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ABSTRACT: Two families of molybdenum carbonyl metallosuréatds, Mo(COJL and Mo(CO)L,, were synthesized using the
functionalized phosphines, {CH,),SO;Na (n = 2, 6, 10) and characterized by the usuettspscopic and spectrometric meth-
ods. The study of the supramolecular arrangemédrteese compounds in aqueous medium has been peddry surface tension,
fluorescence, dynamic light scattering, cryo-TEMd@mall angle X-ray scattering. All data pointshe formation of medium and
large vesicular structures with a membrane sintdahe classical lipid bilayer, but it contains angmetallic fragments instead of
simple hydrophobic chains. Studies of CO releasiith these molybdenum carbonyl metallosurfactaatgetshown their viability

as a promising CO releasing molecules.

INTRODUCTION

The term “metallosurfactant” was created in theQ99and it
is commonly used to design molecules that behawaidac-
tants and contain a metal atom in the molecularcsire? 2
Since a simple design of a surfactant is commoabkel on a
molecule that has a linear hydrophobic chain andokar
headgroup, an important group of metallosurfactargsmole-
cules in which the metal atom is the polar headgrotithe
surfactant. A classic example of this kind of mewlrfactants
is a metal complex of metals like®br Ctf* with an aliphatic
amine that incorporates a long hydrophobic chairsteown in
Scheme 1. @ Although, in some reports, the term
metallosurfactant has been associated with thigal@st is
evident that other approaches are possible. Hamcexcellent
example of an alternative design for metallosudats is
found in metal complexes of functionalized phosphkinin
which the phosphine contains a hydrophobic groupaapolar
group, such as sulphondte ® In this approach, the polar
headgroup and the hydrophobic group are locategtidrmo-
lecular structure of the ligand, and consequeritig, ligand
can act as a surfactant independently of whethisr fitee or
linked to a metal atom. These former groups ofridg(sur-
factant phosphines) have been relevant in orgarasioet
chemistry, as one important property of surfact@tbe self-
aggregation and accumulation at the interfacegqoties that
have incentivized the study of metallosurfactantcatalytic
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Scheme 1Structures of different surfactants.

ments of metallic compounds, and in the use ofethmsm-
plexes in biology and medicine. Some examplesemplates
for mesoporous materialsmetallomesogerfs optoelectronic
devices’ ultrathin redox-active surfacé, nanoparticles!
labeling phospholipids membran®s,antimicrobial com-
pounds-® and magnetic resonance imagifig.

In a previous papérwe reported the synthesis and study of a
family of platinum metallosurfactants prepared frahree
surfactant phosphinek-3 (Scheme 2). Both, free phosphines
and cis-PtGL, (L =1, 2, 3 complexes showed the character-
istic aggregation properties of surfactants, anslai$ possible

reactions’ ® However, in recent years, a wide range of others to study the influence of the hydrocarbon chairgterin the

attractive possibilities has emerged for metalltzaiants
based on the possible control of the supramolearange-

aggregation properties of these metal complexes.
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Scheme 2Phosphine ligands 1-3.

In the present study, we have undertaken a noyebaph that
it is completely opposite to the design of the ieatl

metallosurfactants family (Scheme 1, metallosudiatctwith

neutral ligand). Thus, if in the first metalloswfants, the
metal is coincident with the polar head-group, hie turrent
work the metal is included in the hydrophobic gr¢8gheme
1, organometallic surfactant). To attain this gdlaé organo-
metallic approach is very useful because it all@rsparing

metal fragments with the characteristic properté®rganic

hydrophobic groups. Very few examples of organotiieta
metallosurfactants have been reported, and mo#iesh are

based on ferrocene derivatives (ferrocenyl surfas)a and,

as far as we know, only one is based on metal ogibo
However, this unique example is an alkoxy Re(l) ptax that

does not have an additional polar head-group, fitverét can

be considered a metallosurfactant with the polaldtyated

around the metal atoffi.

Organometallic metallosurfactants based on metddoreyls
are attractive molecules because they can leadngular
supramolecular arrangements and, in addition, thegmce of
a metal carbonyl group makes it possible to ussetteom-
pounds in different potential applications. As hapg with
conventional surfactants, which self-assemble intewa
metallosurfactant molecules also form aggregateacisires.
In some cases they produce micelles, as clasdmcsamts do,
but, in other cases they mainly generate vesittes,is, mem-
brane structures which enclose an aqueous compartme
According to this scenario, a bilayer is the sirsplpacking
arrangement of these molecules in the membranes(%13),
like phospholipids do. As regards to the two difar
metallosurfactants shown in Scheme 1, bilayer gearent
implies two different locations for the metal atortsthe first
kind of metallosurfactant, the metal atoms showddidcated
on the surface of the bilayer (Scheme 3, sketchwhgreas
with the organometallic metallosurfactant the medtédms
have to be placed in the inner part of the bila{gsheme 3,
sketch B), being part of its hydrophobic region.tis point,
it is necessary to highlight that this approacloved placing

organometallic fragments in structures that can imim

biomembranes, a design that is very attractive pogsible
uses of metals in medicine. In this context, weehtacused

this work in the potential applications of carbonyl

metallosurfactants as CO releasing molecules (CQRMare
than ten years ago, Motterlini and co-workers slbwiee
great potential of some metal carbonyls as thetapegents
on the basis of the ability of these compoundsréeasing
CO in biological system®. The therapeutic benefits of
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Scheme 3Bilayer arrangement of metallosurfactants.

CORMSs have been demonstrated in different studieme
examples are their anti-inflammatory and vasodilafroper-
ties that make these compounds excellent candidatethe
treatment of different diseas¥s.In spite of the large number
of related publications reported, there is stilbag way to go
to achieve this goal, because it requires a comtraosage,
timing and location of the CO. Hence, in this study report
on metal complexes that combine the ability to astCO
releasing molecules with the aggregation properts
metallosurfactants; therefore we can obtain suplecntar
structures that can act as CO delivery systemsfaAgas we
know, only one study has been reported that dessrip
micellar system that behaves as a CORM. However talthe
fact that it is based on polymeric micelles thattam a ruthe-
nium carbonyf° the previous approach is very different to that
shown in the present paper.

Part of this work was previously communicaféd.
RESULTS AND DISCUSSION

Synthesis and characterization of metallosurfactarst

Molybdenum pentacarbonyl complexe$ {{Mo(CO)sL] (L =

1, 2, 3} were prepared from Mo(C@using methods similar
to those reported for the related ionic complexes
[M(CO)s(TPPTS)] (TPPTS = sodium triphenylphosphine
trisulfonatef? with some modifications in the experimental
procedure (Scheme 4). Thus, complexes [MogCPg¢an be
synthesized by direct reaction with Mo(GO9r by a substitu-
tion reaction with a [Mo(CQ)] complex that contains a
labile L' ligand. We found that the direct reactibatween
Mo(CO); and ligandsl-3 in a methanol/THF medium allows
obtaining the complexest{6) using a convenient procedure
and, in addition, it leads to pure products. Thiscpdure is
very useful to obtain small quantities 100 mg) of pure com-
plexes 4-6, but it has the problem that large quantities of
Mo(CO); are necessary to prepare the complexes on a larger
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Scheme 4.Synthesis of molybdenum metallosurfacant® 4pip =
piperidine; L = ligand
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scale £ 1.0 g). To avoid this drawback, we have develoged
alternative method based on the preparation ofréfaetion
intermediate [Mo(CQJCH,CN)] from Mo(CO) by
decarbonylation with MO and subsequent reaction with the
phosphine (Scheme #).This method allows obtaining the
desired products with similar purity levels, andsinot neces-
sary to use a large excess of Mo(gO)

Complexedi-6 were characterized by usual spectroscopic (IR,

'H, and®'P NMR; see Supporting Information 1) and spectro-
metric method® (MS/ESI(-), HRMS). The IR spectra in the
carbonyl region shows the characteristic three bafat
[Mo(CO)sL] complexes with a pattern and positions nearly
identical to those reported for the related comgdex
[Mo(CO)s(PPh)]** and [Mo(CO)(TPPTS)?* The *P NMR
spectra display a singlet around 27 ppm for theglwomplex-
es, showing the normal shift of this signal afteordination to
the {Mo(CO}} fragment with respect to the position of free
ligands1-3 (~ -16 ppm). TheéH NMR spectra agree with the
proposed structure and, if we compare with the tspeaf the
free ligands, the shift of peaks assigned to metig/lgroups
linked to phosphorus atom after coordination to thetal
atom can be observed. Unfortunatéfi;, NMR spectra could
not be obtained due to the low solubilities of ctemps4-6.

The ESI-MS spectrometry (negative ionization mooie}-6
agree with the proposed stoichiometries, and itwshthe
signals of the respective anions [M-Na] and/or aignin
which some carbon monoxide molecules have beerineliad
as [M-2CO-Na]. We note that the loss of CO molesude-
creases with the increase of the alkyl chain. Thes)g iden-
tical experimental conditions, with compléxthe sole peak
observed, corresponds to [M-Na]. In compl&xthe same
signal is observed but also a peak that corresptmd-
2CO-Na] and, finally, for complex, the peaks that corre-
spond to fragments as [M-2CO-Na], [M-3CO-Na] and-[M
4CO-Na] can only be seen. The signals corresponidirthe
[M-Na] anions for the three complexed-§) could be ob-
served in the HRMS-ESI-MS(-) spectra. It should High-
lighted the great coincidence between the isotppitern of
calculated and experimental spectra for the thoeeptexes™

The metal complexeg-9 {{Mo(CO),L,] (L = 1, 2, 3)} were

prepared from the complex [Mo(C§®ip).,], which contains
two labile piperidine ligands (Scheme 4), followiting report-
ed method for other [Mo(CGQl),] (L= neutral phosphine)

b c

6 min

9 min

13 min

Figure 1.NMR spectra acquired during the reaction for thettsgsis of 7 .
a) PhP(O)(CH),SO;Na at 34.5 ppm; b) intermediate at 31.4 ppmgcis)
[Mo(CO)4(1),] at 25.7 ppm; d) PP(CH,).SO;Na (1) at -15.7 ppm.
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complexes? but with some significant differences in the reac-
tion medium due to the ionic nature of ligarid8. Hence,7-9
were synthesized using a synthetic method simitarthiat
reported for [Mo(COYTPPTS)],?® but the experimental con-
ditions had to be optimized in order to obtain ppreducts.
Thus, the study of this reaction in an NMR tubeg(iFe 1)
showed the formation of an intense signal at 3pr that has
been assigned to the reaction intermediate [Mog@@)(1)].
This assignment agrees with the fact that thisadignrelevant
in experiments at short reactions times, and dlgbe ratio
between the precursor [Mo(C)ip),] and the phosphine
ligand is high. Taking into account these resulhs, posterior
fine-tuning of the reaction conditions (reactioméi reagents
ratio and solvents volumes) allowed the preparatiothecis-
[Mo(CO),L,] (L = 1, 2, 3) complexes with high yield~(80 %)
and purity.

Characterization o7-9 using the spectroscopic methods (see
Supporting Information 1 and reference 21) confithes pro-
posedcis-[Mo(CO),L,] structure for these complexes. The IR
spectra show, in the carbonyl region, the charstierfour
bands of complexes with,Csymmetry in positions very simi-
lar to those reported for the homologous complewéth
PPh** and TPPTY ligands. The*’P NMR spectra of7-9
show the expected singlet fois-Mo(CO),P, coordination set
with a chemical shift very similar to those obserfer com-
plexes4-6, but with a very small high field shift:(1 ppm, see
Figure 2), a behavior that has also been repomedother
[Mo(CO)sL] and cis-[Mo(CO),L,] (L = phosphine) complex-
es?” The 'H NMR spectra show all expected signals and,
similarly to the above complexds6, the shifts of methylene
groups located closer to the phosphorous atom efterdina-
tion to the metal atom can be observed. FieNMR spectra

of complexes7-9 could be obtained because of the higher
solubility of these compounds in methanol in respged-6.
The assignment of significant signals correspondmghe
coordinated ligands has been performed by meaDdH,
3C-HSQC experiments. It is worth noting the resoeancf
carbonyl groups, which are observed as two sigoitiffer-

ent multiplicity at 215 and 210 ppm, and they aspectively
assigned to the CO [is,cis-position andcis-trans-position to
the phosphorous atom.

The ESI-MS spectrometry (negative ionization modgy-9
confirms the proposed stoichiometries showing ibaats of
the respective anions [M-Na] in all cases. Unliksults ob-
tained for4-6, no significant peaks corresponding to CO elim-
ination were observed. Finally, accurate mass nieamnts
by HRMS-ESI-MS(-) spectrometry provided exact masse
the main peaks [M-Na] foi7-9, which corresponds to the
proposed molecular formulas.

a (70%) b (g0

b 30%) a (20%)

Y

™ . C
MWMMWWWWWWWW ot g
Figure 2. Comparison between tH#P{*H}-NMR spectra of mixtures
complexes [Mo(CQ)2)] (a) and cis-[Mo(CQ)2).] (b) at differen
ratios.
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Figure 3. CMCs of ligand phosphined, 2 and 3 (red circles
pentacarbonyl complexe4 5 and 6 (green squares) and tetracarb
complexes?, 8 and9 (blue triangles), as function of the carbon atof
each hydrocarbon chains. Inset: Surface tensionsunement of7 as
function of the concentration.

Attempts to prepargans[Mo(CO),L,] (L = 1, 2, 3) complex-

es by isomerization otis[Mo(CO),L,] were unsuccessful.
Although it is well-known that the more thermodyrieatly
stable isomertrans[Mo(CO),(PPh),] complex can be pre-
pared by simply heating a solution c&-[Mo(CO),(PPh),],
the study of this reaction witl7-9 in non-polar solvents
showed that the starting products are recoveret esing
long reaction times. This behavior can be assatiafi¢h the
low solubility of 7-9 in non-polar solvents. On the other hand,
the *'P NMR study of this reaction in more polar solveass
mixtures of THF/MeOH has demonstrated that the ntia¢r
decomposition ofcis-[Mo(CO),L,] compounds leads to the
formation of mixtures of the initial complex andethespective
[Mo(CO)sL] compound. A similar behavior has been reported
for thecis-[Mo(CO),(TPPTS)] complex?®

Aggregation studies by surface tension and fluoresoce
measurements

Plots of surface tension versus concentration Heraqueous
solutions 0f1-9%* show a break point, that is, a change in the
slope of the curve, which is characteristic of tbemation of
aggregates (Inset Figure 3). It is known that, Wwellois point
(critical micelle concentration, CMC), almost athghiphiles
are in the monomeric form, although in some cabkesfdr-
mation of dimers or oligomers has been repofient, even
predicted by molecular dynamitsAt surfactant concentra-
tions higher than the CMC, they undergo self-agaieg and
produce, for example, micelles or vesicles. Figishows the
CMC obtained for the different surfactants studiedhe pre-
sent work. As can be observed, it reveals thattlodution of
the critical concentrations depends both on the iypmole-
cule (that is, phosphine ligands3, pentacarbony#-6 and
tetracarbonyl7-9 complexes) and on the total number of car-
bon atoms of their hydrocarbon chains. The firgieshelence
can be explained by the different composition & tiydro-
phobic end of each type of molecule. The coordimatf the
surfactant phosphine ligands with a rigid non-padmoup,
such as {Mo(CQ} or {Mo(CO)s}, produces a significant
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Figure 4. Normalized fluorescence intensity ratioslofred circles; 139
nm/I464 nm, excit. 250 nm; n= 6%; (green squares; 1566 Nm/I1466 |
excit. 305 nm; n= 4); and (blue triangles; 13961m/1467 nm, excit. 3(
nm; n= 4). Results: mean * standard deviation.tiriéermalized fluore-
cence spectrgexcitation at 305 nm) of in water at 8 mM (continuo
line), 1.75mM (dashed line) and 1 mM (dotted line).

decrease in the CMC. The second dependence id-&vesin

phenomenon. It is explained by the increase inhffdropho-
bic attraction between the surfactants with indrepshe hy-
drophobic chain length. On the other hand, the géarin the
shape and intensity of the fluorescent spectraheflt 4, 7

family obtained at different concentrations indicdbhat this
technique is also useful for the determinationh&f €MC of
these compounds. The inset of the Figure 4 showsrale
normalized spectra for the case of metal comflekhe evo-
lution of the described variation was characteribgdbtain-
ing the intensity ratio at two emission wavelengtberre-
sponding to local maxima or to significant shousdeThe
representation of these values versus the contentral-

400 I I | | |
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S 250 1 S0, SOy |
Z
[}
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< 200 — A . —
[ |
150, -
100 @ o o -
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Carbon atoms of the chain

Figure 5. Estimated area occupied per molecule adsorbedeinver
ter/air interface obtained from the surface tensieasurements
water solutions of the compoundls3 (red circles)4-6 (green square:
and7-9 (blue triangles). Inset: Scheme of the double loopformatiol
of 9.
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18 Figure 6. Size distributions of the aggregates formed bypthesphine ligandsl(3), pentacarbonyl4-6) and tetracarbonyl7¢9) surfactants. The numb:
19 adjacent to the points indicate the relative amairgach population. For each type of moleculeai, pentacarbonyl, and tetracarbonyl) the méan d
ameter of the sub-populations are shown in the comieft axis, and their relative amount are exprésss percentage beside the corresporgintol
20 Results: mean + standard deviation.
21 lowed detecting breakpoints in the curves (Figuje ¥he Size analysis
22 calculated values were 2 mM fdrand7, and 14.2 mM fod. The surfactant water solutions obtained did notepedfter
23 These concentrations are equivalent to that olddiyesurface their centrifugation, which indicates that aggregawere well
24 tension measurements. In the case of liggralsecond break- formed. To analyze the size of the aggregates,ausolu-
25 point (not detected by surface tension measuremems tions of 1-9 were studied by dynamic light scattering spectros-
26 detected at, approximately, 1.5 mM. This fact cdeddcaused  copy (DLS). All the experiments were carried oubab the
27 by the formation of pre-vesicular aggregates, anphenon CMC of the molecules and, therefore, the resultsespond to
28 described in other charged surfactd@nt¥hus, from the sur- the  supramolecular  aggregates formed by the
29 face tension and fluorescence measurements, leas that all metallosurfactants. The mean hydrodynamic dianeaterthe
30 the molybdenum carbonyl complexes undergo self- polydispersity index (PDI) of the studied soluticar® shown
31 aggregation processes in agueous media. in Table 1. The mean diameters have a small ewbich
. ) e indicates not the width of the population, but thproducibil-
32 In addition, the surface tension data allowed oftgi the i of the analyses. The theoretical values for Padige from
33 surface excess concentratidn) (and the estimated area per o (apsolutely monomodal distribution) to 1 (multitkao distri-
34 molecule (A) in the air/water interphase. Althouie abso-  pytion) and, consequently, the experimental valiesined
35 lute values obtained by this technique were questoby  show that the spontaneously formed aggregates form
36 some author® thelr_ rglatlve value_s make_ |t_p055|ble to com- polydisperse populations. This is a common phenomen
37 pare the char_acte_nstlcs of a family of _S|m|Iar ewlles. As taking into account that the suspensions were peephy
38 can be seen in Figure 5 (and Supporting Informafipnthe vortex, that is, no size control, such as,érample, extrusion,
39 free phosphined-3 display no relevant dlf_ferences between 55 performed. The size distributions plotted imuFé 6
40 the values of A and, consequently, packing showldvery clearly show this circumstance, as they show thistence of
similar with the su_lphonate group in \_Nater and Iip_ephlllc_ ~ various sub-populations for each compound. In genend
41 (CHy).-PPh group in an extended chain conformation. This is gue to their size, most of the populations are atible with
42 not the case for the pentacarbodyb gnd tetraca_lrbonyT-Q the existence of vesicular aggregates with entrppater,
43 complexes, a result that can be attributed to Histence of which could be surrounded by one or more membraifes
44 the volum|n0us_ hydrophobic metal _carbonyl group.tiese surfactant. In order to assign intervals, large 0Ba nm),
45 molecules, the |ncr_ement of the (_:haln length ofot@mplexgs medium (from 100 to 1000 nm), and small vesiclesn(f 20
46 causes a progressive _decrease in the moleculamgadmls to 100 nm), can be considered. As the size ofahgel aggre-
47 effect agrees Wlth an increment of the cross-seatiarea of gates are very close to the upper limit of detecté the in-
48 the hydrophobic part of the molecules, a phenomenel strument (about 6000 nm), the existence of a cedaantity
49 described by the packing parametenhich, for example, i of out of range vesicles should not be ruled out.
50 the case of lipids, is modulated by the free rotatof the
c1 carbon-carbon l_:)onds of t_heir hydrocarbon chainge Nbat Concatration Nioar damater oo
there is a great increment in the area per moldcoihe 8 to 9, Compound (mg/mL) (nm; % intensity)
52 not observed in the other cases. This result gdsatie behav- 1 405 150 £ 20 0.44 £ 0.03
; ; . - 2 405 30+ 4 1.00 * 0.04]
53 ior previously observed with cis-[PtCh] (L = 1, 2, 3) com- 5 304 o1 5305002
54 plexes® and is consistent with a double loop conformatin 2 6.0 22554 041 20.05
55 the complex in the interface (Figure 5 and Suppgrinfor- 5 4.26 14712 0.46 + 0.02
56 mation 2)** 6 2.26 200 20 0.70 £ 0.24
7 8.82 250 £ 80 0.56 + 0.06
57 8 8.67 1300 * 90 0.34 + 0.04
58 9 4.00 127+1 0.50 0.01
59 Table 1.Particle size analysis of the substant&s
60

ACS Paragon Plus Environment



P OO~NOUILAWNPE

U OTUu U OITON OO DMBEMDIAMDIMBAEADIAMDIMDNWOWWWWWWWWWWNDNNNNNNMNNNNRERPRPRPERPRERPERRERE
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOOPRARWNRPFPOOONOODURAWNPOOO~NOOUUDMWNEO

Submitted to Organometallics

Morphology and structure of the aggregates

The physical characteristics of the spontaneousiyméd
aggregates constituted by the surfactants in wetee studied
by Cryo-TEM and Small Angle X-ray Scattering (SAXS)
Cryo-TEM results agree with the DLS analyses, amdll
cases the images (Figure 7) show the existencesdium and
large vesicular structures. As regards the morgla huge
quantity of multilayered vesicles was expected abse of the
method of preparation (vortex). Surprisingly, thias not the
case, since, as can be observed, the vesiclesowastituted
mainly by one or a few membranes, and in some cast
multivesicular vesicles could be detected (but amith a few
internal vesicles). Both phenomena (presence ofiunedize
and monolayered vesicles) can be explained by ntense
electrostatic repulsion between the membranes natiigig
from the sulfonate groups of the surfactants. Tifisence of
the charge on the size and lamerallity of the Vesiwas also
described in liposomes constituted by charged pimipds >

It is known that SAXS technique allows getting dethin-
formation of the morphology of aggregates, as waglbf their
packing structure. For this reason, and with time @i obtain-
ing preliminary, and at the same time, represematesults,
the compoundg, 4 and7 were studied by SAXS. Since they
correspond to one of the three families synthesittexresults
would monitor the effects caused by the structdiidérences
among the molecules, that is, from one ligand ® dbrre-
sponding complexes containing one or two hydroaarbo
chains. In Figure 8, we show the experimental sdaty
curves for the ligand and both complexes and theire-
sponding best fits to the model, which correspotaighe

Figure 7. Cryo-TEM images of pentacarbony, & and6) and tetracar-
bonyl (7, 8 and 9) complexes The big light areas correspond to
holes of the grid, they are not vesic

14

0.4 : —
g/nm”

Figure 8. SAXS intensities as a function of scattering vectmdulus (g
for dispersions ot (black squares) (green triangles) and(red circles).

lamellar arrangement present in vesicles, as isrsatically
shown in Scheme 3. Other models were also studied,we
found that the fitting of spherical models (mics)lealthough
feasible, did not result in good absolute intensitaling, or
led to completely unphysical parameters. The paterneof
the fits shown in Figure 8 correspond to the sgtaimeters
shown in Table 2 and Supporting Information 3.

The trend of the area per molecule,Aeems to have some
logic. The ligand alone has an area per molecakeititreases
somewhat when the complex is formed, and the compith
two polar heads has an area per molecule compatahites
summation of the area per molecule of the pentacgtb
complex plus an additional ligand. Those values lmarcom-
pared with those obtained from surface tensionlie$kigure
5).

When comparing areas per molecule obtained fromfacar
tension or other methods, we should bear in mimdesof the
problems associated with the application of Gitgmherm to
surface tensioft as well as to the different situation corre-
sponding to adsorption to the aqueous surface @utlet for-
mation of condensed phases. Apart from the probksssci-
ated with the sensitivity of surface tension to umpes (both
hydrophobic and to multivalent counter-ions), thember of
adsorbed species and the lack of direct relatipnshsurface
saturation with micellation may produce discrepascbe-
tween the minimum area per molecule determinedubfase

1 4 7
An (A% 4942 72+€ 153+1(

L, (nm) 0.74%0.02 1.13+0.02 | 0.7520.02
Ly (nm) 2.25+0.0! 4.22+0. 2.4840.0!

V. (nnt) 0.363+0.025 | 0.814+0.07D0 1.15+0.08D
Vy, (nm?) 1.10£0.0° 3.0420.2¢ | 3.79+0.2(

N, 3445 10010 11510

Table 2.Molecular parameters of the surfactants when fogmaacromo-
lecular aggregates obtained from the fitted cuskhesvn in Figure 8.
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Figure 9. Kinetic of formation of CO-Mb in presence df(red circles
negative control; n=2)4 (green squares; n=3) and(blue triangles
n=4) at 37°C. Results: mean + standard deviatineetl Referenc
spectra of deoxy-Mb (continuous line) and ®b- (dotted line), an
that obtained as a consequence of the CO release? fidiscontinuou
line).

tension and the real minimum achievable area pdeculte.
This could be the case of ligaddfor which the surface ten-
sion and SAXS differ significantly. Part of the dispancy
could be attributed to the different situation esponding to
the adsorption to the interface and to the fornmatib a con-
densed phase, which is more restrictive in thees¢nat the
molecules have to completely fill the spdtdhe hydropho-

bic volume (\) results from the product of the hydrophobic
length (L) times A, It is apparent that the hydrophobic vol-

ume of the ligand plus that of the pentacarbonyhglex4 is
very close to that of the tetracarbonyl compfexrhe hydro-
phobic length of the compleX is commensurate with the
physical dimensions of the molecule, as obtaineomfr
ChemDraw (0.9 nm from the sulphonate methylenehi t
oxygen of the carbonyl plus the van der Waals rafddaxygen
and half C-S bond), while that of complés slightly larger
than that obtained from the ChemDraw configurafib® nm
from the sulphonate methylene to one of the protire ben-
zene ring). The volume of the ligand, as obtaimednhfa sol-
vent excluded volume model (see Supporting Infoionad),
closely fits the experimentally fitted value, thist 0.403 nm
from the excluded solvent model and 0.430’ fion the sum-
mation of the experimentally fitted volume for thgdropho-

bic contribution (0.363 nf plus the headgroup volume con-

tribution (volume of the sulfonate grour%, 0.040°nand vol-
ume of the methylene group, 0.027 it Giving this value

for settled, we can estimate the contribution ofe th

pentacarbonyl group as 0.451 hmand that of the
tetracarbonyl as 0.432 Amwithout additional reference, we
can compare these values with the group volumeJsasob-
tained from the solvent excluded volume. The rssulere
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bic part of the membrane is far from being comp&oinsider-
ing the hydrophilic domain of the lamellae, theefit length is
considerably larger than the geometrical lengththef polar
groups. This matches with the high number of watelecules
contained in the polar head, and calculated fraartdkal polar
volume minus the volume of the sulfonate group areth-

ylene group. This also may be an indication of thme
rugosity of this surface which is concomitant witle difficul-

ties of packing of their bulky and rigid hydropholgjiroups on
a flat and compact layer

CO release tests

In order to check if the obtained molecules cowddubeful as
CORMSs, the ability of the ligand (as control) and the metal
carbonyl metallosurfactantsand? to release CO was evalu-
ated according to the myoglobin assay (thus, athfocase of
the SAXS study, the CO release was performed ferctm-
pounds of one family). It is based on monitoring, WV-Vis
spectroscopy, the conversion of deoxymyoglobin Xgiedb)
to carboxymyoglobin (CO-Mb) as a result of the aske of the
carbon monoxide from the metal complex. Thus, afteubat-
ing the indicated metal complexes with deoxy-Mbngspre-
viously reported experimental conditions, a clearéase of
the peak corresponding to the CO-Mb complex withetiwas
detected (Inset Figure 9), indicating that a redealsCO from
the metallosurfactants was produced. From thesa, dae
time-evolution of the CO-Mb formation was plotteat imetal
complexest, 7 (Figure 9). The phosphine ligadd which has
no CO group, was selected as a negative contralidlinot
cause any change in the spectrum of Mb, showing ttiea
concentration of deoxy-Mb was maintained constamton-
trast, metal complexeband7 caused a continuous increase of
the CO-Mb form, with initial rates of CO releas€-20* mol
CO-mol CORM"-min* (*= 0.9517) and 3.7- Tbmol CO- mol
CORM™- min* (*=0.9631) for4 and7, respectively. As can be
observed, both molecules are characterized bywa sease
of CO, and their corresponding half-lives were, 22%n for4
and 1360 min for7. The existence of CORMs with elevated
half-life is a desired circumstance, as this betraallows a
sustained release of CO in the human B8dghus, this pre-
liminary study has shown that two preferred prdpsrtof
CORMS converge in the studied metal complexes: Tdrey
water soluble molecules that self-assemble to feasicles
and they show high half-life for CO release. Consaly,
they can be useful as therapeutic CO releasinglessi

CONCLUSIONS

Molybdenum carbonyl complexes with the surfactahog
phine ligandsl-3 have been synthesized and characterized by
IR, NMR (*H, °C, *P) and MS methods. All these metal
complexes are water soluble and surface tensiomiestuof
these solutions have shown that they behave asactants,
forming supramolecular aggregates at concentrataimsve

the CMC. The size of these self-assembled strustwas
studied by DLS, which revealed the formation ofieas sub-
populations of aggregates for each compound, ieexgent
with the formation of vesicular aggregates with rapped

0.203 nni for the pentacoordinated molybdenum and 0.185 water. This hypothesis was confirmed by cryo-TEMdgs

nnt® for the tetracoordinated molybdenum. Note that ex
perimental results gave values higher than theueed sol-
vent volumes. Our conclusion is that, because efribidity
and bulkiness of the complexes, the packing inhydropho-

that show the presence of medium and large vesitiat
contain predominantly one or a few membranes. bargavior
can be related to an important electrostatic rémulbetween
the sulfonated groups located in the membrane curfahe
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SAXS study of complexed and7 is concordant with DLS
and cryo-TEM results, showing that the best fitwifie exper-
imental data is reached when a lamellar model éluson-
sistent with the formation of vesicular aggregaffsis tech-
nique also suggests that the packing of the hyadroishpart,
which contains the organometallic fragment, is lesmpact
than it is in the conventional surfactants, anregéng result
that should be confirmed in subsequent studies.

Finally, the CO releasing tests performed with thelyb-
denum carbonyl complexe$ 7 using the myoglobin assay
have shown that these compounds exhibit a slovaselef
CO. These properties, in conjunction with theidigbto form
supramolecular structures at concentrations higan their
CMCs, make these metal complexes potential CORMs fo
therapeutic applications with no precedents inliteeature.

EXPERIMENTAL SECTION

Synthetic and Characterization Methods.

All reactions were performed under nitrogen using stah&zhlenk
tube techniques. Tetrahydrofuran and methanol wet#lelil (respec-
tively, over sodium/benzophenone and magnesium)sémed over
3A molecular sieve. Pentane was dried with 3A mokecsieve.
Infrared spectra were recorded with a Perkin-Elmer 2800spec-
trometer. The NMR spectra were recorded in tBervei de
Ressonancia Magnética Nuclear de la Universitat GAata de
Barcelonaon Bruker DPX-250, DPX-360 and AV400 instruments.
Microanalyses were performed by tBervei d’Analisi Quimica del
Departament de Quimica de la Universitat AutonoreaBaircelona
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Malvern Zetasizer ZS90 (Malvern Instruments Ltd., UK)tipke
analyzer. The instrument can detect particles whiemeter ranges
from 2 nm to Gum. Each data acquisition was a mean of 10 consecu-
tive analyses, performed at 25°C, without dilutidrthe sample (in
order to not alter the phase equilibrium), and eacleraxent was
repeated three times. To obtain the amphiphile isoisit previously
recrystalized and lyophilized surfactants were resndpd and
vortexed with degassed Milli-Q water. Solutions weflievaed to
equilibrate for 1 h previously to the analyses. Aftems, samples
were centrifuged in Eppendorf tubes (2-3 min, 13010) to prevent
the existence of any non-solubilized solid partiokhich would
interfere the analyses. Results are expressed as ydasdynamic
diameter (% of intensity), main peaks of the sub-pojmrat and
polydispersity index (PDI) with their correspondingursiard devia-
tions.

Cryo-Transmission Electron Microscopy

The morphology of the aggregates formed by the sanfiéstwas
studied imaging the suspensions by Cryo-electromasiopy (Cryo-
TEM) at the Servei de Microscopia Electronica de la Universitat
Autonoma de Barcelon2 pL of the aqueous samples were blotted
onto holey carbon grids (Quantifoil) previously glovgaharged in a
BAL-TECMSC 010 glow discharger unit. They were sulsetly
plugged into liquid ethane at -18WC using a Leica EM CPC
cryoworkstation and observed in a Jeol JEM-1400 meeacimicro-
scope operating at 120 kV. During imaging the sasiplere main-
tained at -177°C and pictures were taken using a CCD multiscan
camera (Gatan).

Surface tension measurements

The surface tension measurements were performed tat el
characterize the formation of molecular aggregatebefurfactants.
The water (degassed, Milli-Q water) solutions of ¢benpounds were

(SAQ-UAB) Mass spectra and exact mass measurements were respegrepared by successive dilution of a concentratecplearand then

tively obtained on an Esquire 3000 with electrospmayzation and
an ion trap Bruker Daltonics and on a Bruker microTO#€ elec-
trospray ionization Apollo of Bruker b§AQ-UAB

Ligands 1-3 were prepared using previously reported methaafsi
complexes4-9 were synthesized and characterized following proce-
dures reported in previous communicattbrlowever, as discussed in
the Result and Discussion section, a new more coenvemethod for
preparing large quantities of complexe$ has been recently devel-
oped, which is reported below.

Synthesis of Complexes 4-5

Trimethylamine N-oxide dihydrate (3.45 mmol) and yhalenum
hexacarbonyl (4.14 mmol) were added to 15 mL of a dcilaro-
methane-acetonitrile mixture (1:1), the resultingidoh was protect-
ed from light and maintained under vigorous stirringoaim tempera-
ture for 1.5 h. Next, a solution of the phosphinePRGH,),SO;Na
(3.12 mmol) in dry methanol (30-40 mL) was slowly adided the
mixture was allowed to stir at room temperature fortaatehl 1.5 h.
After this time, a yellow turbid solution was obtaih which was
filtered through Celite to yield a clear solution. Tlislution was
evaporated under reduced pressure to dryness andow y@ll was
obtained, which became a powdery yellow solid afteatshing the
walls with a spatula. This crude product was puribgdiissolution in
dry methanol (15-20 mL) and dropwise addition of fredtilled
diethylether £ 10 mL) until a thin white precipitate of [Mo(Cg))
was formed. The resulting mixture was centrifuged (008m) to
eliminate the white solid and the filtrate was evaped under re-
duced pressure to dryness in order to obtain the desmegpound.
Complexes4-5 (1.490g for4 and 1.527g for5) were isolated as
brown solids. The'H-NMR, *'P{1H}-NMR and IR spectra were
consistent with previously reported data.

Particle size distribution

The size distributions of the aggregates formed leylidlands and
metallosufactants were measured by dynamic lightesaag (DLS)
spectrometry using an UPA 150 (Microtrac Inc. FL. JS#ad a

aged for 30 minutes before the determination of théase tension.
The measurements were performed with a Kriss K-12 atiom
tensiometer (Hamburg, Germany) equipped with a platinu
Wilhelmy plate, and for each sample five consecutheasurements,
with a stability tuned to 0.1 mN-hwere done. The critical micellar
concentrations (CMC) were obtained from the intersactb the
linear parts of the surface tension versus logarithih@fconcentra-
tion plots. The area (A, in % occupied per molecule adsorbed at the
water/air interface was calculated from the equatiod0%6 / N\ T,
where N, is Avogadro’s number and the surface excess concentra-
tion (mol/cm?2).I" was obtained from the Gibbs equatidn= -(dy/d
log C)/2.303nRT, where {#logC) is the slope of the linear part of
the graph obtained immediately below the CMC, amsl the number
of molecular species in solution, that is, n = 2darfactant phosphine
ligands and n=3 for the molybdenum metallosurfastant

Fluorescence spectroscopy

The intrinsic fluorescence of the phenyl groups o« 8urfactant
molecules allowed to monitor by fluorescence spectmsobanges
on their environment caused by variations of theitestd aggrega-
tion. The emission spectra of the different molesulvere obtained
with PTI QuantaMaster spectrofluorimeter using a santyliler

termostated at 25°C and with magnetic stirring. &katation wave-
lengths used were comprised from 250 to 305 nm, dépgrmh the

sample, in order to obtain a good signal to noise.r&amples were
progressively diluted and at each concentration seversdecutive
scans were acquired till no variation of the shapkiatensity of the
spectra were observed. Usually, an equilibration toheabout 30
minutes was needed for the highly concentrated saimiple in all the
other cases it did not last more than 2 to 4 mewute

Small Angle X-ray Scattering (SAXS)

SAXS patterns were recorded using a S3-MICRO (HecusyX-ra
systems, Graz, Austria) coupled to a GENIX-Fox 3D X-sayrce
(Xenocs, Grenoble, France) working at 50 kV and 1 hA1.542
A). The working g range was 0<lq < 6 nm-1, and the temperature
25.0+0.1 °C, where q = (4 sim)/A is the scattering wave vector
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modulus,6 the scattering angle aridthe incident wavelength. For
each experiment the scattering pattern was recorded sum of
subscans to verify there was not sample evolutitve durves were
fitted to intensity models obtained by either sphéritep electronic
density profiles or lamellar step electronic densitgfiles® Our
home-made fitting routines allow for convolution thie theoretical
curves with our experimental detector width smearimgcfion and
use a Leverberg-Marquad scheme for minimizatiom the fitting
we have let free the area per moleculg the hydrophobic lengthcL
and the hydrophilic lengthL Using these, we have calculated the
hydrophobic electron densipy, the number of water molecules in the
polar region N, and the hydrophilic electron density. To do so we
have set the number of electrons of the hydrophadgon as the
total number of electrons of the molecule minus dfidhe polar head,
which we have fixed as corresponding to the sul®mgaobup and one
methylene.

Measurement of CO release

The CO release from the metallosurfactant molecules m@asured
by means of the mioglobine (Mb) asSayyhich is based on the high
affinity of this protein for the CO dissolved in agugous medium. A
solution of reduced mioglobine (deoxy-Mb) 53 puM inopphate
biological saline buffer (PBS; previously degassed udybiting N>) at
pH 7.4 was obtained by adding sodium dithionita ébal concentra-
tion of 1% w/w and, afterwards, bubbling ldgain. For obtaining a
spectrum between 250 and 650 nm a spectrophotometette was
filled with an aliquot of this solution and capped dvoid any en-
trance of air. The obtained curve corresponded toemenrefe sample
with no CO-bounded to Mb and showed a local maxinati®56 nm.
For obtaining the spectrum of the totally CO-saturdtiéd(that is, 53
UM of CO-Mb) an aliquot of the previous solution wasensely
bubbled with CO. In this case the curve showed lwoal maxima
located at 540 and 580 nm. Both spectra, from deokyad CO-
Mb, shared four isosbestic points at 510, 550, 540585 nm. The
release of CO from the samples was monitored by mbtpithe
spectra of an aliquot of the previously described gédik solution
containing the tested metallosurfactant at a conato of 250 pM
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