#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Group 7 carbonyl complexes of a PNN-

i") Check for updates‘
heteroscorpionate ligand+

Cite this: RSC Adv., 2024, 14, 31502

Jorge P. Valdivieso, lll, Alexander N. Erickson and James R. Gardinier @ *

A series of rhenium and manganese carbonyl complexes of a heteroscorpionate ligand with an atypical
N,P-donor set has been prepared to better understand their electronic and CO releasing properties.
Thus, the ligand, pz,TTP, with an a,a-bis(pyrazol-1-yl)tolyl group decorated with an ortho-situated di(p-
tolyl)phosphanyl reacts with carbonyl group 17 reagents to give [fac-(k?NP-pz,TTP)Re(CO)3Br], 1, and
[fac—(K3N2P—p22'I‘I'P)M(CO)3](OTf = O3SCF3), 2-M (M = Re, Mn), if care is taken during the preparation of
the manganeses derivative. When heated in CHsCN, 2-Mn slowly transforms to [fac,cis-(*NoP-pz,TTP)
Mn(CO)o(NCCH3)I(OTf), 3-Mn. In contrast, the corresponding 3-Re can only be prepared from 2-Re
using MezNO; pure 3-Mn can also be prepared by this method. Experimental and density functional
calculations at the MO6L/Def2-TZVP/PCM(CH3CN) level show that the replacement of a carbonyl with
an acetonitrile solvent decreases the oxidation potential by around 0.8 V per carbonyl released, making
decarbonylated species potent reductants. At the same time, the electronic spectrum broadens and
red-shift,
decarbonylation reactions than tricarbonyls. When 2-Mn or 3-Mn are irradiated in with 390 nm LED light
in aerated solutions, [trans-Mn(pz,TTP = O),](OTf),, 4, along with insoluble manganese oxides are
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Introduction

Group 7 carbonyl complexes have found diverse uses in
catalysis'® and medicinal chemistry.”** Their utility is typically
predicated on the stabilities of either LM(CO);" or LM(CO),"
cores. Thus, the stability of [Tc(CO);]" complexes have been
exploited in radiopharmaceutical imaging applications (**™Tc,
y emitter, ¢;,, = 6.05 h). In contrast, manganese(1) tricarbonyl
complexes are visible-light absorbing chromophores that
readily lose all carbonyls on photo-excitation, making them
useful as photoinduced CO releasing molecules (Photo-
CORMs).'*'»*3131¢ Five-coordinate LMn(CO), pincer complexes
are potent catalysts for a variety of chemical transformations.>"”
Certain Re(CO);" complexes can lose one CO with either UV-
irradiation (or more commonly by reaction with Me;NO) to
give highly reactive Re(CO)," species that can facilitate C-H
bond activations.”*?® Most recently, rhenium(i) carbonyl
complexes have been investigated for their potent anti-cancer
properties whose mode of action remains under investigation,
but whose activity may be tied to the ability of the Re(CO)," (x =
2, 3) to interact with reactive oxygen species after binding to
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cellular matter.”®**** Thus, in any new group 7 carbonyl
complex, it is desirable to understand their CO releasing
capabilities.

Facially coordinating tridentate ligands with two pyrazolyl
and one non-pyrazolyl Lewis donor are heteroscorpionates®-¢
that are related to the more ubiquitous tris(pyrazolyl)methane
(Tpm) and tris(pyrazolyl)borate (Tp), C-*” and B-** scorpionate
ligands, respectively.”® For many catalytic and biomedical
applications, heteroscorpionates are enticing since the unique
donor can be suitably functionalized to elicit a desired reac-
tivity. A variety of group 7 carbonyl complexes of hetero-
scorpionates with N,N,*-*' N,0,*7* and N,S**** donor sets have
been reported. Of these, the CO releasing properties of N,N**
and N,0%%% complexes of Mn(CO);" have been studied in
detail. It was found that under 365 nm irradiation the N,O
complexes with anionic bis(pyrazolyl)acetate, bpza, or bis(pyr-
azolyl)propionate, bpzp, ligands were more reactive (¢y, ~
8 min~") than [(Tpm)Mn(CO);]" (2 ~ 11 min ') while the
bulkier N,N heteroscorpionates based on (N-4-R-benzyl)-
bis(pyrazolyl)ethanamines, bpea®®, were less reactive (¢, ~
25 min~") under similar conditions. Moreover, the ultimate
manganese products after photoinduced CO dissociation
depended on the ligand, with [Mn"(Tpm),]*" or [(k*-bpza)
Mn"(u-k>N, k' 0-bpza)], and manganese oxides being isolated in
the former cases. In bpea®® cases, carbonyl-free species were
not identified, but the dicarbonyl and, for the first-time,
a mono-carbonyl scorpionate species could be detected.* To
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our knowledge, the CO releasing properties of softer hetero-
scorpionates have not yet been reported. In 2014 our group re-
ported on a new heteroscorpionate, pz,TTP (Fig. 1, left),** with
a rare N,P donor set, joining [Fc(PPh,)(Bp*)]™ (Fig. 1, right)*>*
as the only other known example with such a donor set. In
neither case has the group 7 chemistry been described.

The incorporation of a phosphorus donor into a hetero-
scorpionate was envisioned to be advantageous since the bulky
and trans-labilizing diarylphosphine group might stabilize
unusual low-oxidation state group 7 complexes such as di- or
possibly even mono-carbonyls. Additionally, all complexes
might be easily characterized by *'P NMR spectroscopy. The
findings of our initial investigation into the preparation, elec-
tronic properties, and potential CO-releasing reactivity of rhe-
nium(1) and manganese(1) carbonyl complexes of pz,TTP are
detailed herein.

Results and discussion
Syntheses

Heating solutions containing pz,TTP and an equimolar quan-
tity of group 7 carbonyl reagents generally produced mixtures of
compounds rather than high yields of a single compound.
Scheme 1 provides a summary of optimized syntheses of the
group 7 carbonyl complexes of pz,TTP. Thus, the reaction
between equimolar pz,TTP and Re(CO);Br in toluene gives the
expected (pz,TTP)Re(CO);Br, 1, in modest yield after crystalli-
zation (Scheme 1, left). However, IR, NMR, single crystal and
powder X-ray diffraction reveal this analytically pure sample to
be a mixture of isomers (vide infra, Fig. S2-S41). When an
equimolar mixture of pz,TTP, Re(CO);Br, and T1(O;SCF; = OTf)
are heated in CH;CN, crystals of analytically pure [(pz,TTP)
Re(CO);3](OTf), 2-Re, can obtained in modest yield; the crude
material before crystallization shows evidence for the formation
of minor (but variable) amounts of the dicarbonyl [(pz,TTP)
Re(CO),(NCCHj;)](OTf), 3-Re. A similar reaction with Mn(CO);Br
in lieu of the rhenium reactant affords mixtures of tricarbonyl 2-
Mn and dicarbonyl 3-Mn, favouring the latter after heating
30 min (Fig. S101). Instead, pure 2-Mn is best prepared at low
temperature by the reaction between pz,TTP and [fac-
Mn(CO);(NCCHj;);](OTf). The pure dicarbonyls 3-M (M = Re,
Mn) are best prepared by decarbonylation of 2-M by using
equimolar anhydrous Me;NO in CH;CN. Although the reactions
appear insensitive to an excess of Me;NO, the separation from
this reagent is tedious, so it is easiest to use one equivalent
rather than an excess.

z N
/

‘ PPh
N’ 7 2
W &
(ptolyl)oP = N

| N’NK
i) Fo wﬁé
:E “u =N,

OH

O-

pz,TTP [Fe(PPh,)(Bp*)I

Fig. 1 Heteroscorpionate ligands with PNN donor sets.
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(iii) [Mn(CO)3(CH3CN)3](O3SCF3), CH3CN, RT, 2 h
(iv) MegNO, CH3CN, reflux 12 h for M = Re or RT 2 h for M = Mn

Scheme 1 Preparative routes to the various group 7 carbonyl
complexes of pz,TTP.

Solid state structures

The solid-state structures of representative rhenium carbonyl
complexes of pz, TTP are given in Fig. 2, those of the manganese
derivatives are provided in Fig. S1 of the ESI.t Bond distances
and angles for each compound are listed in Table 1. It is rare*”
for scorpionate complexes of Re(CO); to exhibit a k*-binding
mode instead of prototypical k*-mode. However, the crystals of
1 possess a k’NP-ligand bound to a fac-Re(CO);Br moiety; one
pyrazolyl ring remains “free”. The resulting seven-membered
(Re1-N12-N11-C7-C2-C1-P1) chelate ring folds into a boat
conformation with the methine carbon C7 as the bow and the
Re1-P1 bond as the stern of the boat. This conformation places
the methine hydrogen H7 inside the boat and the “free” pyr-
azolyl outside (left two structures of Fig. 2). In 1, there is
a disorder that places either the bromide (BriA; 80%) or
a carbonyl (C10B-03B; 20%) inside the boat. The disorder leads
to greater uncertainty Re-C9A/B distances than other Re-C
distances. For the well-behaved carbonyls, the Re1-C10 bond
trans- to P1 (1.977(4) A in 1) is significantly longer than that
trans- to the pyrazolyl nitrogen (Re1-C8: 1.924(4) A). The Re1-C8
distance compares favourably with the average Re-C distance of
1.92(1) A in either [fac-(<*-HCpz;)Re(CO);]Br*® or [fac-(k®-CH;-
CH,Cpz;)Re(C0);](05SCF3)-1.5H,0-0.5CH;CN,® or of 1.91 A in
[fac-(>-HCpz*™*";)Re(CO);]Br-acetone.* Thus, the longer Re-C
distance in 1 is a manifestation of the significantly greater ¢rans-
influence of the ditolylphosphanyl versus a pyrazolyl moiety. It
is noted that the Re-N bond distance of 2.209(3) A in 1 is a little
longer than found in other rhenium scorpionates that typically
range from 2.14 to 2.19 A: Re-N,y, 2.18 A for [fac-(k*>-HCpz;)
Re(CO);]Br*® 2.16 A for [fac-(k>-CH;CH,Cpz;)Re(CO);]" (ref. 49)
or 214 A for {1,4-C¢H,[CH,OCH,Cpz;Re(CO);],}*" for
instance.*® The longer Re-N bonds in 1 are due to the charge
neutral-nature of the Re(CO);Br core and to the significantly
greater steric profile of the p-tolyl,P group relative to a pyrazolyl.
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Fig. 2
cation in 3-Re. Ellipsoids are drawn at the 50% probability level.

Such long Re-N bonds are also evident in [fac-(k*-N,O bpza)
Re(CO)3] (Re-Nyyg 2.21 A)** and in the complex of a pyridyl based
P-scorpionate [fac-(k*N-P(py)s)ReBr(CO)s] (Re-Nyyg 2.21 A).*

The replacement of the bromide in 1 with a triflate results in
a shift in ligand binding mode to give [fac-(k*N,P-pz,TTP)
Re(CO);](OTf), 2-Re (third structure, Fig. 2) with an unbound
anion. The lower electron density at the metal centre in the
cation relative to 1 results in shorter metal-scorpionate bonds
and, due to lower capacity for pi back-bonding, longer Re-C
bonds than in 1. Thus, the Re1-P1 bond in 2-Re of 2.47 A is 0.02
A shorter than that in either 1 or its CH,Cl, solvate. The average
Re-N bonds in 2-Re of 2.18 A are 0.03 A shorter than in 1 and are
comparable to those in [fac-(k>-HCpz;)Re(CO);]Br.** Moreover,
the average Re-C bond in 2-Re of 1.95 A is about 0.01 A longer
than that in 1. As with 1, the Re1-C10 bond in 2-Re 1.978(5) A is
significantly longer than those bonds trans- to pyrazolyl nitro-
gens (Re1-N12 1.924(5) A, Re1-N22 1.936(5) A).
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(Left): Views of major and minor disorder components in 1, highlighting isomers; (Centre): view of the cation in 2-Re; (Right): view of the

The related complex [fac-(k*N,P-pz, TTP)Mn(CO);](OTf), 2-
Mn, despite having a formula similar to 2-Re, crystallizes in the
monoclinic space group P2,/c, rather than P1, like its heavier
congener. Many of the structural features observed in 2-Re are
preserved in 2-Mn, but the smaller size of Mn relative to Re gives
shorter bonds. Thus the average Mn-N bond distance of 2.05 A
is 0.13 A shorter than in 2-Re but is similar to that found in
other C-scorpionate complexes of [Mn(CO);]" such as 2.03 A in
[(HCpz3)Mn(CO);](PFe),** 2.05 A in [(Hpz(3-CHpz,))Mn(CO);](-
03SCF;),* or 2.07 A found in [HC(3-iPrpz);Mn-(CO);](0;SCF5).%
The average Mn-C distance of 1.82 A in 2-Mn is 0.13 A shorter
than that in 2-Re and is comparable to 1.81 A found for all three
of the aforementioned manganese C-scorpionates. Again, in 2-
Mn, the Mn1-C10 bond trans- to the P atom is significantly
longer than the other two Mn-C bonds (1.841(2) A vs. 1.806(2)
and 1.814(2) A).

Finally, the replacement of the CO trans- to phosphorous in

2-Re, with an  acetonitrile  gives [fac,cis-(pz,TTP)
Table 1 Selected Bond distances (A) and interatomic angles (°) in group 7 carbonyl complexes of pz,TTP
Compound 1 2-Re 2-Mn 3-Re 3-Mn ¢
Bond
M-Br1 2.6057(11)
M-P1 2.4892(10) 2.4734(10) 2.3350(5) 2.3510(10) 2.2784(3)
M-N1 2.118(4) 2.0107(15)
M-N12 2.209(3) 2.185(3) 2.0580(14) 2.180(3) 2.0550(11)
M-N22 2.183(4) 2.0437(14) 2.158(4) 2.0359(11)
M-C8 1.925(4) 1.924(5) 1.8062(17) 1.914(5) 1.8005(14)
M-C9 1.907(9) 1.936(5) 1.8139(18) 1.890(5) 1.7806(14)
M-C10 1.976(4) 1.978(5) 1.8409(18)
Angles
N12-M-N22 84.38(13) 88.32(5) 84.82(13) 88.08(4)
P1-M-N12 94.78(9) 91.27(10) 89.09(4) 89.53(9) 88.74(3)
P1-M-N22 80.72(9) 84.90(4) 90.01(9) 89.99(3)
C8-M-C9 91.9(3) 86.73(19) 87.71(7) 88.79(18) 86.80(6)
C8-M-C10 88.50(17) 89.35(18) 86.96(7)
C9-M-C10 90.2(3) 87.97(18) 91.27(7)
Br1-M-N12 85.60(9)
Br1-M-P1 93.22(3)
N1-M-P1 169.78(10) 171.16(8)
C10-M-P1 175.18(12) 175.23(13) 175.48(5)
N12-M-C8 178.37(15) 176.94(16) 178.56(6) 179.53(16) 176.84(5)
N22-M-C9 177.11(16) 177.53(7) 174.89(15) 176.27(5)

“ Only values for major disorder component of 3-Mny ¢,2-Mng gg are given.
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M(CO),(NCCH,)](OTf), 3-Re. Interestingly, while the corre-
sponding analytically and spectroscopically pure 3-Mn can be
prepared, it has not been possible to obtain single crystals
suitable for X-ray diffraction. Instead, suitable X-ray quality
single crystals of 3-Mn co-crystallized with small portions of 2-
Mn (see experimental) can be obtained. The following structural
discussion refers to the metrics found in the major disorder
component in 3-Mng ¢,2-Mng og. The lower trans-influence of
CH;CN relative to CO affords a shorter M1-P1 bond in 3-M
(2.3510(10) A for M = Re, 2.2784(3) A for M = Mn) versus that in
2-M (2.4734(10) A for M = Re and 2.3350(5) A for M = Mn). A
secondary effect of the replacement of CO for CH;CN is a slight
shortening of M-C bonds (Re-Cgyy = 1.902 A and Mn-Cqyyg =
1.795 A) versus those in 2-M due to an increased electron density
at the metal centre that strengthens the pi-back-bonding to the
remaining CO groups, as will be detailed more fully below.
Surprisingly, while there are multiple structurally characterized
dicarbonylrhenium(i) B-scorpionate complexes,*** to the best
of our knowledge, 3-Re is the first structurally characterized
dicarbonylrhenium(r) C-scorpionate complex. C-scorpionates of
[Re(CO),(NO)]" are known™ but are not structurally character-
ized. The average Re-C bond in 3-Re is more aligned with that in
[(HBpz; = Tp)Re(CO),lo(1-N,) (1.91 A)** than those found in
either TpRe(CO),(THF) (1.872 A) or TpRe(CO),(PPh;) (1.88 A).
The structure of 2-Mn is also noteworthy since there are rela-
tively few structurally characterized C-scorpionate complexes of
the [cis-Mn(CO),]" moiety, with [(HC(3,5-Me,pz); = Tpm*)
Mn(CO),(L)](PFe) (L = PMe;, py)*® being examples. In both of
these latter cases, with more electron-donating 3,5-dime-
thylpyrazolyls, the average Mn-C bond of 1.76 A is slightly
shorter than that in 3-Mn (1.79 A).

Spectroscopic studies

The identity of each species 1, 2-M, and 3-M can be easily
distinguished by *'P and "H NMR spectroscopy, with the former
being easiest to interpret since singlet resonances are observed
in most cases (vide infra). That is, while the stable isotopes of
group 7 metals used here all have nuclear spin I = 5/2, (abun-
dance: °*Mn (100%), *°Re (37.4%), "*"Re (62.6%)), each isotope
has a large nuclear quadrupole moment Q, (*>Mn: +0.330(10),
85Re: +2.18(2), '*'Re: +2.07(2) barn)* that causes rapid relaxa-
tion on the NMR timescale, so that a singlet rather than the
expected (1:1:1:1:1:1) sextet resonance is observed in *'P
NMR spectrum of each compound. Thus, the *'P NMR spec-
trum of analytically pure prism crystals of 1 in CD;CN gives two
singlets at dp 10.5 (80% rel. int.) and 0.3 (20% rel. int.) ppm for
its two co-crystallized isomers (Fig. S3 and S4t). The "H NMR
spectrum of 1 also shows two sets of resonances in a 4: 1 ratio
(Fig. S3t), that are most easily distinguished by the two unequal
pairs of characteristic H,-pyrazolyl resonances near oy ~6.1 and
0y ~6.3 ppm, assigned to “free” and Re-bound pyrazolyls,
respectively, of each isomer in accord with the solid-state
structures. These assignments are made by comparison with
the spectra of the free ligand (6y = 6.10 ppm) and other Re
complexes (vide infra). The *'P NMR spectrum of 2-Re has
a singlet resonance at dp 4.5 ppm while that of 3-Re occurs more

© 2024 The Author(s). Published by the Royal Society of Chemistry
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downfield at 17.9 ppm. Similarly, a singlet is observed for 2-Mn
at 6p = 33.8 ppm and for 3-Mn at dp 66.3 ppm.} The "H NMR
spectrum of each 2-M and 3-M (Fig. S6-S97) is aligned with
expectations that solid state structures are maintained in
CD;CN solution with one set of resonances that are significantly
shifted with respect to those of the free ligand. Particularly
diagnostic are resonances for Hy-pyrazolyls. For the rhenium
compounds, these occur at dy 6.58 for 2-Re and 6y 6.51 for 3-Re,
both shifted downfield with respect to that of the free ligand at
0y 6.10 ppm. Here, the more electron rich 3-Re is shifted upfield
from 2-Re, as expected. The analogous resonances for manga-
nese derivatives are shifted further downfield (6y 6.63 for 2-Mn
and 0y 6.57 for 3-Mn) than in the rhenium cases, consistent
with greater Lewis acidity of the 3rd versus 5th row metal. Other
diagnostic resonances occur for tolyl and unique aromatic ring
hydrogens. An unusual feature of the "H NMR spectra of each 2-
M and 3-M is that the most downfield resonances for acidic
methine H,, the Hs-pyrazolyl ring, and the Hs-aryl (positioned
ortho- to the CHpz, group) hydrogens exhibit concentration
dependent shifts in the 10~ to 10~* M range. The magnitude of
concentration-dependent chemical shift changes, |Ady], falls in
the order H, > Hspz > HzAr consistent with their decreasing
relative acidities (Fig. S117). It is noted that close contacts occur
between the triflate ion and these hydrogens in the solid state
structures of 2-M. Presumably these concentration dependent
shifts are the result of contact ion pairs forming that are fav-
oured at high concentration with triflate oxygens causing the
observed shifts to lower fields, as seen in other systems.?"**%
Finally, although resonances for most carbons could be
observed, rapid quadrupolar relaxation in combination with the
expected *Jo_p coupling (splitting signal intensity) inhibited
observation of resonances for CO groups in the C NMR
spectrum of tricarbonyl complexes reported here.

The IR spectra of each complex was recorded in both the
solid state and in CH3;CN solution. A summary of solution data
is found in Table 2 while other data are provided in the ESI
(Fig. S12 and $13).7 In the group 7 tricarbonyl compounds 1 and
2-M three bands were observed for CO stretches consistent with
a fac-M(CO); arrangement, as observed in the solid state. The
low symmetry coordination environment imposed by the scor-
pionate about the metal in ensures that the A; and E bands of
a nominally C;, symmetric M(CO); core are split into two A’ and

1 As with many other systems (e.g.; see dp's of XPCl; X = O, S, Se), there are no
simple explanations for the observed trends in *'P NMR chemical shifts for the
2-M, and 3-M series. The shift dp depends on many competing factors like
bond-distance (diamagnetic contribution) and on paramagnetic terms such as
bond angles, relative electronegativities, as well as d- and p- m-bonding
contributions.”” In the current cases, there is a parabolic relation between the
Mulliken charge on phosphorus and chemical shift (see Fig. S22 of the ESI})
that, in turn, may be the result of many of the above factors. The shorter bond
distance and greater spectroscopic electronegativity of Mn (xspee (Mn) = 1.75
(Pauling units) vs. xgpec (Re) = 1.59)***° versus Re may be ultimately responsible
for downfield shift in Mn versus Re complexes. It is noted that Pauling
electronegativities are reverse order of spectroscopic electronegativities (Xpauiing
(Mn) = 1.55 Vs. Xpauling (R€) = 1.90). For a given metal, the differences in
chemical shifts between 2-M and 3-M counter expectations. The more electron
rich 3-M (with shorter M-P bonds due to increased M — P backbonding) is
shifted downfield relative to 2-M; the reverse trend might be expected.
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Table 2 Summary of solution (CH3CN) IR data for CO stretching
modes,vco (cm™?)

Compound Avg. Caled”
1 2030 1936 1893 1953 1944
2-Re 2035 1938 1921 1965 1959
2-Mn 2038 1958 1933 1976 1981
3-Re 1944 1871 1908 1903
3-Mn 1959 1880 1921 1930

@ Average values from M06L/def2-TZVP/PCM, CH;CN (see ESI).

one A” modes in Cy symmetry (2-M) or thee A modes in C;
symmetry (complex 1). The average energy for CO stretches
decreases with increasing electron donating ability of the metal
centres due to increased metal to ligand m-backbonding. Thus,
the average CO stretch in charge neutral 1 (Uco avg = 1953 em )
is lower than in cationic 2-Re (Uco ave = 1965 em™ ), albeit
comparison may be somewhat inappropriate given the different
supporting ligands (k>NP- vs. k’N,P-). Next, consistent with
expectations based on both orbital overlap and spectroscopic
electronegativity, the CO bonds in 2-Re are weaker than those in
2-Mn (Uco avg = 1976 cm™'). Similar trends are found in
TpM(CO); (Oco avg = 1951 em ™' for Re***%¢ and 1964 cm ' for
Mn>*¥), [(Tpm)M(CO);]" Dco avg = 1973 em™ ' for Re* and
1988 cm™ " for Mn,***2 and in heteroscorpionate cases [(bpza)
M(CO);]** (Vco avg = 1952 cm ™" for Re and 1971 cm™ " for Mn). As
noted for TpM(CO); versus [(Tpm)M(CO);]", charge neutral Tpm
derivatives give cationic complexes with higher energy CO
stretches than their anionic B-scorpionate counterparts. The
electron donating ability of pz,TTP gives complexes with CO
stretches intermediate between those of neutral and anionic
NNN-based homoscorpionates. The IR spectra of the dicar-
bonyls, 3-M, consist of two equal-intensity bands for symmetric
and asymmetric CO stretches. Again, the heavier group 7
congener has lower energy stretches (Uco avg = 1903 cm™ ') than
the lighter congener (Uco avg = 1930 cm ™). The CO stretches in
each dicarbonyl 3-M are lower energy than in the tricarbonyl
variants 2-M since the replacement of a CO with a less m-acidic
CH;CN allows the metals to redistribute their electron density
into the remaining CO antibonding orbitals.

Electronic properties

To facilitate discussion of the electronic properties of the new
complexes, it will be useful to briefly examine the frontier
orbitals of 2-M and 3-M as elucidated from DFT calculations
performed at the M06L/def2-TZVP/PCM (CH;CN) level of theory.
As might be expected, the frontier orbitals of the four complexes
share many similarities. A view of those orbitals in the cation of
2-Re are given in Fig. 3, others are provided in the ESI, Fig. S18-
S20.7 The relative energy levels of related orbitals are provided
in Fig. 4. First, all four complexes, 2-M and 3-M, possess mirror
symmetry (Cs point group) where the mirror is assigned as the
yz-plane that bisects the N12-M-N22 bond angle and contains
the M--P bond. As such, the d,2 and d,, orbitals (both A’
representations) are directed along bonds. The d.,2-,2 (A’
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LUMO(+17) LUMO(+18)
+0.57 eV +0.79 eV
LUMO(+14)

+0.11 eV

LUMO(+12)
-0.30 eV

LUMO(+13)
-0.24 eV

z

xt*y

[

LUMO
-242 eV

HOMO
-6.10 eV

HOMO(-1)
| -6.10 eV

HOMO(-2)
-6.39 eV

Fig. 3 Frontier orbitals of 2-Re.

representation), d,, and d,, (both A” representations) orbitals
are located between bonds and are involved in pi-bonding
interactions. For each complex, the three highest-energy filled
orbitals, HOMO(—N) (N = 0, 1, 2), are mainly metal-centred with

D i
2-Re 2-Mn 3-Re 3-Mn
14+ =« L+18 ==L+19,421
oL = L+19
ML  ==L+17 —Ls4 —
0+ n* — 14 L+15 - 13 L+ 12
M-C =413 - 14 L+12 -—
L+12 =l
1+ E==L11,412 L+10
=49
L+2 -] 42 EEEL4+1,42
2 1 - L+2 . '
% T —IL-M =0 - m—
3 4 B
4 1
5 4 —H
=l =H-1
— =H-2
6 4+ -_
MC ™ —
7 2 H-2

Fig. 4 Energy levels of frontier orbitals in 2-M and 3-M (M = Re, Mn).
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pi-bonding interaction with the carbonyl carbon, see bottom
three orbitals Fig. 3 and those labelled my_¢ in the left of Fig. 4.
The Ty orbitals of rhenium complexes are lower energy than
the corresponding manganese derivatives. Moreover, those in 2-
M are lower energy than those of 3-M. The corresponding
antibonding counterparts (labelled 7, ., Fig. 4 left) are found
above LUMO(+8) (LUMO+12 to +14 for 2-Re). The LUMO(+N) (N
= 0-8) are mainly ligand-centred m-orbitals. For 2-Re,
LUMO(+17) and LUMO(+18) exhibit o*-antibonding interac-
tions between the scorpionate donor atoms and metals' d,2 and
d,, orbitals, respectively. Similar interactions are found at
higher energy in LUMOs (+19 and +21) in 3-Re. In manganese
cases, analogous interactions are found in LUMO(+14) or above,
as shown in Fig. 4 and S18.T However, there is extensive mixing
of A’ orbitals, so that ¢* interactions are also found in LUMOs
(+1 and +2) and, for 3-Mn, in LUMOs (+5 and +7).

The electronic absorption spectrum for each rhenium
complex recorded in CH3;CN consists of ligand centred bands
below 275 nm (& > 20 000 M~ ' cm ™", Fig. S147) that, at their low
energy edge, overlap weak metal ligand charge transfer (MLCT)
bands as suggested by TD-DFT calculations at the MO6L-TZVP/
PCM(CH;CN) level. Electron density difference plots for 2-Re
(Fig. S211) show depletion of charge density at the ReCOj3
fragment and accumulation of density at the ligand aryl (for
HOMO(—N) to LUMO transitions, N = 0, 1, 2). For 2-Re, the
onset of the MLCT band is near 340 nm, and the remaining
spectra is featureless in the visible region, consistent with its
colourless nature. For 3-Re, the MLCT band onset occurs near
375 nm, giving rise to its faint yellow colour in solution (and the
solid). In contrast, 2-Mn and 3-Mn are yellow orange. Their
absorption spectrum (Fig. 5) each feature ligand centred bands
like those for the rhenium derivatives but also feature medium
intensity (¢ ~1000-4000 M~ " cm~ ') MLCT bands in the violet (2-
Mn) to blue (3-Mn) region of the visible spectrum, assigned
based on intensities of bands, comparisons with related
compounds, and on TD-DFT calculations. That is, the lowest
energy band in the spectrum of 2-Mn occurs at 350 nm (¢ =

200,000
180,000
160,000
140,000

"£120,000

< 100,000

= 80,000

60,000
40,000
20,000

0

325 375 425 475 525
A, nm

400 500 600
A, NM

Fig. 5 Overlay of electronic absorption spectra of 2-Mn (solid blue
line) and 3-Mn (dashed purple line) in CH3zCN. (Inset) Shows a close-up
of the lowest energy bands.
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2800 M~ em™') which is comparable to the similar band in
[(Tpm)Mn(CO);](PFs) (Amax (EtOH) = 349 nm, ¢ =
2200 M~ ' em™ ") or in [(bpza)Mn(CO);] (Amax (EtOH) = 361 nm, &
= 1800 M " cm ™ ').®2 TD-DFT calculations on 2-Mn show that
the lowest energy band is comprised of MLCT transitions
between filled orbitals HOMO(—N) (N = 0, 1) involving Mn(CO),
(x = 3, 2) chromophores and virtual orbitals on the scorpionate
pi-system, LUMO and LUMO(+1). The red shift for similar
transitions in 3-Mn compared to 2-Mn is a consequence of the
higher energy of the HOMO(—N) (N = 0, 1) in the former versus
the latter.

The electrochemical properties of the complexes were
examined by cyclic voltammetry in CH;CN, as summarized in
Table 3. Most voltammograms exhibit irreversible (ipc/ipa << 1)
oxidation waves, apart from that of 3-Re whose oxidation
appears reversible (Fig. S151). An irreversible reduction is
observed for 2-Mn, but no clear reduction events were observed
within the solvent window for other complexes. Given the
uncertainties in assigning potentials for electrochemically
irreversible waves, the electrochemical processes were also
estimated via theoretical calculations (MO6L/Def2-TZVP/
PCM(CH;CN), Table 3, and ESIt). The computed values are 100
to 400 mV more negative than the observed values, but other-
wise mirror observed trends. In each series 2-M or 3-M both the
oxidation and reduction of the manganese derivatives are more
favourable than for the corresponding rhenium analogues.
Thus, oxidation of 2-Re was found to be 320 mV (and calculated
to be 300 mV) more positive than 2-Mn. The reduction of 2-Re
was calculated to be only 80 mV more negative than 2-Mn,
consistent with the mainly ligand-centred LUMO. Moreover, for
each metal, the replacement of a carbonyl group with an
acetonitrile causes the oxidation to become more negative by
about 600 mV experimentally (calculated to be 930 mV and
740 mV more negative for Mn for Re, respectively). Such
behaviour mirrors that in other group 7 dicarbonyl scorpio-
nates: [TpRe(CO),(THF)] E;, = +0.42 V vs. NHE* versus
[TpRe(CO);] Eyj = +1.41 V vs. NHE,*® [(Tpm)Mn(CO),(CH;CN)]
E,, = +0.58 V vs. NHE versus [(Tpm)Mn(CO);] Eyj, = +1.53 V vs.
NHE,* and [(bpza)Mn(CO),(CH;CN)] Ey/, = +0.29 V vs. NHE
versus [(bpza)Mn(CO);3] Ey/, = +1.09 V vs. NHE*

Photo-induced CO release

As expected from the electronic spectra that are devoid of strong
absorption bands in the visible region, colourless solutions of 1,
2-Re, or pale-yellow solutions of 3-Re, are stable toward visible
light. On the other hand, irradiation of a CH3;CN solution
20 mM in 2-Re with a 38 W UV-C 254 nm light causes CO release
with ¢, ~ 26 min to initially give 3-Re, Fig. 6. This behaviour
provides another rare example along with Tp*Re(CO);, of
a rhenium-based CO releasing molecule. Interestingly, complex
3-Re only undergoes slow and partial photodecomposition
under these conditions. First, a new species with an asymmetric
metal environment is formed, as indicated by two new sets of
pyrazolyl resonances in the 'H NMR see the two new H,pz
resonances in the top of Fig. 6 at 0y 6.62 and 6.44 ppm. The *'P
NMR (Fig. S167) also shows a new resonance at ¢, = 6.6 ppm.
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Table 3 Summary of experimental (CH3CN) and calculated (MO6L/def2-TZVP/PCM(CH3CN)) electronic properties of group 7 scorpionates

Compound Epupa” (V) Epaipo) V) 22 nm (e, M em ™)

1 +1.72 — 268 (9000), 305 sh (3000), 341 sh (850)
Leate +1.34 ~2.05 279 (3600), 302 sh (2000), 346 (500)
2-Re +1.95 — 243, (34 100), 268 (37 000)

2-Reeqe +1.82 ~1.92 275 (7500), 322 sh (500)

2-Mn +1.63 141 270 (40 800), 350 (2800)

2-Mngye +1.52 —1.84 288 (4900), 326 (3150)

3-Re +1.35 — 232 (78 400), 270 (30 300), 306 (13 500)
3-Recatc +1.08 —2.12 284 (6850), 322 (5200), 389 sh (325)
3-Mn +0.99 — 274 (7500), 300 sh (3900), 405 (900)
3-Mnyc +0.59 ~2.09 314 (4100), 357 (2600), 445 sh (260)

@V versus NHE; NBu,PF; as supporting electrolyte.  Calculated TD-DFT spectra fit as sum of gaussian curves with o = 0.2 eV.

M

50 min

25 min AN A l A M H
5min__ Mo AN
0 min | k A A A \ ﬁ\ \

9.0

8.5 8.0 7.0

3y, ppm

% transmittance

98.9

98.7 + + + + + 4
2100 2050 2000 1950 1900 1850 1800
wavenumber, cm-!

Fig. 6 (Top): Overlay of downfield region of 'H NMR spectra of
a CDsCN solution initially 20 mM in 2-Re (0 min), then at various stages
after irradiation with 254 nm light; (Bottom): overlay of IR spectra of
these solutions over similar time period (0 min, thicker purple line) but
extended to 360 min (thicker orange line), showing conversion of 2-Re
first to 3-Re, then the partial disappearance of the latter after 180 min
(thicker green line).

The integrations indicate the new species reaches a maximum
concentration of about 20% relative to 3-Re. We tentatively
assign this new species as either [cis-(k>PN-pz,TTP)Re(CO),(-
k”0-OTf)] or [cis-(k>PN-pz,TTP)Re(CO), (k' O-OTf)(CH;CN)]. This
assignment is based on the similarity of the *'P NMR resonance
and 'H NMR resonances with 1, as well as the shoulders on the
low energy side of the two CO stretching bands of 3-Re. It is less
likely that the new species is a monocarbonyl, like [cis-(ic>PN,-
pz,TTP)Re(CH;3;CN),(CO)]J(OTf), as there is no signal in the ex-
pected 1820-1830 cm™ ' range. Upon continued irradiation

31508 | RSC Adv, 2024, 14, 31502-31516

(after 180 min) the NMR and IR signals for all species slowly
disappear; the NMR spectra begin to show broad lines associ-
ated with paramagnetic species. We have not yet been able to
identify the ultimate products of photodecomposition. In
contrast, irradiation of 2 mM solutions of 2-Mn in CH;CN under
normal atmosphere with a 50 W 390 nm LED light source (a
source that matches well with the MLCT band) causes rapid and
complete CO release in under 20 minutes with a first order
decay half-life of ¢, = 3 min, indicated by UV-vis and IR

100.0
99.8
99.6

99.4

% Transmittance

99.2

990 — i I i 1
2200

2100 2000 1900 1800
wavenumber, cm-!

0.14
0.12 4

20.10
]
£0.08 A
(]
Q0
5 0.06 -
3
<0.04 4

0.02 4

0.00 T v ~—
275 325 375 425
wavelength, nm

475

Fig. 7 (Top): Overlay of IR spectra of solutions initially 2 mM 2-Mn
recorded before and at 3 min intervals while irradiating with 390 nm
light; (Bottom): UV-visible spectra of same solutions filtered to remove
oxides and diluted to 10> M.
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spectroscopy, Fig. 7. Here, 3-Mn is an observable intermediate
(1880 cm ™" IR band). During irradiation, the original yellow
solution becomes a suspension of an insoluble brown precipi-
tate (presumably amorphous manganese oxides) amidst a col-
ourless solution (Fig. S17t). The colourless soluble component
was identified as centrosymmetric trans[Mn"(>’NO-pz,-
TTPO),(k'0-OTf),], 4, by single crystal X-ray diffraction (Fig. 8).
Aside from 3-Mn when starting from 2-Mn, no definitive inter-
mediates have yet been identified which makes it difficult to
pinpoint a favoured mechanistic sequence to give 4 at this time.
Given the redox properties of 2-Mn and 3-Mn, a photoinduced
release of CO's could also produce [(pz,TTP)Mn(CO)(CH;CN),]"
or [(pz,TTP)Mn(CH;CN);]" that are predicted to have Mn>*/Mn*
ground state reduction potentials of +0.39 and —0.35 V vs. NHE,
respectively. Neither is sufficiently negative to directly reduce O,
to O, in CH3CN (—0.6 V vs. NHE)*** but with a proton source
(adventitious water) or if these act as Lewis acids capable of
inner sphere e~ transfer, they might be capable or reduction
(empirical limit +0.6 V vs. NHE).”*"* If O, reduction occurs, the
resulting manganese(un) species could symmetrize (ligand
redistribution) to form [Mn(pz,TTP),]*" and [Mn(CH;CN)e]**
which could react with O, to form the observed products or the
0, could attack [(pz,TTP)Mn(CH;CN);]*" prior to ligand
redistribution. Alternatively, and more likely, considering the
low energy edge of absorption bands (observed or calculated)
and the redox behaviour, the excited state redox potentials of
every species in the series [(pz,TTP)Mn(CO),(CH;CN);_,]" (n =
0 to 3) are predicted to be sufficiently negative (<—1.9 Vvs. NHE)
to reduce oxygen directly. Thus, photooxidation of the man-
ganese() complexes might precede CO loss. Our group is
continuing to investigate the photoreductive properties of car-
bonylmanganese complexes and will report our findings in due
course.

Fig. 8 Structure of trans-IMn(k®’NO-pz,TTPO),(k'O-OTf),l, 4, from
single crystal X-ray diffraction. Ellipsoids are drawn at the 50% prob-
ability level. Selected bond distances (A): Mn1-01 2.1169(10), Mn1-O2
2.2019(11), Mn1-N12 2.3511(14), P1-01 1.5038(11), S2-02 1.4571(12);
selected bond angles (°): O1-Mn1-01 180.0, O2-Mn1-02 180.0,
N12-Mn1-N12 180.0, O1-Mn1-02 88.88(4), O1-Mn1-02' 91.12(4),
O1-Mn1-N12 94.84(4), O1-Mn1-N12’ 85.16(4), 0O2-Mnl-N12
86.31(5), 02 Mn1 N12 93.69(5).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Materials and methods

The ligand pz,TTP was prepared by the literature route.**
Mn(CO)sBr was used as received from Ambeed whereas
Re(CO);Br was prepared from commercial Re,(CO);, (Pressure
Chemical) by a literature procedure.”” The complex [fac-
Mn(CO)3(NCCH3);3](0O3SCF3) was prepared by a literature route
from Mn(CO);Br and AgO;SCF; (Alfa Aesar) in CH3;CN.” Anhy-
drous Me;NO was prepared from the commercial hydrate (TCI
AMERICA) by recrystallization from hot dmf.”* TI(O;SCF;) was
used as received from Sigma Aldrich. It is noted that thallium
reagents are highly toxic and extra precautions are required for
their safe handling and disposal in accord with local regula-
tions. Midwest MicroLab, LLC, Indianapolis, Indiana 45250,
performed all elemental analyses. Melting point determinations
were made on samples contained in glass capillaries using an
Electrothermal 9100 apparatus and are uncorrected. IR spectra
were recorded on solid samples using a Thermo Scientific
Nicolet iS5 IR spectrometer equipped with an iD3 Attenuated
Total Reflection (ATR) accessory. 'H, °C, '°F, and *'P NMR
spectra were recorded on a Varian 400 MHz spectrometer.
Chemical shifts were referenced to solvent resonances at dy; 7.26
and ¢ 77.23 ppm for CDCl;, 0 1.94 and d¢ 1.32 for CD;CN, or
by using external standards ¢ = 0.00 ppm for CFCl; or dp =
0.00 ppm for H3PO, (aq). Abbreviations for NMR and UV-vis: br
(broad), sh (shoulder), m (multiplet), ps (pseudo), s (singlet),
d (doublet), t (triplet), q (quartet), p (pentet), sept (septet).
Electronic absorption (UV-vis/NIR) measurements of solutions
were made on an Agilent 8453 Diode array or a Cary 5000
spectrometer. Electrochemical measurements were collected
under a nitrogen atmosphere for samples as 0.1 mM solutions
in CH;CN with 0.1 M NBu,PF; as the supporting electrolyte. A
three-electrode cell comprised of an Ag/AgCl electrode (sepa-
rated from the reaction medium with a semipermeable polymer
membrane filter), a platinum working electrode, and a glassy
carbon counter electrode was used for the voltammetric
measurements. Data were collected at scan rates of 50, 100, 200,
300, 400, and 500 mV s~ '. With this set up, the ferrocene/
ferrocenium couple matched the literature value’”® with E;,
= +0.43 V in CH,CN at a scan rate of 200 mV s *.

Crystallography

Single crystal X-ray intensity data from a colourless prism of 1,
a light yellow irregular block of 2-Mn, a colourless block of 2-Re,
a yellow plate of 3-Mny g4°2-Mny 46, a colourless plate of 3-Re,
and a colourless block of 4 were each collected at 100.0(1) K with
an Oxford Diffraction Ltd. Supernova diffractometer equipped
with a 135 mm Atlas CCD detector using Cu(Ke) radiation. Raw
data frame integration and Lp corrections were performed with
CrysAlisPro (Rigaku Oxford Diffraction, Ltd).”” Final unit cell
parameters were determined by least-squares refinement of 12
870,13 074,14 655,12 814, 12 601, and 11 411 reflections of 1, 2-
Mn, 2-Re, 3-Mny g;-2-Mny 16, 3-Re, and 4 respectively, with I >
20(I) for each. Analysis of the data showed negligible crystal
decay during collection in each case. Direct methods structure
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solutions, difference Fourier calculations and full-matrix least-
squares refinements against F> were performed with
SHELXTL.” Numerical absorption corrections based on
Gaussian integration over a multifaceted crystal model were
applied to the data for each of the complexes as implemented in
the SCALE3 ABSPACK scaling algorithm.” All non-hydrogen
atoms were refined with anisotropic displacement parameters
with the exception of the minor disorder component CO atoms
(20% occupancy) that overlay the Br atom of the major disorder
component (80% occupancy) in the structure of 1. Hydrogen
atoms were placed in geometrically idealized positions and
included as riding atoms. It is also noted that in the structure of
3-Mny g4°2-Mn, 46 the triflate ion (C14 F1 F2 F3 S3 03 04 05) is
most likely disordered across two sites. The careful inspection
has revealed the highest Q peak is 0.5 electrons. Modelling such
disorder would require heavy restraints due to the low density
available. Therefore, we have decided not to model this disorder
because no other valuable information would be gained by
doing so.

Single crystals of 3-Mngg,-2-Mngog Were grown by vapor
diffusion of diethyl ether into acetonitrile at ambient temper-
ature in a closed vial. A small specimen was retrieved, placed on
a microscope slide, coated in inert oil, mounted on a MiTeGen
Dual Thickness MicroMount and placed on a goniometer head
under a cold stream of N, gas. Data were collected at 100(2) K on
a Bruker D8 Venture 4-circle diffractometer coupled to a Photon
III C14 CMOS area detector with Cu Ko radiation (A = 1.54184 A)
provided by a Incoatec IuS 3.0 micro-focus Cu X-ray source
running at 50.0 kV and 1.1 mA. All data manipulations for 3-
Mny o, 2-Mny og Were carried out using the Bruker APEX-5
Software Suite.*® Data were reduced, correcting for absorption,
using the program SADABS.*' Space group assignment was done
using XPREP within the SHELXTL suite of programs.** Using
the ShelXle graphical interface, the structure was solved by dual
space methods employed by ShelXT and refined by full-matrix
least-squares methods against F> using ShelXL with scattering
factors and anomalous dispersion terms taken from the litera-
ture.” All non-hydrogen atoms not apparent from the initial
solution were found from difference Fourier maps, and all
heavy atoms were refined anisotropically. Special details for 3-
Mny o, - 2-Mng ¢g. The initial refinement of the structure deter-
mined there was additional electron density around the CH;CN
molecule (N1 C15 C16), this was initially ignored as it was less
than 10% contribution. After further consideration, we have
decided to model this additional density as partially occupied
CO. The occupancies of both the CO and CH3;CN were con-
strained to a sum of 1 and refined to 0.923(4) for the major
component (N1 C15 C16) and 0.077(4) for the minor component
(C10 010). SADI was used for C10 and 010 to keep the bonding
appropriate. Additionally, C10 and 010 of the CO molecule and
N1 of the CH3;CN had their displacement parameters con-
strained with EADP. Further investigation has determined that
the triflate molecule (C14 F1 F2 F3 S3 03 04 O5) was disordered
across two sites. The occupancies of both components were
constrained to a sum of 1 and refined to 0.72(2) for the major
component (C14 F1 F2 F3 S3 03 04 0O5) and 0.28(2) for the
minor component (C14A F1A F2A F3A S3A O3A O4A O5A). The

31510 | RSC Adv, 2024, 14, 31502-31516

View Article Online

Paper

minor component was further restrained with SIMU and RIGU.
All hydrogen atoms were placed in calculated positions and had
their thermal parameters tied to the isotropic thermal param-
eters of the atoms to which they were bonded (1.5 x for methyl,
1.2x for others).

The X-ray crystallographic parameters and further details of
data collection and structure refinements are given in Table S1
of the ESL.f CCDC 2371547, 2371549-2371553, and 2383876
contains crystallographic information files. The powder X-ray
diffraction (PXRD) patterns were collected at 295 K with
a Rigaku MiniFlex II instrument using Cu Ka (1.54178 A) radi-
ation or at 100 K (for analysis of photolysis products) by using
the Oxford Diffraction Ltd instrument.

Synthetic procedures

[(pz.TTP)Re(CO);Br], 1. A mixture of 0.228 g (0.522 mmol)
pz,TTP and 0.212 g (0.522 mmol) Re(CO);Br in 20 mL toluene
was heated at reflux 16 h. Solvent was then removed from the
resulting colourless solution by vacuum distillation leaving
a white solid that was washed with two 5 mL portions Et,O to
remove trace free ligand and give 0.248 g (73% yield) of 1. The
solid was redissolved in 10 mL toluene, layered with 65 mL
hexanes and solvents were allowed to diffuse overnight. The
resulting X-ray quality colourless prisms (0.153 g, 62% yield)
were collected by filtration dried by heating at 80 °C under
vacuum 1 h to remove trace toluene. Anal. Caled (found) for
C30H,5BrN,OzPRe: C, 45.81 (45.94); H, 3.20 (3.02); N, 7.12 (7.05).
"H NMR (400 MHz, CD;CN): i (major component of mixture,
see Fig. S21) = 8.80 (dd,J = 7.7, 4 Hz, 1H, Ar), 8.63 (d,J = 3.3 Hz,
1H, Hspz"), 8.48 (d,J = 2.5 Hz, 1H, H;pz®), 8.10 (d,J = 1.6 Hz,
1H, H3pz*), 7.79 (d, ] = 1.1 Hz, 1H, H;pz®), 7.60 (pst, ] = 7.7 Hz,
1H, Ar), 7.42-7.23 (br m, 10H, tolyl, Ar, and Hyew), 6.79 (pst,J =
10 Hz, 1H, Ar), 6.47 (dd, J = 3, 2 Hz, 1H, H,pz"), 6.26 (dd, ] = 2,
1 Hz, 1H, H,pz*), 2.42 (s, 3H, tolyl-CH;), 2.41 (s, 3H, tolyl-
CH;) ppm. 'H NMR (400 MHz, CD,Cl,): 6 (major component of
mixture, see Fig. S21) = 8.80 (dd, /=8, 4 Hz, 1H, Ar), 8.71 (d, ] =
3 Hz, 1H, H5pz®), 8.56 (d, J = 2 Hz, 1H, Hspz®), 7.97 (d, J =
1.2 Hz, 1H, H,pz®), 7.76 (d,J = 1.1 Hz, 1H, H,pz®), 7.55 (pst, J =
8 Hz, 1H, Ar), 7.42 (pst,J = 10 Hz, 1H, Ar), 7.36-7.23 (br m, 11H,
tolyl and Hyeen), 6.79 (dd, J = 10, 8 Hz, 1H, Ar), 6.40 (dd, J = 3,
2 Hz, 1H, H,pz*), 6.19 (dd, J = 2, 1 Hz, 1H, H,pz"), 5.33 (s, 4H,
CH,Cl,), 2.45 (s, 6H, tolyl-CH;) ppm. *'P NMR (162 MHz,
CD;CN): 6p = 10.2 (s, 1P, major isomer), 0.3 (s, 0.3P, minor
isomer) ppm. *'P NMR (162 MHz, CD,Cl,): dp = 10.7 (s, 1P,
major isomer), 0.7 (s, 0.3P, minor isomer) ppm.

[(pz,TTP)Re(CO);](0O5SCF3), 2-Re. A mixture of 0.609 g (1.50
mmol) Re(CO)5Br, 0.650 g (1.50 mmol) pz,TTP, and 0.530 g (1.50
mmol) TIOTf in 20 mL CH;CN was heated at reflux 16 h. The
precipitate of TIBr was removed by filtration. Solvent was
removed from the filtrate to leave a colourless solid that was
washed with two 5 mL portions Et,0 and dried under vacuum to
give 1.23 g (96% yield) of 2-Re as a colourless powder. Anal.
Caled (found) for C3;H,5F3N,O¢PSRe: C, 43.51 (43.12); H, 2.94
(2.94); N, 6.55 (6.59). 'H NMR (400 MHz, CD;CN): &;; = 8.29 (s,
1H, Hpewn), 8-26 (d,J = 2.5 Hz, 2H, H;pz), 8.07 (d,J = 1.6 Hz, 2H,
H;pz), 7.92 (dd, J = 7.7, 7.4 Hz, 1H, o-tolyl), 7.67 (pst, Japp =

© 2024 The Author(s). Published by the Royal Society of Chemistry
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7.7 Hz, 1H, o-tolyl), 7.43 (pst, Japp = 7.7 Hz, 1H, o-tolyl), 7.29 (dd,
J = 8.2, 1.2 Hz, 4H, H,,,-p-tolyl), 7.10 (m, 5H, p-tolyl and o-tolyl),
6.58 (dd, J = 2.5, 1.6 Hz, 2H, H,pz), 2.39 (s, 6H, CH;) ppm. *C
NMR (101 MHz, CD;CN): é. = 150.7 (s, C4tol), 142.8 (d, ] = 2 Hz,
Cspz), 140.5 (d,J = 14.0 Hz), 139.4 (d, J = 1.3 Hz), 137.4 (s, Cspz),
134.0 (d,J = 2.0 Hz), 133.3 (d,J = 11.5 Hz), 133.0 (d, J = 8.1 Hz),
132.8 (d, J = 5.8 Hz), 130.7 (d,J = 10.8 Hz), 130.6 (d, J = 33 Hz,
C,A T N 128.9 (q, J = 52 Hz, CF;), 113.5, 110.9 (C,pz), 78.2
(Cmetn), 21.3 (CH;3) ppm; CO's not observed. '°F NMR (367 MHz,
CD;CN): 0p = —79.3 (s, 3 F) ppm. *'P NMR (162 MHz, CD;CN): dp
= 4.5 ppm. X-ray quality crystals were grown by dissolving
0.351 g of 2-Re in 16 mL acetone, then layering with 64 mL
hexanes and allowing solvents to diffuse 24 h whereupon
0.263 g of colourless rectangular prisms were isolated by
filtration and drying under vacuum.
[(pz.TTP)Mn(CO);](05SCF5), 2-Mn. In a foil-covered flask,
a mixture of 0.650 g (1.50 mmol) [Mn(CO);(NCCH3;);](O5SCF3)
and 0.617 g (1.50 mmol) pz,TTP in 20 mL CH;CN was stirred at
room temperature for 2 h. Solvent was removed from the
resulting yellow solution, and the yellow residue was washed
with two 5 mL portions Et,O, then dried under vacuum to give
0.948 g (89% yield) of 2-Mn as a yellow powder. Anal. Calcd
(found) for CzH,sF3N,O6PSMn: C, 51.39 (51.15); H, 3.48
(3.53); N, 7.73 (7.90). "H NMR (400 MHz, CD;CN): 6;; = 8.27
(br s, 2H, Hspz), 8.08 (s, 1H, Hyeen), 8.02 (br s, 2H, H;pz), 7.83
(brdd,j=7.7,7.0 Hz, 1H, o-tolyl), 7.59 (pst, Japp = 7.4 Hz, 1H, 0-
tolyl), 7.35 (pst, Japp = 7.4 Hz, 1H, o-tolyl), 7.26 (br d, J = 7.0 Hz,
4H, H,-p-tolyl), 7.10 (m, 5H, p-tolyl and o-tolyl), 6.63 (br s, 2H,
H,pz), 2.36 (s, 6H, CH;) ppm. *C NMR (101 MHz, CD;CN): §. =
219.3, 213.8, 150.3, 142.6, 140.8 (d, J = 14.4 Hz), 139.5, 137.9,
133.7,133.3 (d,J = 10.5 Hz, tolyl), 132.5 (d,J = 3.4 Hz), 132.1 (d, ]
=7.8Hz),131.1(d,J = 21.3 Hz), 130.6 (d,/ = 10.1 Hz), 128.9 (q,/
= 45.0 Hz, CF;), 111.0 (d, J = 7.8 Hz), 110.9 (C4pz), 76.9 (Cmetn),
21.3 (CH3) ppm. '°F NMR (367 MHz, CD;CN): 65 = —79.1 (s,
3F) ppm. *'P NMR (162 MHz, CD;CN): 6p = 33.8, ppm. X-ray
quality crystals were grown by dissolving 0.048 g of 2-Mn in
2 mL CH,Cl,, layered with 6 mL hexanes and solvents were
allowed to diffuse 24 h whereupon 0.045 g of yellow crystals
were isolated by filtration and drying under vacuum.
[(pz>TTP)Re(CO),(NCCH;3)(03SCF3)], 3-Re. A mixture of
0.879 g (1.03 mmol) of 2-Re and 0.0771 g (1.03 mmol) Me;NO in
20 mL CH;CN was heated at reflux under argon for 12 h. After
the solvent was removed from the resulting colourless solution
under vacuum, the crude material was washed with two 2 mL
portions Et,O and dried under vacuum to give 0.890 g (99%
yield) of 3-Re as a colourless solid. The solid was then dissolved
in 20 mL acetone, filtered through a small Celite plug, then
layered with 60 mL hexanes and solvents were allowed to diffuse
16 h whereupon 0.563 g (63% yield) of colourless rectangular
prisms were isolated by filtration and drying under vacuum.
Anal. Caled (found) for Cj3,H,oF3;N505 sPSRe, 3-Re-0.5 H,0: C,
43.78 (43.79); H, 3.33 (3.08); N, 7.98 (7.71). "H NMR (400 MHz,
CD;CN): 6y = 8.16 (d, J = 2.4 Hz, 2H, H;5pz), 8.15 (s, 1H, Hyerh),
7.97 (d,J = 1.7 Hz, 2H, H;pz), 7.85 (br dd, J = 7, 5.6), 7.60 (pst,
Japp = 7.7 Hz, 1H, o-tol), 7.37 (pst, Japp = 7.7 Hz, 1H, o-tol), 7.21
(d,J = 8.1 Hz, 4H, p-tolyl), 7.04 (dd, J = 11.0, 8.1 Hz, 4H, p-tolyl),
6.98 (dd, J = 10.6, 7.7, 1H, o-tolyl), 6.51 (dd, J = 2.4, 1.7, 2H,
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H,pz), 2.37 (s, 6H, CHz-p-tolyl), 2.23 (s, 3H, CH;CN) ppm. **C
NMR (101 MHz, CD;CN): 6. = 200.2 (d, J = 7 Hz, CO), 148.7,
141.6,140.5 (d,J = 13.5 Hz), 138.3, 133.4 (d,/ = 4.4 Hz), 133.2 (d,
J=10.9 Hz),133.1 (d,/ = 8.2 Hz), 133.0 (d,/ = 2 Hz), 132.8, 132.1
(d,J = 5.7 Hz), 130.4, 130.0 (d, 10.7 Hz), 111.0, 110.2, 78.6, 21.2,
3.9 ppm. "°F NMR (367 MHz, CD;CN): 6y = —79.2 (s, 3F) ppm.
*1p NMR (162 MHz, CD;CN): 6p = 17.9 (s, 1P) ppm.
[(pz2TTP)Mn(CO),(NCCHj3)(03SCFs)], 3-Mn. In a foil-covered
flask, a mixture of 0.500 g (0.690 mmol) of 2-Mn and 0.0518 g
(0.690 mmol) of Me;NO in 20 mL CH;CN was stirred at room
temperature for 2 h while dynamically purging any evolved
NMe; with a steady flow of argon. Solvent was removed from the
resulting yellow orange solution, and the yellow residue was
washed with two 5 mL portions Et,0 and dried under vacuum to
give 0.500 g (98% yield) as a yellow-orange powder. Anal. Caled
(found) for Cj, 5H,oF;CIN;O5PSMn, 3-Mn-0.5CH,Cl,: C, 51.58
(51.80); H, 3.75 (3.89); N, 8.98 (8.88). 'H NMR (400 MHz,
CD;CN): 6y = 8.28 (s, 2H, H5pz), 8.19 (s, 1H, Hen), 8.12 (s, 2H,
H3pz), 7.85 (m, 1H, Ar), 7.53 (pst,J = 7 Hz, 1H, Ar), 7.26 (pst, ] =
8 Hz, 1H, Ar), 7.17 (m, 4H, tolyl), 6.99 (m, 4H, tolyl), 6.93 (pst,J =
8 Hz, Ar), 6.59 (s, 2H, H,pz), 2.32 (s, 6H, tol-CH3), 1.96 (s, 3H,
CH;CN) ppm. *C NMR (101 MHz, CD;CN): §. = 150.3, 142.6,
140.2, 139.6, 137.9, 134.5 (d, J = 17 Hz), 133.7, 133.3 (d,/ = 10.5
Hz), 132.6 (d, ] = 4.6 Hz), 132.0 (d, J = 8.2 Hz), 130.6 (d, J = 10.5
Hz), 130.3 m, 130.2 (q, /] = 45 Hz, CF;), 111.0, 77.1. 21.3,
14.2 ppm; CO's not observed. °F NMR (367 MHz, CD;CN): 0y =
—~79.3 (s, 3F) ppm. *'P NMR (162 MHz, CD;CN): dp = 66.3 (s,
1P) ppm. Crystals of 3-Mn unsuitable for single crystal X-ray
diffraction can be made by dissolving the crude 0.149 g of
impure 3-Mn in 2 mL CH,Cl,, layering with 8 mL hexanes, and
allowing solvents to diffuse 15 h whereupon 0.120 g (81%
recovery) of yellow-orange crystals were collected after filtration
and drying under vacuum. If such crystals are only air-filtered
they analysed as: Cs,,5H33F3Cl; sN5sOsPSMn, 3-Mn-0.75CH,-
Cl,+0.25C¢H4: C, 50.00 (49.72); H, 4.04 (3.74); N, 8.51 (8.64). X-
ray quality crystals of general composition 3-Mn(; _)-2-Mn, (x =
0.08-0.30) can be grown from impure samples during an
attempted syntheses with sub-stoichiometric amounts of
ONMe; or its hydrate by using either CH,Cl, as a solvent by
layering the filtered product mixture with hexanes or using
CH;CN as solvent and subjecting to vapor diffusion with Et,O.

Photoinduced CO release

Manganese complexes. A borosilicate vial was charged with
10 mL of a CH;CN solution that was 2.5 mM in 2-Mn or 3-Mn.
The flask was placed in a photoreactor 15 cm from a 50 W
390 nm LED light source. During irradiation, 1 mL aliquots
were removed and passed through a 0.5 x 1.0 cm Celite filter to
remove any insoluble impurities with care taken to avoid
further light exposure. A 20 pL portion of the filtered solution
was used for immediate ATR-IR analysis. For electronic
absorption analysis, 0.2 mL of filtered solution was diluted to
10 mL and spectra was recorded.

Rhenium complexes. A standard 1 cm path length quartz
fluorescence cuvette, was charged with 1.0 mL of a CH;CN or
CD;CN solution that was 0.020-0.035 M in 2-Re or 3-Re. After
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the cuvette was positioned 19 cm from a 38 W UV-C lamp (254
nm), the photoreactor was closed (Caution: UV-C irradiation is
harmful to living organisms, minimize exposure) and then the
sample was irradiated. The temperature inside the reactor was
monitored during irradiation via a thermocouple and never
exceeded 25.8 °C. The photoirradiation was interrupted in
regular time intervals to take spectroscopic measurements. For
IR studies, 20 uL aliquots of the reaction solution were used
directly.

Computational methods

General considerations. DFT calculations were performed
using Gaussian 16 (ref. 83) with MO6L meta-hybrid GGA func-
tional®** that has been found to be useful for affording accurate
solutions to a wide variety of computation problems at low
computational expense and notably include relativistic effects.®*
Geometry optimizations used the combination of the MO6L
functional and the def2-TZVP triple-zeta basis set.***” Solvent
(acetonitrile) effects were accounted for by using the polarizable
continuum model IEFPCM.* Analytical vibrational frequency
calculations were carried out to verify that optimized geome-
tries were stationary points. Time-dependent DFT methodology
was used for excitation energy calculations.*** The calculation
of reduction potentials followed Truhlar's methodology®> and
used recommendations outlined by Rulisek.*?

Conclusions

The soft C-heteroscorpionate ligand, pz,TTP, binds to rhe-
nium() and manganese() carbonyl centres in the expected
k’PN,-mode. However, with rhenium(i) the more unusual k*PN-
binding mode has also been found, where the hemilabile pyr-
azolyl arm dissociates to accommodate metal-ion binding. For
[(K*PN,-pz,TTP)M(CO);](OTf), 2-M, the CO stretching frequen-
cies indicated a relative donor strength that is intermediate
between the traditional C-scorpionate Tpm with an Njz-donor
set and the anionic hard-heteroscorpionate (bpza) — with an
N,O donor set. The electrochemical data of 2-M show that
pz.TTP ligand stabilized the univalent state by about 100 mV
relative to the Tpm derivative and ca. 500 mV compared to
related complexes with anionic scorpionates. The phosphorous
donor of pz,TTP labilizes the trans-CO giving cis{(>PN,-
pz,TTP)Mn(CO),(CH;CN)](OTf), 3-Mn simply on heating in
CH;CN (t1, = 15 min). The rhenium analogue 3-Re is formed
exceedingly slowly from 2-Re under these conditions, so is
better prepared by decarboxylation with ONMe,. Despite 3-M
having stronger M-C bonds than 2-M from IR and single crystal
X-ray diffraction data, the 3-M species are more reactive due to
two factors. First, 3-M substantially more electron rich than
their 2-M counterparts by about 600 mV due to replacement of
CO with the poorer m-acceptor CH;CN. Second, the MLCT
bands in 3-M are broadened and red-shifted relative to 2-M,
increasing their visible light sensitivity. Irradiation of either 2-M
or 3-M at their MLCT bands causes total loss of CO over the
course of 20 min for Mn derivatives but days for Re compounds.
A monocarbonyl was never detected by IR or NMR spectroscopy
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for either metal. It is likely that, if formed, such species would
be even more electron rich and photoreactive than 3-M. The
photoreducing properties of 2-Mn were demonstrated by the
isolation of [Mn"(k*NO-pz,TTPO),(k'0-OTf),], 4, (and manga-
nese oxides) during photoirradiation under atmospheric
conditions, a result of oxygen activation. The potential photo-
reductive properties of pz,TTP and other scorpionate complexes
of M(CO);" in organic syntheses warrant further investigation.
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