (CH3CN:CHCl3
1:2) Rf 0.61. UV—Vis (CH3CN) Amax (nm) 293, 446.

HPLC k’ 4.26. MS (FAB): m/z: calcd (100%): 554.85 [M]"; found:
555.4 (100%). TH NMR (500 MHz, CDsCN, ppm) 6 8.21 (d, J=9.1 Hz,
2H, arom. CHpetha), 7.38 (d, J=9.0 Hz, 2H, arom. CHg;tho), 3.71 (s,
4H, CHearp), 313 (q, J = 7.3 Hz, 6H, HN(CH,CH3)3), 1.23 (t, J= 7.3 Hz,
9H, HN(CH,CH3)3). *C{'"H} NMR (126 MHz, CDsCN, ppm) é 157.5
(arom. OC), 145.2 (arom. Cpara), 126.1 (arom. Cmetha), 122.4 (arom.
Cortho), 47.9 (HN(CHCH3)3), 47.8 (CHearp), 47.7 (CHearp), 9.1
(HN(CH,CHs)3). "B{TH} NMR (160 MHz, CD3CN, ppm) & 23.0 (s,
2B), —2.6 (s, 2B), —5.6 (s, 4B), —8.4 (s, 4B), —18.8 (s, 4B), —27.7. (s,
2B). 3'P{'H}NMR (243 MHz, CDsCN, ppm): 6 49.0. FT-IR ATR (cm™1):
3647; 3038; 2988; 2547 (v B—H); 1610, 1590 (6 out of plane = C—H
aromatic); 1519 (v C=C); 1489 (v asym NO); 1471; 1456; 1392;
1342 (v sym NO3); 1290; 1237; 1127; 1093; 1013; 981; 950 (v P—-0);
900; 877; 859; 788; 760 (v P=S); 747; 689; 661.

4.7. Synthesis of [8; 8'-u-0,P(0)0CsH4NO,-3; 3'-Co(1; 2-
C2BoH10)2]” HNEt3 [3]

HNEt3[1] (60 mg; 13.1-10~2 mmol) was dissolved in anhydrous
pyridine (0.5ml). A solution of 4-nitrophenyl phosphorodi-
chloridate (33.5 mg; 13.1-10~2 mmol) in the same solvent (0.5 ml)
was added dropwise. The mixture was stirred for 3h at ambient
temperature. Then; the reaction was quenched with water (3 mL)
and extracted with chloroform (3 x 7 mL). The combined organic
phase was washed with water (3 x 1 ml) and dried over anhydrous
MgSO4 prior to evaporation to dryness under reduced pressure. The
residue was dissolved in the minimum volume of ethanol and an
aqueous solution containing an excess of NEts3-HCl was added;
resulting in the formation of a precipitate. This was filtered; washed
with water ad dried under vacuum. The resulting solid was dis-
solved in CH,Cl; and purified by silica gel column chromatography
by a gradient elution (0—20% of CH3CN in CHCI3). Fraction con-
taining the product were collected together and the solvent evap-
orated to dryness; affording 78 mg of an orange solid. Yield 93%.
Purity 98.99% (HPLC). TLC (CH3CN:CHCI3 1:2) Rf 0.58. HPLC k’ 4.43.
UV—Vis (CH3CN) Amax (nm) 295, 452.MS (ESI): m/z: calc (100%)
539.246 [M]; found: 539 (100%). 'TH NMR (600 MHz; CD3CN; ppm)
08.22 (d; J=9.1 Hz; 2H; 2H; arom. CHpetha); 7.38 (d; J=8.7 Hz; 2H;
arom. CHortho); 3.73 (s; 2H; CHearp); 3.71 (s; 2H; CHearp); 3.07 (q;
J=7.3Hz; 6H; HN(CH»CH3)3); 2.23 (s; 9H; HN(CHyCH3)3); 1.20 (t;
J=73Hz; 9H). Bc{TH} NMR (151 MHz; CD3CN) 6 1574 (d;
J=4.8Hz; arom. OC); 145.1 (s; arom. Cpara); 126.4 (s; arom. Cmetha);
121.6 (d; J=5.7 Hz; arom. Cortho); 47.9 (s; HN(CH,CH3)3); 47.7 (s;
CHearb); 9.1 (s; HN(CH2CH3)3). ''B NMR (193 MHz; CD3CN; ppm)
0 23.4 (s; 2B); —2.7 (s; 2B); —5.7 (s; 4B); —8.4 (s; 4B); —18.8 (s;
4B); —27.8 (s; 2B). "B NMR (193 MHz; CDsCN; ppm) 6 23.4 (s;
2B); —2.7 (d; J=141.0 Hz; 2B); —5.7 (d; J=138.1 Hz; 4B); —8.4 (d;
J=139.0Hz; 4B); —18.8 (d; ] = 152.0 Hz; 4B); —27.9(d; J = 134.5 Hz;
2B). 3'P{'H}NMR (202 MHz; CD3CN; ppm): 6 —14.9. FI-IR ATR
(cm~1): 3648; 3038; 2996; 2700; 2547 (v B—H); 1612, 1591 (6 out of
plane = C—H aromatic); 1519 (v C=C); 1490 (v asym NO;); 1473;
1448; 1394; 1344 (v sym NO3); 1292; 1231 (v P=0); 1133; 1104;
1004; 981; 951 (v P—0); 932; 901; 874; 859; 846 (=C—H); 788; 744;

689; 667.

4.8. Statistical analysis

Uncertainty for the fitted values was estimated after least square
procedure by LINEST function on Microsoft Excel software.
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