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In the pursuit of hydrophilic model fac-[Re(CO);]" complexes for (radio) pharmaceutical applications, six novel [2 + 1] mixed-
ligand complexes of the general type fac-[Re(CO);(bid)P] were synthesized and characterized, where bid is a bidentate ligand
bearing either (N, O) or (S, S') donor atom sets and P is the hydrophilic phosphine 1,3,5-triaza-7-phosphoadamantane (PTA) or
its macrocyclic homologue 1,4,7-triaza-9-phosphatricyclo[5.3.2.1]tridecane (CAP). The (N, O) ligands used in this study were
picolinic and quinaldic acid, while the (S, S') ligand was diethyldithiocarbamate. The complexes were synthesized in generally high
yields and purity and the characterization was performed by spectroscopic methods, IR, NMR, and elemental analysis. Detailed
X-ray crystallographic study of molecular packing by using Hirshfeld analysis tools revealed a plethora of intermolecular in-
teractions such as hydrogen bond, 7-- -7, C-H-: - -7, and carbonyl-carbonyl interactions. To our knowledge, the CAP complexes
reported herein are the first example of [2 + 1] mixed-ligand fac-[Re(CO);]" complexes with CAP. The new complexes might have
the potential to serve as platforms for the design of target-specific complexes with favorable pharmacokinetics.

1. Introduction shown that rhenium complexes possess potent anticancer

properties while exhibiting diverse mechanisms of action,

Rhenium has recently attracted renewed attention in
medicine due to its increasing potential applications in the
anticancer arena. In fact, two isotopes of rhenium are
[-emitters ("®Re, Epax=11MeV, t,,=90.6h; '**Re,
Enax=21MeV, t1,=17h) and therefore they are suitable
candidates for therapeutic applications in radiotherapy [1].
In addition, rhenium shares a very similar chemistry with
*™Tc, the most widely used Single Photon Emission
Computed Tomography (SPECT) radioisotope in Nuclear
Medicine, and therefore any advancements in synthetic
methodologies to access rhenium complexes can be usually
applied for the development of more efficient **™Tc ra-
diopharmaceuticals [2]. Furthermore, recent research has

which makes them promising chemotherapeutic agents [3].
In view of the above, the exploration of rhenium’s coor-
dination chemistry remains an important aspect for the
development of novel (radio) agents with optimal biological
performance.

Increased hydrophilicity is often a central feature of
pharmaceutical design because such compounds have fa-
vorable in vivo characteristics for medical applications [4]
(e.g., increased aqueous media solubility and faster clearance
of the drug from the body). The organometallic fac-
[M(CO);]* core (M=""Re, *88Re and **™Tc) is un-
doubtedly the most versatile precursor for the development
of complexes of (radio) pharmaceutical interest. However,
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its increased lipophilicity can negatively influence the
pharmacokinetic profile of the corresponding complexes [5].
This problem can be further exacerbated when common
phosphines are used as ligands despite them being suitable
for stabilizing metals in intermediate to low oxidation states
as in the fac-[M(CO);]" core, thanks to their 7-acceptor and
o-donor properties [6]. The high lipophilicity and molecular
weight of common aryl-and alkyl phosphines usually render
these ligands incompatible for target-specific (radio) phar-
maceutical applications.

Nevertheless, the hydrophilicity of fac-[M(CO);]" com-
pounds can be enhanced by utilizing polar pharmacological
modifiers, i.e., biologically innocent polar moieties that lessen
the overall lipophilicity of the (radio) pharmaceutical com-
punds [5, 7]. In this respect, hydrophilic ligands could exert
the same role with minimal disruption of the complexes’
structural identity. The phosphine 1,3,5-triaza-7-phosphoa-
damantane (PTA) and its recently synthesized higher ho-
mologue 1,4,7-triaza-9-phosphatricyclo[5.3.2.1]tridecane
(CAP) [8] are excellent hydrophilic components of transition-
metal compounds that are widely used in the fields of or-
ganometallic catalysis as well as for pharmaceuticals devel-
opment [9, 10]. Both PTA and CAP are air-stable, resistant to
oxidation, easy to synthesize, and especially PTA is highly
water soluble. Upon P-coordination, the remaining three
nitrogen atoms can participate in acid-base interactions in
aqueous solutions, which can further impact their pharma-
cokinetic behavior (e.g., biodistribution and cell uptake by
cancer cells) [11]. In addition, the nitrogen atoms are reactive
under specific conditions, enabling its functionalization (e.g.,
N-alkylation) and thus, it could be used as a starting point for
targeted drug design by tethering biologically active mole-
cules. A further feature that makes CAP particularly inter-
esting is its stereoelectronic properties. CAP combines strong
electron-donating ability with an extremely reduced steric
hindrance (cone angle=109") [12] making this phosphine
ligand unique compared to more classical tertiary phosphines.

The coordination chemistry of PTA with transition metals
has been extensively reported [9, 13, 14]. In relation to their
use as medicinal compounds, ruthenium and platinum have
attracted the main focus of relevant research since PTA
complexes with these metals exhibit potent anticancer action
[15-17]. However, the chemistry of PTA with rhenium is
being increasingly investigated thanks to rhenium’s prom-
ising medical and catalytical applications. PTA complexes
have been reported with rhenium in almost all oxidation
states ranging from (+VII) to (+I) [18-26]. Concerning fac-
[Re'(CO),]* complexes, PTA is coordinated to the metal
centre either in combination with other monodentate ligands
(e.g., Cl and Br) [27] or as part of the [2+ 1] mixed-ligand
approach where three labile aqua ligands on the fac-
[M(CO)3(H,0)5]" synthon are substituted by a bidentate
ligand (bid) and PTA [28-32]. Still, the donor atom com-
binations with PTA in rhenium complexes incorporating the
fac-[Re(CO)3]" core remain limited, despite it being the most
prominent synthon in radiopharmaceutical and related me-
dicinal chemistry research. As for CAP, its’ coordination
chemistry with rhenium remains largely unexplored and only
in combination with monodentate ligands [11].
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In addition to the exploration of the [2 + 1] strategy for
the design of new Re(I) complexes by using the appropriate
ligands, there is an increased interest on the study of in-
termolecular interactions of Re(I) complexes in the solid
state [33-35] based on diverse types of interactions of
rhenium complexes with DNA [36, 37]. Similar systematic
crystal structure studies [38-40] have revealed the impor-
tance of lone pair 7 and more specifically the role of car-
bonyl-carbonyl interactions on the supramolecular assembly
of Re complexes. In an effort to develop a new platform of
hydrophilic model fac-[Re(CO);]* complexes for radio-
pharmaceutical and/or medicinal chemistry applications, we
report herein a series of novel [2 + 1] rhenium complexes of
the general type fac-[Re(CO);(bid)P], where P is PTA or
CAP used as the polar, hydrophilic modifier and bid is either
quinaldic and picolinic acid (representing N, O donor atom
set) or diethyldithiocarbamate (representing S, S’ donor
atom set). To our knowledge, this is also the first time where
[2+ 1] mixed-ligand fac-[Re(CO);(bid)(X)] complexes are
reported with CAP. The syntheses of the corresponding
complexes are presented along with their spectroscopic
characterization by NMR, IR, and X-ray crystallography.
Hirshfeld surface analysis tools were used to elucidate the
intermolecular interactions of the synthesized complexes
since the type of these interactions can impact the packing of
the complexes and their pharmacokinetic behavior.

2. Materials and Methods

2.1. General Information. All reagents and starting materials
were purchased from commercial suppliers and used without
further purification. CAP [41], and [NEt,],[ReBr;COs] [42]
were synthesized by following published procedures. All
organic solvents were used as supplied (ACS or HPLC grade)
unless otherwise noted. IR spectra were recorded on a Nicolet
6700 FT-IR (Thermo Scientific, USA) in the region
4000-500 cm ™", "H and ">C-NMR spectra were obtained in
DMSO-dg at 25°C on a Bruker Avance DRX 500 or 250 MHz
spectrometer. All *P-NMR spectra were obtained on the
500 MHz spectrometer. The measured chemical shifts are
reported in § (ppm), and the residual signal of the solvent was
used as the internal calibration standard (DMSO-d®:
"H =2.50 ppm, °*C=39.51 ppm). For the *'P-NMR, H;PO,
was used as internal reference. All '>’C-NMR spectra were
measured with complete proton decoupling. Data of NMR
spectra were recorded as follows: s=singlet, d=doublet,
t=triplet, m = multiplet, brs =broad singlet, br =broad sig-
nal). The coupling constant ] is reported in hertz (Hz). The
designations quinH and picH denote the protons on the
aromatic rings of quinaldic and picolinic acid, respectively. In
analogy, the designations quin and pic demonstrate the
carbons on the respective aromatic rings of the (N, O) li-
gands. Elemental analysis for C, H, and N was conducted on a
PerkinElmer 2400 automatic elemental analyzer (Perki-
nElmer, USA). HPLC analysis was performed on a Waters
600 chromatography system (Waters, USA) coupled to a
Waters 2487 Dual A absorbance detector (Waters, USA).
Separations were achieved on a Macherey-Nagel Nucleosil
C-18 RP column (250 x4 mm, 10 ym) eluted with a binary
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gradient system including water/0.1% TFA (solvent A) and
methanol/0.1% TFA as follows: 0-1minute, 5% B;
1-11 minutes, 5-70% B; 11-26 minutes 70% B; 26-
27 minutes 95% B; 27-42 minutes 95% B; 42-45 minutes
95-5% B. Flow rate, 1 ml/minute; UV detection, 254 and
220 nm.

2.2. Synthesis of the Rhenium Complexes

2.2.1. fac-[Re(CO)s(quin) (H,0)], 1. Complex 1 was syn-
thesized according to a published procedure [43]. Briefly,
[NEt],[ReBr;COs5] (231 mg, 0.30 mmol) and quinaldic acid
(quin) (51.9 mg, 0.30 mmol) were dissolved in H,O (15mL).
The reaction mixture was stirred for 1 h at 60°C during which
time a yellow precipitate formed. After cooling at room
temperature, the yellow precipitate was filtered, washed with
cold H,O, and dried under vacuum. NMR data are in
agreement with those reported in the literature. Yield: 70%
(97 mg). RP-HPLC: tg = 17.0 minutes; IR (cm™): 2027, 1903,
1877, 1644. Anal. Calc. for C;3HgNOgRe: C: 33.91%, H:
1.75%, N: 3.04%. Found: C: 33.85%, H: 1.63%, N: 3.15%.

2.2.2. fac-[Re(CO);(quin) (PTA)], 1a. Complex 1 (23.0 mg,
0.05 mmol) and PTA (8.0 mg, 0.05 mmol) were dissolved in
MeOH (10 mL) and the yellow reaction mixture was refluxed
for 2 h. The solvent was removed under reduced pressure to
give 1a after recrystallization from DCM/hexane. Yield: 94%
(29 mg). RP-HPLC: g = 16.9 minutes. IR (cm™"): 2018, 1923,
1874, 1650. Anal. Calc. for C;oH,sN,OsPRe: C: 38.06%, H:
3.03%, N: 9.34%. Found: C: 38.23%, H: 3.15%, N: 9.28%. 'H-
NMR (250 MHz, DMSO-dg, ppm): 8.93 (d, J=7.4Hz, 1H,
quinH), 8.52 (d, J=7.7Hz, 1H, quinH), 8.41-8.23 (m, 2H,
quinH), 8.23-8.08 (m, 1H, quinH), 8.04-7.83 (m, 1H,
quinH), 4.29 (brs, 6H, NCH,N), 3.76 (brs, 6H, PCH,N). °C-
NMR (63 MHz, DMSO-dg, ppm): 194.59 (d, >Jc.p=8.1 Hz,
cis-carbonyl), 194.44 (d, 2Jcp=8.1Hz, cis-carbonyl), 189.62
(d, ¥Jep=70.1Hz, trans-carbonyl), 172.10 (s, quinCOO),
152.1, 146.57, 142.07, 133.05, 130.54, 129.80, 129.66, 127.77,
122.98 (9C quinCOO), 71.38 (d, *Je.p="7.2 Hz, NCH,N),
48.52 (d, 'Jp.c=14.7Hz, PCH,N). *P-NMR (DMSO-d,,
ppm): —71.65.

2.2.3. fac-[Re(CO);3(quin) (CAP)], 1b. Complex 1 (46.0 mg,
0.1 mmol) and CAP (21.9 mg, 0.11 mmol) were dissolved in
MeOH (10mL). The orange reaction mixture was refluxed
for 2h and evaporated to dryness under vacuum. Recrys-
tallization from DCM/hexane afforded the product as an
orange crystalline solid. Yield: 52% (35.0 mg). RP-HPLC:
tg = 17.5 minutes; IR (cm™): 2019, 1926, 1877, 1646cm™".
Anal. Calc. for C,,H,4,N,OsPRe: C: 41.18%, H: 3.77%, N:
8.73%. Found: C: 41.06%, H: 3.69%, N: 8.82%. 'H-NMR
(500 MHz, DMSO-dg, ppm): 8.91 (d, J=8.4Hz, 1H, quinH),
8.60 (d, J=8.80Hz, 1H, quinH), 8.32 (d, J=8.4Hz, 1H,
quinH), 8.28-8.24 (m, 1H, quinH), 8.21-8.16 (m, 1H,
quinH), 7.98-7.92 (m, 1H, quinH), 3.15-2.99 (m, 6H,
PCH,N), 2.96-2.80 (m, 6H, N(CH,),N), 2.71-2.59 (m, 6H,
N(CH,),N). C-NMR (125.76 MHz, DMSO-ds, ppm):

195.76 (d, *Jc.p=>5.7 Hz, 2 x cis-carbonyls), 190.94 (d, *Jc.
p=58.3Hz, trans-carbonyl), 172.06 (quinCOO), 152.21,
146.57, 141.84, 133.02, 130.30, 129.70, 129.64, 127.91, 122.79
(9C, quinCOO0), 50.88 (N(CH,CH,)N), 50.77 (N(CH,CH,)
N), 48.32 (d, 'Jp.c = 8.5 Hz, PCH,N), *'P-NMR (DMSO-d,
ppm): 38.66.

2.2.4. fac-[Re(CO)s(pic) (H20)], 2. Complex 2 was syn-
thesized according to a published procedure [44]. Briefly,
[NEty],[ReBr;CO;] (231 mg, 0.30 mmol) and picolinic acid
(pic) (74 mg, 0.60 mmol) were dissolved in H,O (15 mL) and
the reaction mixture was stirred for 3 h at 70°C. After cooling
to room temperature, the volume of the solvent was reduced
to ~3 mL and was placed in the fridge overnight. The yellow
precipitate that formed was filtered, washed with cold H,O,
and dried under vacuum. NMR data are in agreement with
that reported in the literature. Yield: 68% (84 mg). RP-
HPLC: tg = 14.9 min; IR (cm™'): 2024, 1895, 1874, 164; Anal.
Calc. for CoH¢NOgRe: C: 26.34%, H: 1.47%, N: 3.41%.
Found: C: 26.26%, H: 1.36%, N: 3.38%.

2.2.5. fac-[Re(CO);(pic) (PTA)], 2a. Complex 2 (30mg,
0.07 mmol) and PTA (10 mg, 0.07 mmol) were dissolved in
MeOH (7mL) and the yellowish reaction mixture was
refluxed for 2h. The solvent was then removed under re-
duced pressure and the residue was recrystallized from
DCM/hexane to afford 2a. Yield: 76% (32.0 mg). RP-HPLC:
fr = 15.2 minutes. IR (cm™): 2022, 1946, 1878, 1650. Anal.
Calc. for C5H4N4OsPRe: C: 32.79%, H: 2.94%, N: 10.20%.
Found: C: 32.65%, H: 3.02%, N:10.16%. "H-NMR (500 MHz,
DMSO-dg, ppm): 8.81 (brs, 1H, picH), 8.34-8.25 (m, 1H,
picH), 8.11 (d, J=7.2Hz, 1H, picH), 7.89-7.79 (m, 1H,
picH), 4.42-4.28 (m, 6H, NCH,N), 3.84 (brs, 6H, PCH,N).
BC-NMR (125.76 MHz, ppm): 194.78 (d, *Jc_p = 7.6 Hz, cis-
carbonyl), 193.94 (d, *J¢.p = 7.6 Hz, cis-carbonyl), 190.03 (d,
*Jo.p="70.8 Hz, trans-carbonyl), 170.87 (picCOOQ), 153.29,
140.80, 129.29, 126.94, 71.49 (d, 3]p_C=6.7 Hz, NCH,N),
4819 (d, YJp.c=14.4Hz, PCH,N). *P-NMR (DMSO-ds,
ppm): —73.26.

2.2.6. fac-[Re(CO)s(pic) (CAP)], 2b. Complex 2 (41.0mg,
0.10 mmol) and CAP (21.9 mg, 0.11 mmol) were dissolved in
MeOH (10mL). The yellow reaction mixture was refluxed
for 2 h and the solvent was removed under reduced pressure
to give 2b after recrystallization from DCM/hexane. Yield:
97% (59.0mg). RP-HPLC: tz=15.9 minutes. IR (cm™):
2010, 1891, 1869, 1660. Anal. Calc. for C,5H,,N,OsPRe: C:
36.55%, H: 3.75%, N: 9.47%. Found: C: 36.47%, H: 3.62%, N:
9.53%. "H-NMR (500 MHz, DMSO-ds, ppm): 8 =8.90 (brs,
1H, picH), 8.31-8.21 (m, 1H, picH), 8.13-8.05 (m, 1H, picH),
7.86-7.77 (m, 1H, picH), 3.22-3.11 (m, 6H, PCH,N),
3.00-2.89 (m, 6H, N(CH,),N), 2.79-2.66 (br, 6H,
N(CH,),N). C-NMR (125.76 MHz, DMSO-ds, ppm):
19613 (d, *Jep=51Hz, cis-carbonyl), 19523 (d, *Jc.
p=>5.1Hz, cis-carbonyl), 191.38 (d, *Jc.p=59.1Hz, trans-
carbonyl), 170.95 (picCOO), 153.57, 149.63, 140.62, 129.11,
126.76 (5C, picCOO), 51.03 (N(CH,CH,)N), 50.74
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TaBLE 1: Crystallographic data for complexes 1b, 2b, 3a, and 3b.
1b 2b 3a 3b
Formula CyH,4N,OsPRe C,sH,,N,OsPRe C,4H,N,O5PReS, Cy,H,sN,O;PReS,
Fw 641.62 591.56 575.64 617.72
Space group P2,/c P2, Pbca P2,/c
a (A) 10.8032 (5) 10.4241 (6) 11.9639 (3) 11.0443 (2)
b (A) 14.8257 (7) 7.4583 (4) 12.5031 (3) 16.2008 (3)
¢ (A) 14.4608 (7) 13.0408 (8) 26.2270 (7) 12.6720 (2)
a () 90.0 90.0 90.0 90.0
B () 98.365 (2) 98.365 (2) 90.0 103.095 (1)
y ) 90.0 90.0 90.0 90.0
V (A% 2291.47 (19) 1003.08 (10) 3923.19 (17) 2208.40 (7)
Z 4 2 8 4
T (C) 20 ~113 20 ~113
Radiation Mo Ka Mo Ka Mo Ka Mo Ka
Peated (g cm™) 1.860 1.959 1.949 1.858
u (mm) 5.415 6.175 6.510 5.789
20 max 54.0° 54.0° 54.0° 54.0°
Reflections collected/unique/used 53018/5011/5011 18362/4349/4349 32531/4253/4253 41273/4812/4812
Rint 0.0371 0.0252 0.0518 0.0299
Parameters refined 346 278 292 365
Reflections with I> 20 (I) 4501 4249 3688 4421
RyMwWRAI> 20 (1)] 0.0214/0.0461 0.0173/0.0401 0.0231/0.0554 0.0173/0.0358
R1%/wR2* (for all data) 0.0252/0.0471 0.0178/0.0403 0.0284/0.0578 0.0201/0.0365
(A0)max 0.002 0.003 0.001 0.002
Eﬁ/f&)?;ax/ (AP)min 0.828/-0.800 0.721/-0.443 0.727/-0.787 0.749/-0.636

“w=1/[0%(F,?) + (aP))* + bP] and P = [max(F,%0) + 2F.%]/3, a=0.0192, b =2.3883 (1b);a = 0.0134, b = 0.5262 (2b); a = 0.0281, b = 0.7043 (3a); a = 0.0143,
b=17692 (3b); R, = Y (IF,| - |F)/ Y (IF,]) and wR, = {¥ [w(F2 - F2)*/ ¥ [w(F2)’]}0".

(N(CH,CH,)N), 47.94 (d, ‘Jcp=8.8Hz, P(CH,)N). *'P-
NMR (DMSO-dg, ppm): 37.21.

2.2.7. faC'[Re(CO)3(EtZSS) (PTA)], 3a. [NEt4]2[ReBr3CO3]
(77.0mg, 0.10 mmol), PTA (15.7 mg, 0.10 mmol), and so-
dium diethyldithiocarbamate trihydrate (Et,SS) (22.5mg,
0.10 mmol) were dissolved in MeOH (4 mL). The reaction
mixture was refluxed for 2h and after cooling to room
temperature, the solid that formed was filtered oft, washed
with cold MeOH, and dried under vacuum. Yield: 42%
(25.0mg). RP-HPLC: tg = 18.8 minutes. IR (cm™1): 2008, 1914,
1878. Anal. CalC. for C14H22N403PR682: C: 2921%, H: 385%,
N: 9.73%. Found: C: 29.18%, H: 3.72%, N: 9.85%. 'H-NMR
(250 MHz, ppm): 4.46 (s, 6H, NCH,N), 4.18 (s, 6H, PCH,N),
3.63 (m, 4H, NCH,CHS,), 1.23 (t, *J = 7.1 Hz, 6H, NCH,CHS,).
PC-NMR (63 MHz, DMSO-ds, ppm): 8=209.37 (d, Jc.
p=2Hz,S=C(S)N), 191.83 (d, *Jcp=8.2 Hz,2 x cis-carbonyls),
190.26 (d, *Jcp=69.9Hz, trans-carbonyl), 71.91 (d, *Jp.
¢ =6.5Hz, NCH,N), 49.10 (d, Jp.c = 16.3 Hz, PCH,N), 44.09
(NCH,CHj3), 12.11 (NCH,CHj3). *'P-NMR (DMSO-dg, ppm):
—84.56.

2.2.8. faC-[Re(CO)3(EtZSS) (CAP)], 3b. [NEt4]2[ReBr3CO3]
(77.0 mg, 0.10 mmol), CAP (21.9 mg, 0.11 mmol) and Et,SS
(22.5 mg, 0.10 mmol) were dissolved in MeOH (4 mL). The
reaction mixture was refluxed for 2 h at which time a yellow
precipitate formed. The solid was filtered, washed with cold
MeOH, and dried under vacuum. Yield: 45% (29 mg). RP-
HPLC: fg = 19.9 minutes. IR (cm™'): 1998, 1898, 1858. Anal.

CalC. fOr C17H28N403PR682: C: 3305%, H: 457%, N: 9.07%.
Found: C: 33.16%, H: 4.49%, N: 9.16%. '"H-NMR (250 MHz,
DMSO-dg, ppm): §=3.74-3.47 (m, 10H, NCH,CH; over-
lapping with PCH,N), 3.14-2.96 (m, 6H, N(CH,),N),
2.96-2.75 (m, 6H, N(CH,),N), 1.20 (t, ’J=7.1Hz, 6H,
NCH,CH;), “C-NMR (63MHz, DMSO-ds, ppm):
§=209.06 (s, SSCN), 193.16 (d, }Jop=6.7Hz, 2 x cis-car-
bonyls), 191.23 (d, *Jc.p=57.4Hz, trans-carbonyl), 51.06 (s,
N(CH,),N), 48.88 (d, 'Jp.c=10.6 Hz, PCH,N), 43.94 (s,
NCH,CH,), 12.25 (s, NCH,CH;). *P-NMR (DMSO-d,,
ppm): 29.17.

2.3. X-ray Crystal Structure Determination. A crystal of 1b
(0.10x0.20x0.40mm) and a crystal of 3a (0.08x0.18 x
0.4l mm) were mounted in air. A crystal of 2b
(0.08x0.22x0.53mm) and a crystal of 3b (0.05x0.21 x
0.26 mm) were taken from the mother liquor and imme-
diately cooled to —113°C. Diffraction measurements were
made on a Rigaku R-AXIS SPIDER Image Plate diffrac-
tometer using graphite monochromated Mo K« radiation.
Data collection (w-scans) and processing (cell refinement,
data reduction, and empirical absorption correction) were
performed using the CrystalClear program package [45].
Important crystallographic data are listed in Table 1. The
structures were solved by direct methods using SHELXS
v.2013/1 and refined by full-matrix least-squares techniques
on F* with SHELXL ver.2014/6 [46, 47]. All hydrogen atoms
were located either by difference maps and were refined
isotropically or were introduced at the calculated positions
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ScHEME 1: Synthesis of complexes 1a-3a and 1b-3b. Reactions and conditions: (a) quinH, H,0, 60°C, 1 h; (b) X, MeOH, reflux, 2 h; (c) picH,
H,O0, 70°C, 3h; (d) X, MeOH, reflux, 2 h; (e) Et,SS, X MeOH, reflux, 2h.

as riding on bonded atoms. All non-hydrogen atoms were
refined anisotropically. Plots of the structure were drawn
using the Diamond 3 program package [48]. The Crysta-
[Explorer package V.17.5 [49] was used for the Hirshfeld
Surface (HS) analysis studies of 1b, 2b, 3a, and 3b. For the
HS studies, the dnorm and shape decorated surfaces were
used together with the fingerprint plots. dyorm i a nor-
malized contact distance, defined in terms of d,, d; and the
Van der Waals (VdW) radii of two atoms at a distance d.
outside from a point on the surface and at a distance d; inside
the surface correspondingly [50].

3. Results and Discussion

3.1. Synthesis of the Rhenium Complexes. The synthesis of the
new complexes is depicted in Scheme 1 [NEt,],[Re(CO);
Br;] was used as the rhenium starting synthon for all syn-
theses. Complexes 1a-1b and 2a-2b were synthesized via the
mono-aqua complexes 1 and 2, respectively, formed by the
reaction of [NEt,],[Re(CO);Br;] with the corresponding (N,
O) ligand in water. The aqua Re complexes were then reacted
with equimolar amounts of PTA or CAP in refluxing
methanol to afford the final [2+ 1] complexes. However,

complexes 3a-3b were synthesized more efficiently by a one-
pot reaction in methanol, using equimolar amounts of the
rhenium precursor, diethyldithiocarbamate, and the corre-
sponding phosphine. Pure compounds were obtained in
moderate to excellent yields (42% to 97%) and were char-
acterized by elemental analysis, IR, and NMR-spectroscopy.
Crystals suitable for X-ray crystallography were obtained by
slow evaporation from DCM/hexane.

3.2. IR Characterization. The IR spectra of all rhenium
complexes show the typical pattern for the tricarbonyl fac-
[Re(CO);]" moiety with bands in the range 0f 2013-1870 cm™!
[51, 52]. The presence of the strong band at ~1604-1642 cm ™"
is attributed to the stretching of the carboxylate carbonyl
shifted to a lower frequency compared to that of free quinaldic

acid at 1695cm™! [53] and picolinic acid at 1720 cm L

3.3. NMR Characterization. The 'H, °C, and *'P-NMR data
obtained for the synthesized complexes are consistent with
the proposed structures. Upon coordination of the bidentate
and PTA/CAP ligands, characteristic shifts are prominent
compared to its non-coordinated states. In the (N, O)
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TasLe 2: >'P and *C (C = O) NMR chemical shifts for PTA, CAP and all Re complexes”.
PTA CAP la 1b 2a 2b 3a 3b
3p -104.01  47.08 ~71.65 38.66 ~73.26 37.21 ~84.56 29.17
— - 194.59 (cis) 195.76 (cis) 194.78 (cis) 196.13 (cis) 191.83 (cis) 193.16 (cis)
(J=8.1Hz) (J=5.7Hz) (J=7.6Hz) (J=5.1Hz) (J=8.2Hz) (J=6.7Hz)
13C (C=0) 194.44 (cis) 190.94 (trans) 193.94 (cis) 195.23 (cis) 190.26 (trans)  191.23 (trans)
- (J=8.1Hz) (J=58.3Hz) (J=7.6Hz) (J=5.1Hz) (J=69.9 Hz) (J=57.4Hz)
189.62 (trans) 190.03 (trans)  191.38 (trans)
(J=70.1 Hz) (J=708Hz)  (J=59.1 Hz)

All spectra are recorded in DMSO-dg, J refers to *J_p, and chemical shifts are in ppm.

FIGURE 1: Partially labelled plots of 1b (a) and 2b (b).

complexes, downfield shifts of all aromatic protons of the
picolinic and quinaldic acid moiety are noted, attributed to
the loss of electron density after coordination of the
N-aromatic nitrogen. Coordination of the carboxylate
moiety is confirmed by the downfield shift of its carbonyl
peak (e.g., 17210 ppm for complex la compared to the
corresponding peak of free quinaldic acid at 167.25 ppm).

The 'H-NMR peaks are generally broad indicating a
degree of conformational mobility in the compounds and as
such, no "H-""P couplings can be seen for the coordinated
phosphine ligands. Nevertheless, C-*'P couplings are
present both in the carbonyl peaks and the PTA/CAP
carbons of the new complexes. The carbonyl at the trans-
position to the phosphine ligands couples strongly with the P
atom displaying a large coupling constant (e.g., *Jc.
p=70.1 Hz at 194.44 ppm for 1a) while a much smaller one is
observed for the carbonyls at cis-position (e.g., ’Jop=81Hz
at 194.59 ppm for 1a) (Table 2), a fact that has been pre-
viously reported by us in similar systems [54] and others
[55]. Interestingly, this *J_p coupling is stronger for the PTA
complexes compared to the corresponding CAP complexes
(e.g., “Jep (trans) = 58.3 Hz and Jep (cis) = 5.7 Hz for 1b). In
all PTA complexes, the carbons of the phosphine ligand
display the expected 13c3lp couplings (YJc.p for PCH,N and
’Jc.p for NCH,N) and appear as doublets. For the CAP
complexes, *C->'P couplings are observed only for the
PCH,N carbon, while the NCH,CH,N carbons appear as
two differentiated singlets in close proximity (for the N, O

complexes) or as one singlet (for the S, S complex). This
difference between the (N, O), and (S, S) complexes with
CAP could be attributed to the larger degree of asymmetry
due to the bulkier (N, O) ligand.

Finally, the >'P-NMR data of all PTA complexes (1a-3a)
display significant downfield shifts compared to the free
phosphine ligand due to loss of electron density from the P
atom, providing proof of coordination of the phosphorus
ligand to the fac-[Re(CO);]" metal centre (Table 2). The
large difference between the *'P-NMR chemical shifts of
uncoordinated PTA (-104.01 ppm) and CAP (+47.08 ppm)
ligands suggest that these sterically similar phosphanes have
substantially different electronic structures [10, 56]. This
abnormal behavior is also reflected to the CAP derivatives
1b-3b. As shown in Table 2, their *'P resonances are dis-
placed upfield which is unusual among phosphane ligands
but is also observed for other CAP complexes [12]. All
complexes reported herein show a single *'P peak demon-
strating the absence of isomers, as expected.

3.4. Description of the Structures. 'The molecular structures of
1b and 2b are shown in Figure 1; selected bond distances and
angles are listed in Table 3. Both complexes consist of the fac-
[Re'(CO);] moiety bound to one bidentate (N, O) chelate
ligand and to the phosphorus atom of one CAP ligand. The
(N, O) chelate ligand in 1b is the anion of quinaldic acid and
in 2b is the anion of picolinic acid. The coordination
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TasLE 3: Selected bond distances (A) and angles (°) for 1b and 2b.

1b 2b

Distances
Re (1)-C (2) 1.889 (3) 1.939 (5)
Re (1)-C (3) 1.907 (3) 1.938 (5)
Re (1)-C (1) 1.965 (3) 1.881 (6)
Re (1)-O (4) 2.140 (2) 2.184 (3)
Re (1)-N (1) 2.244 (2) 2.223 (4)
Re (1)-P (1) 2.4543 (8) 2.3910 (12)
Angles
C (2)-Re (1)-C (3) 83.99 (14) 88.5 (2)
C (2)-Re (1)-C (1) 91.24 (13) 89.6 (2)
C (3)-Re (1)-C (1) 90.66 (14) 90.7 (2)
C (2)-Re (1)-O (4) 179.34 (12) 96.70 (17)
C (3)-Re (1)-O (4) 95.93 (12) 174.01 (18)
C (1)-Re (1)-O (4) 89.42 (11) 92.27 (19)
C (2)-Re (1)-N (1) 105.16 (11) 169.93 (17)
C (3)-Re (1)-N (1) 170.84 (12) 101.50 (19)
C (1)-Re (1)-N (1) 89.65 (11) 91.5 (2)
O (4)-Re (1)-N (1) 74.92 (8) 73.25 (13)
C (2)-Re (1)-P (1) 92.62 (10) 89.88 (16)
C (3)-Re (1)-P (1) 87.63 (11) 88.13 (16)
C (1)-Re (1)-P (1) 175.59 (9) 178.77 (16)
O (4)-Re (1)-P (1) 86.73 (7) 88.90 (10)
N (1)-Re (1)-P (1) 91.40 (6) 89.24 (10)

N2

FIGURE 2: Partially labelled plots of 3a (a) and 3b (b).

geometry around the Re' ion is distorted octahedral in both
1b and 2b. There are two short Re-CO bond distances
(~1.90 A) in 1b which are in the trans-position with respect
to the (N, O) donor atoms of quinaldato ligand and one
longer Re-CO distance at ~1.94 A which is in the trans-
position to the Re-P bond. The Re-(N, O) bond distances are
~2.24 and ~2.14 A, respectively. The Re-P bond distance is
the longest in the coordination sphere (~2.45 A). The cis-
angles in the coordination sphere are in the range ~75-105°
and the trans-angles are 170.84(12), 175.59(9), and
179.34(12)°. The five-membered ring in the coordination
sphere, defined by Re-N-C-C-O, is almost planar with the
largest deviation ~0.11 A for C(4). In 2b, there are two long

Re-CO bond distances (~1.94 A), trans to the (N, O) donor
atoms of picolinato ligand, and one shorter Re-CO distance
at ~1.88 A which is trans to the Re-P bond. The Re-(N, O)
bond distances are ~2.22 and ~2.18 A, respectively, and the
Re-P bond distance is the longest in the coordination sphere
(~2.39 A). The cis-angles in the coordination sphere are in
the range ~73-101° and the trans-angles are 169.93(17),
174.01(18), and 178.77(16)°". The five-membered ring in the
coordination sphere, defined by Re-N-C-C-O, is almost
planar with the largest deviation ~0.05 A for C(4).

The molecular structures of 3a and 3b are shown in
Figure 2; selected bond distances and angles are listed in
Table 4. Both complexes consist of the fac- [Re!(CO);] moiety
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TaBLE 4: Selected bond distances (A) and angles (°) for 3a and 3b.

3a 3b

Distances
Re (1)-C (1) 1.911 (3) 1.923 (3)
Re (1)-C (2) 1.920 (3) 1.905 (3)
Re (1)-C (3) 1.952 (3) 1.955 (3)
Re (1)-P (1) 2.4375 (7) 2.4584 (6)
Re (1)-S (2) 2.5069 (8) 2.5245 (6)
Re (1)-S (1) 2.5232 (8) 2.5236 (6)
Angles
C (1)-Re (1)-C (2) 87.90 (14) 89.43 (11)
C (1)-Re (1)-C (3) 90.63 (14) 91.10 (11)
C (2)-Re (1)-C (3) 92.42 (13) 89.04 (11)
C (1)-Re (1)-P (1) 92.11 (10) 88.73 (8)
C (2)-Re (1)-P (1) 91.48 (9) 91.91 (8)
C (3)-Re (1)-P (1) 175.32 (10) 179.02 (8)
C (1)-Re (1)-S (2) 101.80 (10) 101.26 (7)
C (2)-Re (1)-S (2) 170.30 (10) 168.15 (8)
C (3)-Re (1)-S (2) 87.48 (10) 95.77 (8)
P (1)-Re (1)-S (2) 88.25 (2) 83.32 (2)
C (1)-Re (1)-S (1) 171.10 (10) 171.03 (7)
C (2)-Re (1)-S (1) 100.42 (10) 99.50 (8)
C (3)-Re (1)-S (1) 92.16 (10) 89.90 (8)
P (1)-Re (1)-S (1) 84.58 (3) 90.12 (2)
S (2)-Re (1)-S (1) 69.89 (3) 69.764 (19)

TasLe 5: Hydrogen-bond geometry (A, °) for 1b, 2b, 3a, and 3b.

D—H---A D—H(A) H---A(A) D---A(A) D—H.--A (")  Symmetry operation
Complex-1b

Cig—H A -0, 0.97 2.49 3.421 (5) 161 (i): x, —y+0.5, z+0.5
Cyu—H 4B --0," 0.96 (5) 259 (5) 3.470 (5) 151 (4)  (il): %, —y+1/2, z+1/2
Cy—Hor - 05 0.85 (3) 248 (3) 3.308 (5) 162 (3)  (iii): —x, 0.5+, 1.5~z
Cio—Hjo - -Cgliv (Cgy: centroid of Cg C;5 phenyl ring) 0.97 (1) 3.009 (1) 3.887 (5) 151.3 (3)  (iv):1-x,-05+y,15-z
Complex-2b

Ci;—Hp,B- -0, 0.99 255 3.434 (9) 149 {):—x+1, y-1/2

Cpy—H A --O51 0.99 2.56 3.521 (9) 164 (ii): —x+ 1, y—1/2,-z+1
C;5—H,5B---04'" 0.99 2.46 3.411 (9) 162 (iii): —x+ 1, y—1/2,~z+1
Ce—Hg --O5" 0.97 (5) 256 (5) 3.210 (7) 125 (4)  (iv): 2-x —05+y, 1 -z
Cg—Hg--04" 0.77 (6)  2.62(6) 3.079 (7) 120 (5)  (V):x, 14y, z

Co—Hgr -0, 1.05 (8) 250 (7) 3.104 (7) 116 (5)  (vi): 2-%-05+y, 22
Cg—Hg---C "M 0.77 (6) 292 (6) 3.682 (9) 170 (5)  (vii): x,-1+y, z
Ci3—H,3--Cg,"™ 0.99 (1) 3.4366 (2) 4.154 (9)  130.0 (4) (viii): 1-x, 0.5+y, 1z
ﬁ;fg;HIG“'CgZ (Cg: Centroid of Ny, Cs...Co pyridine ) oo (1) 3.2873(2) 4211 (1) 1560 (6) (ix): -1+x, y, z
Complex-3a

Co—HoA- - N,! 0.97 (4) 268 (4) 3.627 (4) 166 2) (i) —x+1/2, y—1/2, 2
Cy—HyB- - N, 094 (4) 253 (4) 3.413 (4) 158 (3) (i) x—1/2, y,—z+1/2
Ci;3—H3A---0, 1 1.00 (3) 256 (3) 3.534 (5) 165 (3)  (iii) —x+1/2, y+1/2
Complex-3b

Cs—H:A- -8, 1.02 (3) 280 (3) 3.701 (3) 147 2)  (1): x, —y+1/2, z=1/2
Cg—HgA- -0, 0.97 (4) 248 (4) 3.434 (4) 168 (3) (i) —x+1, —y+1, —z+1
Ce—HgB- - N, 0.95 (4) 267 (4) 3.580 (4) 160 (3) (i) x+ 1, —y+1/2,z+1/2

which is bound to the (S, S) chelate bidentate ligand
(diethyldithiocarbamate) and the phosphorus atom of one
PTA or CAP ligand (3a or 3b). The coordination geometry
around the Re' ion is distorted octahedral in both complexes.
There are two short Re-CO bonds in both 3a and 3b with bond

distances ~1.91-1.92 A which are in the trans-position with
the two sulfur atoms of the diethyldithiocarbamate ligand.
The longer Re-CO bond with length ~2.44-2.46 A is in the
trans-position to the phosphorous atom of PTA or CAP. The
two Re-S bonds are the longest in the coordination sphere
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FI1GURre 3: Intermolecular interactions observed in the structure of compound 1b. Dashed thick dark green (antiparallel C;-O3: - -C5-O3) and
dark red lines indicate carbonyl-carbonyl interactions (C-Os: - -C;-O;). Dark violet dashed lines indicate C;o-Hjo- - -7 interactions. Light
green dashed lines indicate 7---7w between quinaldic ligands and orange dashed lines indicate C;g-HjgA:--O,, Cy4-Hi4B---O, and Co-

Ho- - -O5 hydrogen bonds.

(a) (b)

wH
" B1,B2,B3

0% U TU T.Z T4 16 18 20 2Z Z% 76 Z§8

(c) (d)

FIGURE 4: (a), (b) Different views of the dnorm decorated HS, (c) two views of the shape decorated HS, and (d) fingerprint plot for the 1b
complex. A1, A2, A3 and B1, B2, B3 are the donor and acceptor contact points of Cyg-H;g(A)- - -Oy, C14-Hi4(B)- - -O,, Co-Hy- - -O5 hydrogen
bond interactions. The green ellipse in (a) indicates the area of antiparallel CO- - -CO, C;=0; carbonyl interactions. E1, E2 and D1, D2 are the
donor and acceptor contact points involved in the M-C- - -CO, Os---C1” type of interactions. The white and orange ellipses in (c) indicate
m---7 and C-H---7 (F1 and G1 are donor and acceptor contact points, respectively, Table 5) type of interactions.

~2.52 A in both complexes. The cis-angles in the coordination
sphere are in the range ~69-102° and the trans-angles are in
the range 170-179°. The four-membered ring in the coor-
dination sphere, defined by Re-S-C-S atoms, is essentially
planar in both complexes with the carbon atom lying ~0.02
and ~0.05 A out of the best mean plane of the four atoms.

Comparing the Re-P bond length between the complexes
synthesized, the following trends can be noted: (i) the Re-P
bond length between PTA and CAP complexes that carry the
same bidentate ligand (3a and 3b) does not differ signifi-
cantly, i.e., 2.4375 for 3a and 2.4584 for 3b; (ii) the Re-P
bond length of the PTA complex 3a is similar to other fac-
[Re(CO);(bid)PTA] complexes reported in the literature
[6, 30]; and (iii) the Re-P bond length of all PTA and CAP
complexes synthesized herein is consistently shorter com-
pared to other fac-[Re(CO);(bid)P] reported in the literature
where P is a phosphine other than PTA and CAP, e.g., PPh;,
P(Cy)s, P(Cy),Ph [6, 30, 43] which is possibly attributed to
the better o-donating properties of PTA and CAP.

The intermolecular interactions in the structures of 1b,
2b, 3a, and 3b present interesting characteristics and their
geometrical characteristics are listed in Table 5 for all
structures. These interactions are also studied by using HS
analysis tools. Figure 3(a) presents the intermolecular in-
teractions observed in the structure of compound 1b among
the complexes. In addition to commonly observed hydrogen
bond, C-H---m (Figure 3, Table 5), and - - -7 interactions
[the distance between neighboring centrosymmetrically
related quinaldic ligands is 3.467(8) A, symmetry code (v):
—-x, 1-y, 1 -z, Figure 3], the lp(O)-m type interactions
between carbonyls coordinated to transition metals [39, 57]
are also observed. The C;=0j; carbonyls are involved in
antiparallel CO---CO interactions [57], Cs---O5" distance
[=C;"'eee0s, symmetry code (vi): —x,—y, 1-2z] equals to
3.104(5)A, which is less than the sum (=3.22 A) of van der
Waals(vdW) of C (=1.7A) and O (=1.52) atoms] and
M-Ce++CO type with the distance Os- - -C,' and the angle Os-
Cc,-0,! (symmetry code(i): x, 0.5y, 0.5 + z) equal to 3.157(4)
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FIGURE 5: Intermolecular interactions among neighboring clusters in the structure of compound 2b. The different type of hydrogen bond
interactions is indicated with dashed thick orange (Cy,-Hi,- - -O,), dark red (Cy4-Hi4A---O5 and Cy5-H;5B- - -Os pairs of interactions), and
cyan (Cg-Hg- - -O,4) dashed lines. The pink dashed lines indicate carbonyl Cg-Hg-: - -C; type of interactions. Cg-Hg: - -Os5, Co-Ho- - -O; and Cy¢-
Hi¢***Cg, (C-H:- -7 type of interactions) are indicated with violet, yellow, and dark green dashed lines, respectively.

1.6 | D1,D2,D3
ALA2ZA3A4,A5 B

H--H%#

B1,B2,B3,B4,B5 ELE2,E3

di
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

(c)

FIGURE 6: (a) Different views of the d, ., decorated HS, (b) two views of the shape decorated HS and (c) fingerprint plot for the 2b complex.
Al, A2, A3, A4, A5, A6 and Bl, B2, B3, B4, B5, B6 are the donor and acceptor contact points of C;,—H;,B:--O,, Ciy—Hi4A---Os,
Ci5—Hj5A---05, Ce—Hg: - -Os5, Cg—Hg: - :O4 and Co—H- - -O; hydrogen bond interactions. E1, E2 and D1, D2 are the donor and acceptor
contact points involved in the Cy3-H;3- - -Cg, and Cy-Hy6-Cgy C-H- - -7 type of interactions. E3 and D3 are the donor and acceptor contact

points of Cg-Hg---C; type of interactions.

A and 70.8(2)° which are close to the usual one [39]. Through
these intermolecular interactions, a layer of complexes is
formed parallel to the (100) crystallographic plane (Figure
Sla). These layers are stacked parallel to [100] crystallo-
graphic direction interacting through C-H-- -7 interactions
(Table 5, Figure S1b). The fingerprint plot calculated from
HS of complex 1b is presented in Figure 4(d) where the
contribution of each type of intermolecular interactions is
indicated. The percentage contribution of the different type
of interactions H---H, O---H/H:--O, C.--H/H:--C, C.--O/
0.--C,0:--0,C---C, N---H/H- - N are 42.4, 30.3, 12.5, 5.2,
3.7, 2.9, and 2.9%, respectively. All types of interactions

discussed above are also clearly seen on the d,,.,, HS
representation (Figures 4(a) and 4(b)). On the Shape dec-
orated HS, the characteristic blue and red triangles of - - -7
interactions and the complementary red (concave) and blue
(convex) areas characteristic of C-H---7 interactions are
present (Figure 4(c)).

In the structure of compound 2b, an extensive network
of intermolecular interactions is observed such as hydrogen
bond and C-H---m type (Table 5, Figure 5). Layers of
complexes are formed parallel to the (100) plane through the
hydrogen bond C;;-H3B -0, Ciy-HpysA---Os, Cis-
H;sB---Os, Cg-Hg---O4 and C-H-- -7 type of interactions,
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FI1GURE 7: Stacking of layers along the c crystallographic axis in the structure of compound 3a. Braces indicate the position of layers and
arrows the carbonyl-carbonyl interactions. The dashed thick orange lines indicate Co-HyA:--N4 and Co-HgB- - -N; and the dark red one
indicates C;3-Hj3A---O; hydrogen bonds. Dashed thick dark green lines indicate antiparallel CO.--CO carbonyl-carbonyl interactions.
Details for the arrangement of complexes and the intermolecular interactions within the layer are presented in Figure S3.

()

di
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 2.4 2.6 2.8
(b)

FIGURE 8: (a), Different views of the d,,o,,,, decorated HS and (b) fingerprint plot for the 3a complex. A1, A2, A3 and B1, B2, B3 are the donor
and acceptor contact points of Co—Hg(A)- - -Ny, Co—Ho(B)- - N3 and C;3—H;3A---O(indicated with orange arrows in fingerprint plot)
hydrogen bond interactions (Table 5). Label D indicates the area of antiparallel CO- - -CO, C;=0; carbonyl interactions. Red arrows in the

fingerprint plot indicate the C.--H/---C contact points.

i.e., C13-H13' . 'ng, CIG-HIG' . ng (Figure SZa, Table 5) C-H
carbonyl type of interactions is also contributing in the
formation of these layers (Cg-Hg---Cl, Figure 5, S2a, Ta-
ble 5). Neighboring layers are stacked along the a crystal-
lographic axis interacting through hydrogen bond Cg-
Hg: - -Os, Co-Ho- - -O; and C-H C-Heee 7 type of interactions,
ie, Cis-Hig***Cg, (Figure S2b, Table 5). The percentage

contribution of H---H, O---H/H---O, C.---H/H---C, N---H/
H---N, O---0, C.--0/O---C contacts, based on the finger-
print plot analysis (Figure 6(c)) are 32.9, 45.6, 14.0, 2.6, 2.2,
and 1.9%, respectively and the contact points of the most
characteristic interactions are indicated in d,,,,, decorated
HS in Figure 6(a). C-Heeer interactions reveal their presence
in the characteristic complementary red (concave) and blue
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FIGURE 9: Stacking of layers along the b crystallographic axis in the structure of compound 3b, The dashed thick orange, dark red, and cyan
lines indicate Cg-HgA- - -O,, Cs-Hs: - -S, and Cg-HgB- - -N, hydrogen bonds, respectively. Details for the arrangement of complexes and the
intermolecular interactions within the layer are presented in Figure S4.

()

di

06 08 1.0 1.2 1.4 16 1.8 2.0 22 24 26 28

()

FIGURE 10: (a) Different views of the d,,,m, decorated HS and (b) fingerprint plot for the 3b complex. A1, A2, A3 and B1, B2, B3 are the donor
and acceptor contact points of Cg-HgA---O,, Cs-HsAeeS, and C4-HeB: - -N, hydrogen bond interactions (Table 5).

(convex) areas on the HS decorated with Shape property
(Figure 6(b)).

In the structure of 3a, layers of complexes are formed
parallel to the (001) plane through hydrogen bond inter-
actions (Figure S3, Table 5). These layers are stacked along
the ¢ crystallographic axis (Figure 7) and complexes be-
longing to neighboring layers interact through antiparallel
CO- - -CO interactions, where the C3=0; carbonyls are in-
volved (Cj---O3# distance is equal to 3.180(4)A). The per-
centage contribution of H.--H, O---H/H.--O, S---H/H---§,
N...H/H.--N, C..-H/H..-C, C...-0/0---C, C---S/S...C,
O---§/S---O contacts derived from fingerprint plot analysis
(Figure 8(b)) are 38.0, 31.5, 8.6, 7.8, 7.1, 2.3, 1.4, and 1.0%,
respectively. The most intense interactions, ie., C9-
H9AeeeN4, C9-H9AB**N3 and C13-H13Ae***O1 appear on
the d,orm decorated HS in Figure 8(a).

In the case of 3b, complexes interacting through the Cg-
HgA---O; and Cs-H5A- - -S; hydrogen bonds (Table 5) form
layers parallel to the plane (010) (Figure S4) and through the
Cs-HgB-- N, interactions of complexes belonging to
neighboring layers stacked along the b axis, the 3D archi-
tecture of the structure is built (Figure 9). The percentage
contribution of H---H, O---H/H:--O, C.--H/H---C, S---H/

H---S, N---H/H---N contacts derived from fingerprint plot
analysis (Figure 10(b)) are 49.2, 29.7, 7.7, 7.0, and 2.5, re-
spectively. Each one of C.--O/O.--C, C.--§/S---C, O---§/
S---O type of contacts contributes less than 1%. The most
intense interactions, i.e., Cg-HgA- - -O,, C5-HsA- - -S, and Cg¢-
HeB- - N, appear on the d, o, decorated HS in Figure 10(a),
and as spikes in the fingerprint plot (Figure 10(b)).

4. Conclusions

In this work, the coordination chemistry of rhenium with
the hydrophilic monodentate phosphines PTA and CAP was
explored by synthesizing and characterizing a series of novel
[2+1] mixed-ligand fac-[Re(CO);(bid) (X)] complexes.
Both PTA and CAP serve the role of the polar and hy-
drophilic modifier aiming to develop a new platform of
hydrophilic fac-[Re(CO;3] complexes with favorable phar-
macokinetics. The detailed crystal structure studies using the
Hirshfeld surface analysis tools have revealed that the
C-H---O type of intermolecular interactions has the largest
contribution in the packing of complexes. In the case of 1b,
m---m are one type of the characteristic intermolecular in-
teractions that contribute to the packing of complexes and
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for the rest are the C-H-- 7. In all structures, the PTA and
CAP ligands are coordinated through the P atom with Re
and the observation of N--H type of interactions in all
studied structures reveals the potential of these three ni-
trogen atoms to develop hydrogen bonds with their envi-
ronment and thus to impact the pharmacokinetic behavior
of these compounds. In the case of 1b and 3b, carbonyl-
carbonyl intermolecular interactions are observed among
the complexes, which is a type of interaction which recently
is discussed as a potential path which could impact the
biological and physical properties of these compounds.

This system could potentially be applied in (radio)
pharmaceutical design to develop complexes with suitable
properties for diagnosis (*’™Tc), radiotherapy (***'®Re),
and chemotherapy (***/'®Re) by tethering a biologically
active molecule either to the bidentate or the phosphine
ligand. The transfer of the coordination chemistry at the
*MTc level, the evaluation of the hydrophilicity of the
corresponding complexes, and the investigation of its in vivo
performance are currently in progress.

Data Availability

Crystallographic data for the structures reported in this
manuscript have been deposited with the Cambridge
Crystallographic Data Centre under the CCDC numbers:
2152941 (compound 1b), 2152938 (compound 2b), 2152939
(compound 3a), and 2152940 (compound 3b). Copies of
these data can be obtained free of charge from https://www.
ccde.cam.ac.uk/data_request/cif.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was cofinanced by Greece and the European
Union (European Social Fund-ESF) through the Operational
Programme «Human Resources Development, Education
and Lifelong Learning 2014-2020» in the context of the
project “Targeting the kynurenine pathway for tumor im-
aging and characterization by single photon emission
computed tomography (SPECT) and positron emission
tomography (PET)” (MIS 5047830). The authors thank Dr.
Maria Pelecanou for helpful discussions and advice re-
garding NMR characterization.

Supplementary Materials

Figure SI: Intermolecular interactions in the structure of
compound 1b forming (a) layers of complexes parallel to the
crystallographic plane (100) and (b) Stacks of layers along
the a crystallographic axis. Figure S2: (a) Intermolecular
interactions among neighboring clusters forming layers of
complexes arranged parallel to the crystallographic plane
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drogen bond interactions. Figure S4: Layers of complexes
arranged parallel to the crystallographic plane (010) in the
structure of compound 3b. (Supplementary Materials)
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