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Abstract

Zeise’s salt, [PtCl3(H2C=CH)] " is the oldest known organometallic complex, featuring ethylene strongly
bound to a platinum salt. Many derivatives are known, but none involving dinitrogen, and indeed
dinitrogen complexes are unknown for both platinum and palladium. Electrospray ionization mass
spectrometry of Kz[PtCls] solutions generate strong ions corresponding to [PtCls(N2)]-, whose identity was
confirmed through ion mobility spectroscopy and MS/MS experiments that proved it to be distinct from its
isobaric counterparts [PtClz(C2H4)]™ and [PtCl3(CO)]~. Computational analysis established a gas-phase
platinum-dinitrogen bond strength of 116 kJ mol?, substantially weaker than the ethylene and carbon
monoxide analogues but stronger than for polar solvents such as water, methanol and
dimethylformamide, and strong enough that the calculated N-N bond length of 1.119 A represents
weakening to a degree typical of isolated dinitrogen complexes.

Graphical abstract

PN I

The dinitrogen analogue of Zeise’s salt, [PtCls(N2)]-, is readily formed in the gas phase, can be easily
distinguished from its isobaric counterparts and has a calculated bond strength commensurate with

isolated dinitrogen complexes despite such complexes of platinum being unknown.
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Zeise’s salt, [PtCls(H2C=CH)], is the oldest known organometallic complex and was originally met with
some criticism.™! It was made by Zeise in 1830 by boiling platinum tetrachloride in ethanol and isolating a
salt he called "entziindliches Kali-Platin-Salz” (flammable potassium platinum salt), noting that it had a
long-lasting metallic flavor.l?! Zeise's salt was later prepared by Birbaum using ethylene,® and eventually
its structure was determined crystallographically.[*! The ethylene binds side-on, in a bonding mode
described by the Dewar-Chatt-Duncanson model.[6-2% Zeise’s salt inspired generations of research into
organometallic chemistry, and numerous derivatives have been prepared with a variety of 2-electron
ligands replacing ethylene. 115!

Because the ethylene ligand binds tenaciously to the platinum, we were interested to see if it would
remain bound even during the desolvation process during electrospray ionization mass spectrometry
(ESI-MS). Monodentate alkenes tend to bind weakly to metal centers, and it is generally difficult to
preserve their coordination even under the mildest of ESI-MS conditions.[*57 Zeise’s salt can be readily
prepared via SnClz-catalyzed ligand substitution of [PtCls]?>~ with ethylene,[*® and substitution of Cl for
heavier halides has been explored.[**2% When we examined a [PtCls]?>~ solution in water a relatively minor
peak at the correct m/z and with the expected isotope pattern for [PtCls(C2Has)]~ was observed, despite the
absence of ethylene. That ion could be subjected to collision-induced dissociation (CID) in a conventional
product ion MS/MS experiment, and it readily lost a neutral species of 28 Da. Nitrogen, like ethylene, also
has a molecular weight of 28 Da, and is present in abundance during the ESI-MS experiment thanks to its
use as a desolvation gas, and was a possible explanation for this ion. While many dinitrogen complexes
have been reported for metal centers in Group 3-9, some simple,?*-2°l some with carefully constructed
coordination environments,?5-*4 and others evolved for the purpose,®>-2% such complexes are less
common in Group 10 and 11. Isolated dinitrogen complexes involving platinum are unknown. Pt—N2
bonds have been studied under specialized conditions using infrared spectroscopy, laser ablation, and
matrix isolation.[*®=*3 A few ions observed mass spectrometrically have been tentatively assigned to
platinum dinitrogen species, including [Pt(NH3)2(N2)CI]*®#4 and [Pt(NH3)2(N2)OH]*.*3 [PtCIsN2]~ ions were
assigned in the experimental section of a study on bicyclic antitumor platinum(IV) complexes, ! but
escaped without comment in the manuscript. Interest in dinitrogen complexes has been long-standing
due to the inherent difficulty of activating the very strong dinitrogen bond, a prerequisite for involving the

molecule in catalytic processes.“"]

We provide detailed evidence for the robustness of gas-phase [PtCl3(N2)]~ using a multi-faceted
approach: accurate mass analysis, MS/MS studies, ion mobility spectroscopy (IMS), and computational

chemistry. We compared all molecules of mass 28 Da that can act as a ligand for the [PtCls]~ fragment:



ethylene, dinitrogen, and carbon monoxide. The resulting [PtCls(L)]” complexes are numbered 1 (L =
C2Ha4), 2 (L= Nz) and 3 (L = CO).

NEts(PtCl3(CO)) and K(PtClz(C2H4)) complexes were synthesized (see ESI) for direct comparison to the
suspected [PtCl3(N2)]- complex. Accurate mass data were collected on a Synapt G2-Si instrument for all
species (Figure 1). These data clearly depict the distinct differences in exact mass for each of these
complexes, and provide strong evidence of the authenticity of the N2 complex 2. An overlaid plot of the full
experimental isotope pattern and theoretical isotope pattern can be found in the Supporting Information
(Figure S1).
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Figure 1. Overlaid plot of theoretical peak position (bar width = 10 ppm) and experimental data for
[PtCl3(C2H4)]™ (1, blue), [PtCl3(N2)]~ (2, green), and [PtCI3(CO)]™ (3, red).

Modern mass spectrometers are capable of collecting corroborating data on the identity of ions that have
the same nominal mass. Fragmentation via collision-induced dissociation produces diagnostic product
ions based on the strength of the bonds.[*8-51 In the case of organometallic compounds, weakly bound
ligands will dissociate at a lower collision energy compared to more strongly bound ligands. The product
ion scans reveal a loss of m/z 28, meaning that the CI~ ligands remain bound while the L ligand
dissociates; for Zeise’s salt this is the ethylene ligand. MS/MS experiments on each of 1, 2 and 3 showed
clear differences in terms of how difficult it is to remove each ligand (Figure 2). The Nz ligand is the most
weakly bound as its relative intensity was reduced to 50% of its initial intensity at a collision energy of just
2.7 V. The CO ligand is strongly bound to the Pt centre, and requires a much higher collision energy to
dissociate; 13.1 V was required to reduce this complex to 50% of its initial intensity. The binding strength
of the ethylene ligand of Zeise’s salt falls in between that of N2 and CO, requiring a collision energy of

10.3 V to produce the same degree of dissociation.
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Figure 2. MS/MS data obtained for [PtCls(C2Ha4)]~ (blue), [PtCls(N2)]~ (green) and [PtCl3(CO)]~
(red) showing loss of [PtCl3(L)]” as L is removed. Collision energy at 50% of initial relative abundance:
[PtCIs(N2)]" = 2.7 V, [PtCl3(C2H4)] = 10.3 V, [PtCI3(CO)] = 13.1 V.

lon mobility data for each of the three complexes was collected on a Waters Synapt G2-Si instrument
(Figure 3). Two peaks for 1 arise because the source and flight tube are filled with N2 and some
displacement of ethylene by dinitrogen occurs, thus resulting in ion mobility signals for a mixture of 1 and
the dinitrogen complex 2. The singular peak for 3 suggests little or no displacement of the carbonyl ligand
by N2, in keeping with its greater tenaciousness as a ligand. The difference in drift time for 3 and 1 is
somewhat surprising, given the similarities in size of the two complexes (same nominal mass and number
of atoms), but drift times are dependent on factors including ion-neutral interactions,® drift gas
polarizability,5354 shape,® and charge state.[®! Additionally, ions with a more delocalized charge are
less prone to forming short-lived heterodimers with the drift gas molecules.>->° Because CO is more
highly polarized than N2 (see Figure 3 insets of electrostatic potentials mapped on to the electron density

isosurface) it exhibits a longer drift time despite their similarity in collisional cross-section.
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Figure 3. lon mobility spectrum for [PtCls(C2Ha4)]~ (blue), [PtClz(N2)]~ (green) and [PtCls(CO)] (red); the
area of each trace has been normalized to the same value. Structures of [PtCl3(N2)]~ (left) and
[PtCl3(CO)] (right) show the electrostatic potential (red = 0.8, blue = 0.1) calculated with the orca_vpot
keyword and plotted as a cube file!® mapped onto the electron density isosurface (0.1@).

Computational analysis of the three ions allows us to assess the strength of binding of the ligands in the
gas phase, and in keeping with the tandem mass spectrometric results, the calculations showed the order
of binding strength was CO > C2H4 > N2. Because of the low number of atoms, calculations could be
performed at a high level. Binding energies of N2, CO, and CzHa to [PtCls]” were calculated using density
functional theory (DFT) at the RI-UB2PLYP/def2-TZVPP level of theory,®! with D3 dispersion
corrections!®? using ORCA 4.0 software.[®® The results predict the strongest bond energies for CO, then
ethylene, then dinitrogen, fully supporting the MS/MS (Figure 2) and ion mobility results (Figure 3).
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Figure 4: Ligand dissociation energies (LDE) calculated as reaction enthalpies for the dissociation
reaction PtCls-L — PtCls + L. Comparison of C2H4, N2 and CO (diagram) to that of common readily

available compounds (table). See supporting information for structures of all other ligands in the table.

The ligand dissociation energies for L ligands in complexes 1, 2, and 3 were compared to solvent
molecules and O: for context (Figure 4 and supporting information). N2 was found to be a slightly better
ligand than methanol and slightly worse than acetonitrile. Other polar ligands examined were water and
dimethylformamide (DMF), and these both have markedly lower binding energies than N.. Dioxygen was
the weakest binder of all, with less than half the binding strength of N2 (unlike N2, the strongest binding

mode for Oz was side-on rather than end-on).

Frontier molecular orbitals were examined for 1, 2 and 3 (see Supporting Information). All exhibited the
synergistic 1 back-bonding that is a feature of all three ligands, with filled ligand orbitals o-donating into
empty metal orbitals of appropriate symmetry, and filled metal orbitals donating 1 electron density back to

the ligand into empty T* orbitals.64-66]

Comparing the calculated N2 bond length of 1.112 A in 2 to established bond lengths in structuraly
characterized dinitrogen complexes is instructive. Examination of iridium (the closest analogue to Pt)
complexes of dinitrogen in the Cambridge Structural Database (36 unique bond lengths are known), we
find the N2 distance falls in the range 0.982 Al®" to 1.183 A [ with an average of 1.117 A, strikingly close
to that calculated for 2. The bond length in 2 is most similar to that in an iridium pincer complex prepared

by Brookhart and coworkers in which the dinitrogen ligand (N-N distance 1.119 A) is bound to two iridium



centers.[89

Given the surprisingly high gas-phase and calculated stability of this platinum dinitrogen complex, 2
makes for an attractive synthetic target as N2. The relatively high strength of binding may provide
exploitable levels of activation of the dinitrogen molecule in water, leading to new opportunities in

functionalization and catalysis.

Acknowledgements
JSM and IP thank the NSERC Discovery program for operational funding and CFI, BCKDF and the
University of Victoria for infrastructural support. Rhonda Stoddard is thanked for conducting preliminary

experiments.



(1]
(2]
(3]
[4]

5]
(6]
[7]
(8]
9]
[10]
[11]
[12]

[13]

[14]
[15]

[16]
[17]

(18]

[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

References

C. Wentrup, Angew. Chemie Int. Ed. 2020, DOI 10.1002/anie.201913840.

W. C. Zeise, Ann. der Phys. und Chemie 1831, 97, 497-541.

L. B. Hunt, Platin. Met. Rev. 1984, 28, 76-83.

R. A. Love, T. F. Koetzle, G. J. B Williams, L. C. Andrews, R. Bau, Inorg. Chem. 1975, 14, 2653—
2657.

M. Black, R. H. B. Mais, P. G. Owston, 1969, 25, 1753-1759.

M. J. S. Dewar, Bull. Soc. Chim. Fr. 1951, C71.

M. J. S. Dewar, Bull. Soc. Chim. Fr. 1951, C79.

J. Chatt, L. A. Duncanson, J. Chem. Soc. 1953, 2939-2947.

J. Chatt, L. A. Duncanson, L. M. Venanzi, J. Chem. Soc. 1955, 4456-4460.

T. A. Albright, R. Hoffmann, D. L. Thorn, J. Am. Chem. Soc. 1979, 101, 3801-3812.

G. A. Foulds, D. A. Thornton, J. Mol. Struct. 1983, 98, 309—-314.

M. Kubota, G. F. Parks, in Inorg. Synth. (Ed.: A.H. Cowley), John Wiley & Sons, Inc., Hoboken,
NJ, USA, 1996, pp. 244-245.

S. Meieranz, M. Stefanopoulou, G. Rubner, K. Bensdorf, D. Kubutat, W. S. Sheldrick, R. Gust,
Angew. Chemie Int. Ed. 2015, 54, 2834-2837.

0. J. Scherer, A. Nahrstedt, Angew. Chemie Int. Ed. English 1979, 18, 234-235.

A. Weninger, D. Baecker, V. Obermoser, D. Egger, K. Wurst, R. Gust, Int. J. Mol. Sci. 2018, 19,
1612.

J. Luo, Y. Wu, H. S. Zijlstra, D. A. Harrington, J. S. Mcindoe, Catal. Sci. Technol 2017, 7, 2609.
J. Luo, R. Theron, L. J. Sewell, T. N. Hooper, A. S. Weller, A. G. Oliver, J. S. Mcindoe,
Organometallics 2015, 34, 3021-3028.

P. B. Chock, J. Halpern, F. E. Paulik, S. I. Shupack, T. P. Deangelis, in Inorg. Synth. Reagents
Transit. Met. Complex Organomet. Synth. Vol. 28 (Ed.: R.J. Angelici), John Wiley & Sons, Inc.,
1990, pp. 349-351.

P. A. Dub, M. Rodriguez-Zubiri, J.-C. Daran, J.-J. Brunet, R. Poli, Organometallics 2009, 28,
4764-4777.

G.-L. Hou, N. Govind, S. S. Xantheas, X.-B. Wang, J. Phys. Chem. A 2018, 122, 56.

D. E. Harrison, H. Taube, J. Am. Chem. Soc. 1967, 89, 5706-5707.

M. Hidai, K. Tominari, Y. Uchida, A. Misono, J. Chem. Soc. D Chem. Commun. 1969, 1392.

B. Bell, J. Chatt, G. J. Leigh, J. Chem. Soc. D Chem. Commun. 1970, 842a-842a.

J. Chatt, J. R. Dilworth, G. J. Leigh, J. Chem. Soc. D Chem. Commun. 1969, 687-688.

A. Yamamoto, S. Kitazume, L. S. Pu, S. Ikeda, Chem. Commun. 1967, 79-80.

P. L. Holland, Dalt. Trans. 2010, 39, 5415-5425.

S. M. Bhutto, P. L. Holland, Eur. J. Inorg. Chem. 2019, 2019, 1861-1869.



(28]

[29]
[30]
[31]
[32]
[33]
[34]

[35]
[36]
[37]
(38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]

[47]
[48]
[49]
[50]
[51]
[52]

(53]
[54]

[55]
[56]

[57]

[58]

E. Lu, B. E. Atkinson, A. J. Wooles, J. T. Boronski, L. R. Doyle, F. Tuna, J. D. Cryer, P. J. Cobb, I.
J. Vitorica-Yrezabal, G. F. S. Whitehead, et al., Nat. Chem. 2019, 11, 806-811.

E. A. MacLachlan, M. D. Fryzuk, Organometallics 2006, 25, 1530-1543.

D. Sellmann, Angew. Chemie Int. Ed. English 1974, 13, 639—-649.

W. J. Evans, T. A. Ulibarri, J. W. Ziller, J. Am. Chem. Soc. 1988, 110, 6877—6879.

C. M. Kozak, P. Mountford, Angew. Chemie Int. Ed. 2004, 43, 1186-1189.

J. Chatt, J. R. Dilworth, R. L. Richards, Chem. Rev. 1978, 78, 589-625.

A. C. Bowman, C. Milsmann, C. C. H. Atienza, E. Lobkovsky, K. Wieghardt, P. J. Chirik, J. Am.
Chem. Soc. 2010, 132, 1676—-1684.

B. K. Burgess, Chem. Rev. 1990, 90, 1377-1406.

. K. Burgess, D. J. Lowe, Chem. Rev. 1996, 96, 2983-3011.

. B. Simpson, R. H. Burris, Science (80-. ). 1984, 224, 1095-1097.

. L. Rutledge, F. A. Tezcan, Chem. Rev. 2020, DOI 10.1021/acs.chemrev.9b00663.

. C. Rees, J. B. Howard, Curr. Opin. Chem. Biol. 2000, 4, 559-566.

. K. Burdett, M. A. Graham, J. J. Turner, J. Chem. Soc., Dalt. Trans. 1972, 1620-1625.

. Citra, X. Wang, W. D. Bare, L. Andrews, J. Phys. Chem. A 2001, 105, 7799-7811.

. P. Kiindig, M. Moskovits, G. A. Ozin, Can. J. Chem. 1973, 51, 2710-2721.

. A. Ozin, W. E. Klotzbuecher, J. Am. Chem. Soc. 1975, 97, 3965-3974.

. Du, N. Zhang, M. Cui, Z. Liu, S. Liu, Rapid Commun. Mass Spectrom. 2012, 26, 2832—-2836.

. Feifan, C. Pieter, V. B. Jan, J. Mass Spectrom. 2017, 52, 434-441.

. Lorenzo, A. Delgado, A. M. Montafia, J. M. Mesas, M. T. Alegre, M. D. C. Rodriguez, F. X.
Avilés, Eur. J. Med. Chem. 2014, 83, 374-388.

M. J. Chalkley, M. W. Drover, J. C. Peter, Chem. Rev. 2020, 10.1021/acs.chemrev.9b00638.

E. Zocher, R. Sigrist, P. Chen, Inorg. Chem. 2007, 46, 11366—11370.

S. Narancic, A. Bach, P. Chen, J. Phys. Chem. A 2007, 111, 7006—7013.

M. T. Rodgers, P. B. Armentrout, Mass Spectrom. Rev. 2000, 19, 215-247.

M. T. Rodgers, K. M. Ervin, P. B. Armentrout, J. Chem. Phys. 1997, 106, 4499-4508.

T. Wyttenbach, G. Von Helden, J. J. Batka, D. Carlat, M. T. Bowers, J. Am. Soc. Mass Spectrom.
1997, 8, 275-282.

G. Reid Asbury, H. H. Hill, Anal. Chem. 2000, 72, 580-584.

K. M. Roscioli, X. Zhang, S. X. Li, G. H. Goetz, G. Cheng, Z. Zhang, W. F. Siems, H. H. Hill, Int. J.
Mass Spectrom. 2013, 336, 27-36.

H. Borsdorf, G. A. Eiceman, Appl. Spectrosc. Rev. 2006, 41, 323-375.

A. B. Kanu, P. Dwivedi, M. Tam, L. Matz, H. H. Hill, J. Mass Spectrom. 2008, 43, 1-22.

P. M. Lalli, B. A. Iglesias, H. E. Toma, G. F. Sa, R. J. Daroda, J. C. Silva Filho, J. E. Szulejko, K.
Araki, M. N. Eberlin, J. Mass Spectrom. 2012, 47, 712—719.

Z. Karpas, M. J. Cohen, R. M. Stimac, R. F. Wernlund, Int. J. Mass Spectrom. lon Process. 1986,

O X < O MmMm?» &“ UOIT TN W@



[59]
[60]

[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]

74, 153-159.

N. J. Rijs, T. Weiske, M. Schlangen, H. Schwarz, Anal. Chem. 2015, 87, 9769-9776.
Retegan, M., 2019. mep.py (source code), github repository,
https://gist.github.com/mretegan/5501553.

S. Grimme, J. Chem. Phys. 2006, 124, 034108-1-16.

S. Kozuch, D. Gruzman, J. M. L. Matrtin, J. Phys. Chem. C 2010, 114, 20801-20808.
F. Neese, WIREs Comput. Mol. Sci. 2012, 2, 73-78.

J. Chatt, Platin. Met. Rev. 1969, 13, 9-14.

J. Chatt, Pure Appl. Chem. 1970, 24, 425-442.

M. Mitoraj, A. Michalak, Organometallics 2007, 26, 6576—6580.

C. Y. Tang, A. L. Thompson, S. Aldridge, J. Am. Chem. Soc. 2010, 132, 10578-10591.
H. Fang, Y.-K. Choe, Y. Li, S. Shimada, Chem. - An Asian J. 2011, 6, 2512-2521.

I. Gottker-Schnetmann, P. S. White, M. Brookhart, Organometallics 2004, 23, 1766-1776.

10



