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Abstract: Since gold is located well beyond the oxo wall,
chemical species with terminal Au—N and Au—O units are
extremely rare and limited to low coordination numbers. We
report here that these unusual units can be trapped within a
suitable organometallic frame. Thus, the terminal auronitrene
and auroxyl derivatives [(CF;);AuN]” and [(CF;);AuO]” were
identified as local minima by calculation. These open-shell,
high-energy ions were experimentally detected by tandem
mass spectrometry (MS?): They respectively arise by N, or NO,

~

dissociation from the corresponding precursor species
[(CF5);Au(N;)]” and [(CF;);Au(ONO,)]” in the gas phase.
Together with the known fluoride derivative [(CF;);AuF]~, they
form an interesting series of isoleptic and alloelectronic
complexes of the highly acidic organogold(i) moiety
(CF;);Au with singly charged anions X~ of the most electro-
negative elements (X=F, O, N). Ligand-field inversion in all
these [(CF;);AuX]” species results in the localization of
unpaired electrons at the N and O atom:s. )

Introduction

Terminal nitride and oxo ligands are particularly favored in
electron-poor early transition metals (TMs)."? Their stability,
however, decreases markedly in electron-rich late TMs as to
justify the “oxo wall” concept.™ This concept is extensible to
nitrides, but has no meaning for fluorides” The oxo wall
position depends on the molecular symmetry: It is established
between Groups 8 and 9 for six-coordinate metal oxo
complexes with tetragonal symmetry (i.e., compressed octahe-
dral), but is shifted rightwards for lower coordination
numbers.®? Thus, the tetrahedral Mes,IrO® and the square-
planar (PNP)IrO® complexes are well established. A diamagnetic
Pt(IV) complex with a (strongly bent) terminal Pt=O unit”
aroused some controversy though.® Very high oxidation states
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are also known to favor M—O multiple bonds at the right edge
of the TM series, as in the (IrO,)™ cation, which is the only Ir(IX)
entity experimentally detected to date.” The species (PtO,)*",
(PtNO,) ", PtN,O, and (PtN;0)~ have also been identified as
metastable energy minima by calculation.”

Gold is the least oxophilic metal."" Accordingly, compounds
containing terminal AuO units are only found at the unim-
olecular level, i.e., either in the gas phase or in inert solid
matrices (Scheme 1).'” They all exhibit low coordination
numbers (< 4): (AuO)’™ (g=—-1, 0, 1, 2),"¥ OAuF, (n=1, 2),™
(OAU0)*™ (g=0, 1), and [OAu(OBO)]~,"" while the constitu-
tion of the (AuO,)™ cation is currently unknown.'® The recent
synthesis of a terminal Pt—N unit in the fascinating (PNP)PtN
complex™ prompted us to move a step further to Group 11
and explore the possibility of existence of related Au—N and
Au—O0 units.

In previous work, we have identified the (CF;);Au moiety as
a strong Lewis acid™® with distinct stereochemical stability and
a marked reluctance to undergo reductive elimination."”
Considering all these advantageous features, we conjectured
that this well-behaved perfluorinated organogold moiety might
provide a suitable frame for terminal AuN and AuO units well
beyond the oxo wall.

(AuO)T* F—Au—0 [0AU(OBO)]~
F
| +
(OAUO)T™ o- (AuOy)
L ?

Scheme 1. Structural formulas of the experimentally detected species with
terminal AuO units.
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Results and Discussion
The nitrogen system

We first prepared the gold(lll) azide complex [PPh,][(CF;);Au(N;)]
(1) from the iodo-derivative [PPh,I[(CF;);Aull" by ligand
exchange. Compound 1 was characterized by analytical,
spectroscopic and structural methods (see Experimental). Fur-
thermore, the crystal and molecular structures of the
[Ph;PCH,Ph][(CF;);Au(N;)] (1) salt were established by single-
crystal X-ray diffraction (sc-XRD) methods.”” The structure of
the [(CF;);Au(N5)]™ anion in 1" (Scheme 2; Table S2) is similar to
that previously established for the homologous silver complex
[(CF3);Ag(N;)]~.2" The Au-N* bond length in 1’ (204.4(5) pm) is
also indistinguishable from the Pt-N* distance found in the
related Pt compound (PNP)Pt(N;): 203.1(5)."” However, the
higher v,(NNN) frequency observed in the IR spectrum of the
gold compound 1 (2061 cm™') when compared to that of the
silver counterpart (2042 cm™') might suggest higher covalent
character in the Au-N; bond.?? This difference will have
important consequences in the present study, as we will see
below. The gold compound is substantially more stable (265 °C,
dec.) than the silver homologue (92°C, dec.).?"

Having isolated compound 1 in pure form, we studied the
unimolecular decomposition paths of the [(CF;);Au(N;)]™ anion
in the gas phase by multistage mass spectrometry (MS") under
collision-induced dissociation (CID) conditions (Figures S6-S9).
The main path involves dissociation of the N; ligand and one of
the CF; groups affording the homoleptic organogold(i) anion

o—

RS

[CF;AUCF;]™ (Scheme 2). No ionic dissociation of (N5)~ involving
heterolytic Au-N; cleavage was experimentally detected.”**!
The sought N, dissociation takes place to only a limited extent
furnishing [(CF;);AuN]” as a minor product. Finally, double
dissociation of CF; renders the lineal azide gold(l) complex
[CF;AuN,]™. This compound was also prepared in solution and
its structure was established (sc-XRD) in the salt [PPh,][CF;AuNs,]
(2: Scheme 2; Table 54).%% It releases N, in the gas phase giving
rise to the [CF;AuN]™ anion as the main product (Scheme 2).
Species [(CF;);AuN]™ and [CF;AuN]™ are extremely rare cases of
terminal Au—N units. It is worth noting that no homologous
silver complex [(CF;);AgN]™ was observed in the fragmentation
of the corresponding parent species [(CF;);Ag(N;)]™ in the gas
phase under similar CID conditions. The different behavior
observed for Ag and Au nicely correlates with the higher
covalent character of the Au—N; bond in the corresponding
parent complex as already pointed out by the variation in their
respective v,(NNN) frequency values (see above).

The oxygen system

In order to extend our results to oxygen, a suitable precursor
was needed. The nitrate complex [PPh,][(CF;);Au(ONO,)] (3) was
prepared in a similar way as the azide complex 1 (see
Experimental) and was isolated as a white solid in good yield
(79%). Compound 3 was characterized by analytical and
spectroscopic methods. The molecular structure of the anion
was also established by sc-XRD on single crystals of the salt

1
Q =CF,
- CoFg
C) €]
@ , O—Au—N; —— —N
W -N,
o 2

Scheme 2. Fragmentation channels of the [(CF;);Au(N;)]™ anion in the gas phase under CID conditions. Multistage mass spectra (MS") are given in Figures S6—
S9. Energies calculated for the different dissociation paths are given in Scheme S1. Shown here are also displacement-ellipsoid diagrams (50 % probability) of
the [(CF;);Au(N;)]~ and [CF;AuN,]™ anions as found in single crystals of 1’ and 2, respectively.”” Both anions undergo CF, extrusion as an additional

fragmentation channel in the gas phase (not shown here for clarity). No ionic dissociation of N;~ was experimentally observed (Q-TOF).
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[Ph;PCH,Ph][(CF5);Au(ONO,)] (3").2% In the square-planar anion,
the nitrato group acts as a terminal, monodentate ligand
(Scheme 3; Table S6) with a Au—ONO, bond distance
[209.0(4) pm av.] comparable to that found in (C&N)Au-
(CH,AC)(ONO,): 212.8(3) pm.”™ The metrical similarity can be
attributed to the nitrato-xO ligand being located in both cases
trans to an organyl group (CF; or aryl) with considerable trans
influence.” Accordingly, the observed Au—O bond distance in
3’ is much longer than observed in the homoleptic nitrate
complexes (NO)[Au(NOs),] [200.2(7) pm av.],*” (NO,)[Au(NO;),]
(199.8 pm av.),”™ and K[Au(NO;),] [200(2) pm av.].”? The N—OAu
bond distance in 3’ [130.9(7) pm av.] is substantially longer than
the terminal N—O bonds [123.0(7) pm av.], the latter being just
marginally longer than the N—O bond distance in gaseous NO,:
119.5(3) pm.B? This difference evidences that the N-OAu bond
is significantly weaker than the terminal N-O bond and
therefore prone to undergo cleavage under NO, dissociation.
This point was confirmed by experiment.

The unimolecular dissociation of the [(CF;);Au(ONO,)]1”
anion in the gas phase under CID conditions (Scheme 3) bears
much similarity with the azide complex 1 just discussed
(Scheme 2). In complex 3, however, dissociation of the (NO;)~
jon was observed to occur in Q-TOF experiments.” This path
involving the heterolytic cleavage of the Au—O bond may be
considered as the standard channel for monodentate nitrate
complexes, in line with the well-established role of the nitrate
ion as a good leaving group in TM chemistry.®" Dissociation
paths leading to linear organogold(l) anions are here minor
channels. The main dissociation path involves NO, release with
formation of [(CF;);AuO]”~ (Scheme 3). The preferential forma-
tion of this anion indicates substantial stability and involves a
less common breaking of a metal nitrate.

O—

O_

O_

Nitrate is a highly electronegative group (estimated ¥
3.91)%2 able to form countless ionic salts with a plethora of
electropositive cations and also to bind covalently to electro-
negative elements.”™ Simple nitrates XONO, with a polar X—O
bond, but with predominantly covalent character have been
the object of thorough investigation in main-group elements
(X=H, CH,, CF;, SiMe,, etc.).” Among them all, the so-called
halogen nitrates® are of particular importance since XONO,
molecules (X=halogen) act as reservoirs of atmospheric XO
and NO, radical species.®” Different contributions of ionic, X*/
(NO;)7, and radical, XO*/*NO,, bonding models are involved in
each case depending on the electronegativity of X.*¥ In these
molecules, the XO—NO, single bond is by far the weakest bond,
as observed also in the organogold(iil) complex 3’ (see above).
Our experimental detection of [(CF;);AuO] following the radical
dissociation pattern is in line with all these precedents,
especially considering that gold is the most electronegative
metal (y 2.4).%9 The observed radical splitting of the AuO-NO,
unit in 3 discloses important covalent contribution to the Au—O
bond, and provides additional evidence for gold behaving as a
pseudohalogen.®®

Dissociation of NO, from the nitrate complex 3 involves
reduction to N(IV) and requires concomitant oxidation of the
organogold moiety. The conventional rules to calculate oxida-
tion states assume that, except when bound to F, a terminal
oxygen atom should be invariably taken as an oxo anion 0?~.%”
The blind application of this convention based on a single
electronegativity value for each chemical element would result
in an Au(lV) species. Given the notorious lack of well-established
Au(lV) compounds, a thorough analysis of the electronic
structure of this unusual species seemed appropriate. We
extended our calculation to the aforementioned [(CF;);AuN]”
derivative, as well as to the known fluoride complex

- CoFg

©
—F
‘_02F5N03
? - ? -
—ONO, Q—Au—0
(5 - NO, (])
3 major

©
—ONO,

Scheme 3. Fragmentation channels of the [(CF;);Au(ONO,)]~ anion in the gas phase under CID conditions. Multistage mass spectra (MS") are given in
Figures S11 and S12. Energies calculated for the different dissociation paths are given in Scheme S2. Shown here is also the displacement-ellipsoid diagram
(50% probability) of the [(CF5);Au(ONO,)]™ anion as found in single crystals of 3.2% lonic dissociation of NO, ™ is additionally observed (Q-TOF).”?
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Scheme 4. Lewis structures of the isoleptic and alloelectronic [(CF;);AuX]™ series (X=N, O, F) with calculated Au—X distances [pm] indicated. The electronic
structure of the open-shell complexes is described in detail in the Supporting Information (Figures S16 and S17).

[(CF;);AuF]." They all form an interesting series of isoleptic
and alloelectronic species: [(CF;);AuX]™ (X=N, O, F). Following
our calculations, they are invariably square planar with similar
Au—X bond distances suggesting single bonds (Scheme 4).

Electronic structure of the terminal AuN and AuO units

The electronic structure of the open-shell anions [(CF;);AuN]™
and [(CF;);Au0]” was ascertained with the help of CAS(n,6)
calculations (n=8, 9 for X=N and O, respectively) including
ZORA relativistic corrections for the Au atom (see Supporting
Information for details). CASSCF calculations have disclosed that
the electronic ground state of the [(CF;);AuN]” complex is
virtually monoconfigurational, with the two unpaired electrons
located in the b, and 2b, MOs, which are composed mainly of
the N(p,) and N(p,) atomic orbitals, respectively (Figure S16 and
Table S7). On the other hand, for the [(CF;);AuQ]~ complex only
two configurations account for 94% of the CAS wavefunction,
namely those in which the unpaired electron is located in the
MOs 1b, and 2b,, respectively (Figure S17 and Table S8).

A triplet state was identified as the lowest minimum for the
[(CF5);AuN]™ anion (S=1) with most spin density located on the
N atom (Figure 1a) with a cylindrical distribution resulting from
the half-occupation of the two N(p) m orbitals. This pattern
suggests that the compound should be regarded as an
auronitrene. In a similar way, the SOMO of the open-shell
species [(CF3);Au0]™ (S='/,) exhibits Au—O m* character with
most spin density located on the O atom (Figure 1b). We
conclude therefore that the [(CF;);AuO]” anion should be
viewed as an oxyl (O°*”) complex of the organogold(lll) moiety

| ﬁ;‘N | '}:.'o

Figure 1. Spin density contour of the square-planar anions a) [(CF;);AuN]~
and b) [(CF;);AuQ] " calculated at the DFT/M06/def2-TZVPD level of theory
(isovalue: 0.005).

a
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(CF;);Au rather than an oxo-derivative of Au(IV).”®¥ Apparently,
the oxyl ligand is unable to get its missing electron from the
Au(lll) center. This means that an Au(lV) center should, in turn,
be able to oxidize an oxo ligand by shifting the electronic hole
to the O 2p orbitals.® Finally, the fluoro complex [(CF;);AuF]”
has the expected closed-shell electronic structure (S=0). In all
three [(CF;);AuX]” compounds, the metal d orbitals contribute
little to the frontier MOs, which are rather involved in the Au—X
bonding MOs (Figures S16 and S17). This arrangement is typical
of inverted ligand field,*” as it has been found in related
compounds of coinage metals.”"*" as well as in other highly-
covalent late-TM systems. Given the Au—X []* character of the
SOMOs, the formal bond order of the Au—N and Au—O bonds is
2 and 1.5, respectively. Taking into consideration all the
aforementioned structural and electronic properties, we con-
clude that the [(CF;);AuX]” ions are to be considered as
complexes of the (CF;);Au moiety with a singly-charged X~
anion (X=N, O, F).

Conclusion

Collision-induced dissociation (CID) of the azide complex
[(CF5);Au(N;)]” in the gas phase proceeds with N, loss and
formation of the auronitrene [(CF;);AuN]” (Scheme?2). In a
similar way, the nitrato complex [(CF;);Au(ONO,)]~ gives rise to
the auroxyl complex [(CF;);AuO]” under NO, dissociation
(Scheme 3). Single Au—N and Au—O bonds are calculated for the
corresponding terminal units with triplet and doublet spin
states, respectively, and most spin density located on the non-
metal atom (Figure 1). Consequently, these extremely rare cases
of terminal Au—N and Au—O bonds boldly defy the conventional
rules to assign oxidation states. Our results reinforce the picture
of gold as a pseudohalogen. Further studies aiming to detect
these high-energy species in the condensed phase are ongoing.

Experimental Section

General procedures and materials: Unless otherwise indicated, the
reactions and manipulations were carried out under purified argon
using Schlenk techniques. Previously degassed solvents were dried
using an MBraun SPS-800 System (CH,Cl,, Et,O, n-hexane) or over
activated 3 A molecular sieves (Me,CO, MeCN). The square-planar
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gold(i) compounds [PPh,]J[(CF;);Aull and [PPh,][(CF;);AuF]™ as
well as the linear gold(l) derivatives [PPh,J[CF,AuCl]®? and
[PPh,I[CF;AuBr],* were prepared as described elsewhere. The salt
[Ph;PCH,Ph][(CF;);AuCl] was prepared by addition of the equimolar
amount of [Ph;PCH,Ph]CI to a solution of (CF,);Au-OEt," and was
further transformed into [Ph;PCH,Ph][(CF;);AuF] as described for
the [PPh,]" salts.'™™ All other reagents were purchased from
standard commercial suppliers and used as received. Elemental
analyses were carried out using a PerkinElmer 2400 CHNS/O Series
Il microanalyzer. IR spectra were recorded on neat solid samples
using a PerkinElmer Spectrum FT-IR spectrometer (4000-450 cm™")
equipped with an ATR device. '°F NMR spectra were recorded at
room temperature on a Bruker AV-400 spectrometer. Chemical
shifts (0 in ppm) are given with respect to CFCl;. Chemically
inequivalent CF; groups are indicated as follows: CF;-Au-CF; refers
to the mutually trans-standing CF; groups (q=quartet), whereas
CF;-Au-X refers to the CF; group trans to the anionic X ligand (spt=
septet). NMR parameters associated with the [PPh,]" or
[PhsPCH,Ph]* cations are unexceptional and are therefore omitted.
High-resolution mass spectra (HRMS) were registered using electro-
spray ionization (ESI) techniques on a MicroToF-Q (Bruker Daltonics)
spectrometer, using sodium formate clusters as external reference.
Thermogravimetric and differential thermal analyses (TGA/DTA)
were performed using a SDT 2960 instrument at a heating rate of
10°C min~" under N, atmosphere.

Synthesis of [PPh,][(CF;);Au(N;)] (1). Method A: NaN; (13 mg,
197 umol) was added to a MeCN solution (5 mL) of [PPh,][(CF,);AuF]
(100 mg, 131 umol) and the mixture was stirred at room temper-
ature for 30 min. Removal of the solvent by vacuum evaporation
afforded a white residue which was extracted with CH,Cl, (10 mL).
The extract was separated by filtration and the colorless filtrate was
evaporated to dryness. Treatment of the resulting residue with Et,0
(3 mL) rendered a white solid, which was filtered, washed with
more Et,0 (2x2 mL), vacuum dried and identified as compound 1
(75 mg, 95 pmol, 73% yield). Method B: An equimolar amount of
Me;SiN; (18 pL, 131 pmol) was added to a CH,Cl, solution (5 mL) of
[PPh,I[(CF5);AuF] (100 mg, 131 umol). After 30 min of stirring at
room temperature, all volatiles were removed by evaporation under
reduced pressure. Treatment of the resulting residue with Et,0
(3 mL) rendered a white solid, which was filtered, washed with
additional Et,0 (2x2 mL), vacuum dried and identified as com-
pound 1 (82 mg, 104 umol, 80% yield). IR (ATR; Figure S1): v/em ™' =
3060 (w), 2061 (s, v,: NNN), 1826 (w), 1686 (w), 1585 (w), 1484 (m),
1437 (s), 1396 (w), 1340 (w), 1316 (w), 1287 (m), 1190 (w), 1157 (s),
1109 (s), 1069 (vs), 1047 (vs), 1026 (s), 996 (s), 931 (m), 849 (m), 754
(s), 721 (vs), 689 (vs), 615 (m), 586 (w), 524 (vs), 453 (m), 431 (w),
406 (m). "F NMR (376.308 MHz, CD,Cl,, 298 K; Figure S3): 0;/ppm =
—29.87 (spt, 3F, “J(F,F) =6.3 Hz; CF;-Au-N;), —38.07 ppm (q, 6F; CF5-
Au-CF;). HRMS (ESI-): m/z calcd for C;AuFgN;: 445.9620; found:
445.9602. Elemental analysis calcd (%) for C,;H,0AuFgN;P: C 41.29,
H 2.57, N 5.35; found: C 41.27, H 2.59, N 5.44. Single crystals of
[Ph;PCH,Ph][(CF;);Au(N;)] (1) suitable for X-ray diffraction were
obtained by slow diffusion at 4°C of a layer of n-hexane (2 mL) into
a solution of compound 1’ in CH,Cl, (1 mL), prepared starting from
[Ph;PCH,Ph][(CF;);AuF] (15 mg, 19.3 umol; see General Procedures)
following method B.

Transformation of [PPh,J[CF;AuX] (X=ClI, Br) into [PPh,][CF;Au-
(N5)] (2). Method A: An excess of NaN; (6 mg, 88 umol) was added
to a solution of [PPh,][CF;AuBr] (30 mg, 44 umol) in Me,CO (3 mL)
in the dark, and the mixture was stirred at room temperature for
3 h. Incomplete conversion was evidenced by 'F NMR and MS
(ESI—). Method B: An excess of NaN; (92 mg, 1.40 mmol) was added
to a solution of [PPh,J[CF;AuCl] (90 mg, 140 umol) in Me,CO (5 mL)
in the dark and the mixture was stirred overnight at room
temperature. Incomplete conversion was evidenced by 'F NMR.
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Neither a greater excess of NaN; nor longer reaction times led to
full conversion. The reaction mixture was eventually evaporated to
dryness and the residue was extracted with CH,Cl, (5 mL). The
resulting suspension was filtered through high-quality diatomite.
Solvent removal by vacuum evaporation afforded a white solid,
which was suspended in Et,0 (3 mL), filtered, washed with addi-
tional Et,0 (2x2 mL) and vacuum dried. This solid consisted of a
3:1 mixture of the final compound 2 and the starting material,“*?
respectively, as identified by '°F NMR (Figure S4). "’F NMR of 2
(376.308 MHz, CD.Cl,, 298 K): o¢/ppm=-21.91 (s, CF;). Single
crystals of 2 suitable for X-ray diffraction were obtained by slow
diffusion at 4°C of a layer of n-hexane (2 mL) into the obtained
reaction mixture.

Synthesis of [PPh,][(CF;);Au(ONO,)] (3): An equimolar amount of
AgNO; (20mg, 115umol) was added to a solution of
[PPh,I[(CF3);Aul]l (100 mg, 115 umol) in MeCN (5 mL) in the dark.
After 30 min stirring, the reaction mixture was evaporated to
dryness and the resulting residue was extracted with CH,Cl,
(10 mL). The suspension was filtered through high-quality diatomite
to separate the Agl. Solvent removal in the extract by vacuum
evaporation afforded a white solid, which was suspended in n-
hexane (3 mL), filtered, washed with more n-hexane (2x2 mL),
vacuum dried, and identified as compound 3 (73 mg, 91 umol, 79%
yield). IR (ATR; Figure S2): v/cm™'=3065 (w), 1588 (w), 1510 (s, v,:
NO,), 1485 (m), 1443 (m), 1437 (m), 1341 (w), 1316 (w), 1289 (s, v
NO,), 1186 (w), 1169 (m, N-0), 1162 (m), 1109 (s), 1080 (vs), 1063
(vs), 1030 (s), 1028 (s), 996 (m), 984 (s), 929 (m), 847 (w), 796 (w),
761 (m), 754 (m), 746 (w), 722 (vs), 687 (vs), 616 (w), 524 (vs), 450
(m). F NMR (376.308 MHz, CD,Cl,, 298 K; Figure S5): 6;/ppm=
—27.53 (spt, 3F, Y(F,F)=6.0 Hz; CF;-Au-NO,), —40.24 (q, 6F; CF,-Au-
CF;). HRMS (ESI-): m/z calcd for C;AuFgNO;: 465.9406; found:
465.9407. Elemental analysis calcd (%) for C,,H,,AuF,NO;P: C 40.27,
H 2.50, N 1.74; found: C 40.32, H 2.38, N 1.60. Single crystals of the
[Ph;PCH,Ph][(CF;);Au(NO;)] salt (3') suitable for X-ray diffraction
were obtained by slow diffusion at 4°C of a layer of n-hexane
(2 mL) into a solution of compound 3’ in CH,Cl, (1 mL), prepared by
the same procedure starting from [Ph;PCH,Ph][(CF;);AuCl] (15 mg,
18.9 umol; see General Procedures).

Multistage mass spectrometry (MS"): ESl-ion trap mass spectra
were recorded on a Bruker Esquire 3000+ spectrometer (Bruker
Daltonics). Analyses were carried out in negative ion mode, with
Smart Parameter Settings optimized for each m/z value. The
nebulizer (N,) gas pressure, drying gas (N,) flow rate and drying gas
temperature were kept at 0.7 bar, 40dm?min~' and 350°C,
respectively. Spectra were acquired in the m/z 50-1000 range, and
the mass axis was externally calibrated with a tuning mix (from
Agilent Technologies). 5 ppm solutions of the samples were trans-
ferred into the ESI source by means of a syringe pump at a flow
rate of 4 mm*min~". ESI-CID-MS" analyses were carried out using He
as the collision gas and the amplitude voltage was optimized in
each case to obtain the maximum fragment intensity. The obtained
spectra are shown in Figures S6-512. Q-TOF MS? spectra®® were
recorded on a Bruker MicroTOF-Q Spectrometer (Bruker Daltonics).
The nebulizer (N,) gas pressure, drying gas (N,) flow rate and drying
gas temperature were kept at 0.4 bar, 4.0 dm*min~' and 180°C,
respectively. ESI-CID-MS" analyses were carried out using N, as the
collision gas, 15 eV collision energy, and an isolation width for the
precursor ion of 5 m/z units. Whereas the N5~ ion was absent in the
spectra of compound 1, the NO;™ ion was actually observed in the
spectra of compound 3. This contrasting behaviour nicely correlates
with the calculated energy required for each process (Schemes S1
and S2).

Crystal data and structure refinement: Crystal data and other
details of the structure analysis are presented in Tables S1, S3 and
S5. Single crystals suitable for X-ray diffraction studies were
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obtained as indicated in the corresponding Experimental entry.
Crystals were mounted at the end of quartz fibres. The radiation
used in all cases was graphite-monochromated Mo—Koa A=
71.073 pm). X-ray intensity data were collected on a Bruker Smart
Apex (1" and 3’) or a Bruker Apex Duo CCD (2) diffractometer. The
diffraction frames were integrated and corrected from absorption
by using the CrysAlis Pro program™ (1’ and 3') or by using the
SAINT software® (2). Data collection was performed at 100 K in all
cases. The structures were solved by Patterson and Fourier methods
and refined by full-matrix least squares on F? with SHELXL."® All
non-H atoms were assigned anisotropic displacement parameters
and refined without positional constraints. The positions of the H
atoms were constrained to idealised geometries and assigned
isotropic displacement parameters equal to 1.2 times the U, values
of their respective parent atoms. For 1/, the F atoms of all three CF;
ligands show rotational disorder over two positions, which were
refined with the following partial occupancies: 0.52/0.48, 0.52/0.48
and 0.67/0.33. Restrains in the geometry and anisotropic thermal
parameters were used for these F atoms. Full-matrix least-squares
refinement of these models against F* converged to final residual
indices given in Tables ST, S3 and S5.%” Selected interatomic
distances and angles are given in Tables S2, S4 and S6.

Computational details: Density Functional Theory (DFT) calcula-
tions were performed with the Gaussian09 package®” at the M06
level of theory™® with an ultrafine grid option. All atoms (C, N, O, F,
and Au) have been described using Ahlrichs’ def2-TZVPD, a Triple-
Zeta-Valence basis set including Polarization and Diffuse basis
functions? along with the corresponding quasi-relativistic pseudo-
potential for Au atoms, as obtained from the Basis Set Exchange
webpage.®®*" The potential energy surfaces of the studied
complexes and of the species involved in their fragmentation
processes have been examined at this level of theory, and their
geometries have been optimized in the gas phase with no
symmetry restrictions. Frequency calculations have been performed
in all the collected stationary points in order to check their nature
of either minima or transition states. Atomic coordinates for all the
optimized structures are included as a separate .xyz file in the
Supporting Information.

Spin multiplicity analysis: As a first approach, the complexes of
interest, [(CF5);AuN]™ (AuN) and [(CF;);AuO]~ (AuO), were analyzed
at the referred DFT/M06/def2-TZVPD level of theory. Two possible
spin states, triplet CAuN) and singlet ("AuN), can be envisaged for
the former, whereas a spin doublet is obtained for the latter: 2AuO.
The results obtained at this level for the AuN spinomers support
the high-spin complex as the most energetically favored (AG°=
—33.9 kcal mol™). Figure S15 shows the optimized structures for
the *AuN, 'AuN, and 2AuO species together with the relative
energies obtained for the AuN spinomers.

CASSCF calculations were additionally performed at the DFT
ground state geometries of the open-shell AuO and AuN systems
in the ORCA 4.2.1 software® to assess any possible multiconfigura-
tional character. CASSCF wavefunctions were optimized using the
ZORA approximation® along with the ZORA-def2-TZVP basis
sets,”” which include the segmented all-electron relativistically
contracted SARC-ZORA-TZVP basis set for gold. General-purpose
Coulomb fitting SARC/J auxiliary basis sets were also employed
within the RI-J approximation. We chose an active space compris-
ing 6 ligand-based orbitals for both AuO and AuN complexes,
leading to CAS(9,6) and CAS(8,6) expansions, respectively. The
active space was optimized averaging 7 doublets for AuO and 28
singlets and 21 triplets for AuN. The electronic ground state of AuN
is practically monoconfigurational (Table S7) with the two unpaired
electrons located in the b, and 2b, MOs composed mainly of the
N(p,) and N(p,) atomic orbitals, respectively (Figure S16). This is in
good agreement with the DFT calculations discussed above, which

Chem. Eur. J. 2023, 29, e202203181 (6 of 7)

predicted a triplet ground state being more stable by
33.9 kcal mol™' than the corresponding singlet (Figure S15). On the
other hand, for the AuO complex just two configurations account
for 94% of the CAS wavefunction (Table S8), namely those placing
the unpaired electron in the MOs 1b, and 2b,, respectively
(Figure S17). These MOs have the same symmetry (B;, C,, point
group) and are O--C, bonding and antibonding combinations of
the O(p,) AO with the out-of-phase combination of the lone pairs of
the two cis ligands. In those two MOs, the O(p,) AO mixes with the
o* orbitals of the CF; groups cis to O leading to the two O—C
bonding and antibonding combinations. The CAS procedure, when
mixing the two configurations, uncouples the C-based orbitals,
leaving the unpaired electron largely at the O(p) AO. It is worth
noting that this is in line with the spin-density distribution
calculated at the DFT level (Figure 1b). Accordingly, if we come
back to our single-determinant DFT calculations, it can be seen that
the spin density in the C atoms cis to O is located on a orbitals
while in the remaining C atom (trans to O) it is located in f orbitals,
which confirms the spin delocalization® onto the C atoms of the
two equivalent CF; ligands cis to O and some degree of spin
polarization towards the C atom of the CF; ligand trans to O.
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