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Combining strain-promoted azide-alkyne cycloaddition (SPAAC) and inorganic click (iClick) reactivity provides access to metal

1,2,3-triazolates. Experimental and computational insights demonstrate that iClick reactivity of the tested metal azides (LM-

N3, M = Au, W, Re, Ru and Pt) depends on the accessibility of the azide functionality rather than electronic effects imparted

by the metal. SPAAC iClick reactivity with cyclooctyne is observed when the azide functionality is sterically unencumbered,
e.g. [Au(Ns)(PPhs)] (Au-Ns), [W(n3-allyl)(Ns)(bpy)(CO)2] (W-Ns), and [Re(Ns)(bpy)(CO)s] [bpy = 2,2’-bipyridine] (Re-Ns).
Increased steric bulk and/or preequilibria with high activation barriers prevent SPAAC iClick reactivity for the complexes
[Ru(N3)(Tp)(PPhs)2] [Tp = tris(pyrazolyl)borate] (Ru-Ns), [Pt(Ns)(CHs)(P'Prs)2] [Pr = isopropyl] (Pt(l1)-Ns), and [Pt(Ns)(CHs)s]a
((PtNs)s). Based on these computational insights, the SPAAC iClick reactivity of [Pt(Ns)(CHs)3(P(CHs)3)2] (Pt(IV)-N3) was

successfully predicted.

Introduction

Manipulating chemistry within living cells requires absolute
control of reactivity considering the milieu of functionality,
biochemical machinery, and molecular  complexity.
Bioorthogonal chemistry excludes deleterious side-reactions,
thus giving confidence to the end-user by guaranteeing the
desired chemical outcome. Copper-catalyzed azide—alkyne
cycloadditions (CuAAC), a variant of Huisgen’s 1,3-dipolar
cycloadditon,>? are bioorthogonal.3* However, the cytotoxicity
of copper limits some applications.>’ Developing other
bioorthogonal reactions continues to be an open area of
research,’-11 but the azide-alkyne cycloaddition and its superior
features are simply too good?!? to abandon.

Spring loading reactions by destabilizing the ground state
energy of the participating reagents is an effective approach to
developing bioorthogonal reactions. Strain-promoted azide-
alkyne cycloaddition (SPAAC), exemplifying this strategy, loads
potential into the strain energy of cyclic alkynes. Cyclooctyne,
for example, stores 19.9 kcal/mol of strain according to strain-
energy calculations at the B3LYP/6-311+G(3df,2p) level.13 As a
consequence, SPAAC is spontaneous and fast,”14-16 whereas
classical Huisgen’s azide-alkyne cycloaddition is spontaneous
and slow. Although CuAAC is also spontaneous and fast, it
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requires a Cu(l) catalyst. Imaging (drug,'®81® protein,17-21
glycan22-26) |abelling (oligonucleotide,2’-2° protein3%), and drug
delivery,31-33 are some of the numerous applications of SPAAC
and span in vitro, in vivo, and ex vivo33 methods. Removing Cu(l)
in azide-alkyne cycloadditions is important for applications
where side-effects from Cu(l) poisoning or interference are
known.343>  However, deliberately and controllably
incorporating metal ions into living systems is an expanding
area of research with broad potential for the obvious reason
that the properties of metal ions are infinitely tuneable by
choice of metal ion, oxidation state, and ancillary ligand, and are
thus promising pharmacological materials to treat e.g. cancer,
malaria and neurodegenerative diseases.36-40
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Scheme 1. (A) Original iClick reaction of linear gold(l) azido complex with a gold(l)
acetylide, (B) early and (C) recent examples of octahedral 1,2,3-triazolate
complexes from cycloaddition reactions of electron-poor alkynes, (D) and (E) first
examples of a SPAAC iClick derived metal 1,2,3-triazolates using cyclooctyne
bicyclo[6.1.0]non-4-yne (BCN) derivatives.
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Needed for the toolbox is a bioorthogonal reaction that
controllably incorporates metal ions into living systems while
maintaining the preconditions of easy synthesis and reliability
for the end-user. Inorganic Click (iClick)*! incorporates metal
ions into the classic azide-alkyne cycloaddition and is an obvious
choice for developing a centered bioorthogonal
reaction.*1=% Some of the first examples of cycloadditions
within the coordination sphere of metals ions date to the mid-
1970’s.4546 However, the reaction of a metal-azide and a metal-

metal

acetylide to give a bimetallic complex was only recently
reported (Scheme 1A).*1 Overwhelmingly since that report,
alkyne (dipolarophile) using strongly electron
withdrawing substituents, for example carboxylic esters or
nitriles, has been the focus (Scheme 1B and 1C).47-53

Tuning of the alkyne with electron-withdrawing substituents
accelerates the cycloaddition by facilitating formation of the
metal ion m-complex and allows for mild reaction conditions, a
prerequisite for bioorthogonality.*°054=5% Rarely exploited,
Meggers et al. reported one case of using SPAAC to promote the
cycloaddition between cyclic alkynes and a Ru-azide (Scheme
1D). In the study, a cyclooctyne bicyclo[6.1.0]non-4-yne (BCN)
derivative, featuring a fused cyclopropane ring, reacts rapidly
due to significant ring strain yielding a Ru-1,2,3-triazolate
complex (henceforth simplified to triazolate). In contrast, the
less strained 3-methoxycyclooct-1-yne does not react.®® Farrer
and co-workers demonstrated another example of BCN
cycloaddition with trans,trans,trans-[Pt(Ns)2(OH)2(py)2] to form
mono- and bistriazolate complexes (Scheme 1E).6! This raises
two fundamental questions: (1) is the lack of reactivity with low-
strain substrates general and SPAAC iClick limited to only
extremely strained substrates, and (2) what features (electronic
structure, sterics) of the metal-azide determine successful and
rapid SPAAC iClick reactions. In this work, representative mid-
to-late transition metal azide complexes that vary in steric
congestion from groups 6 (W), 7 (Re), 8 (Ru), 10 (Pt) and 11 (Au)
and non-functionalized cyclooctyne are the subject of
computational and experimental SPAAC interrogation (Scheme
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Scheme 2. Top: General M-azide/cyclooctyne probe reaction yielding ML,-2-
triazolate and/or ML,-1-triazolate complexes. Bottom: M-azide complexes tested
and the SPAAC iClick outcome.
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Cyclooctyne is the target substrate rather than higher-strain
derivatives, such as BCN, because the expectation is that
success with cyclooctyne will translate broadly to more reactive
substrates. The results provide necessary insights for both the
development of iClick bioorthogonality and predictive modeling
for SPAAC iClick reactivity. This work provides new insight into
a generalized bioorthogonal reaction incorporating metal ions.

Results and Discussion

SPAAC iClick reactivity study. Synthesized according to
literature procedures, seven metal-azides spanning groups 6-11
were chosen to probe SPAAC iClick. Scheme 2 describes the
general reaction that combines L,M-azides with cyclooctyne to
yield L,M-2-triazolates and/or L,M-1-triazolates. Of the six
complexes tested initially, [Au(Ns3)(PPhs)] (Au-Ns), [W(n3-
allyl)(Ns)(bpy)(CO)2l  (W-Ns),  [Re(Ns)(bpy)(CO)s]  (Re-Ns),
[Pt(Ns)(CH3)3(P(CHs)s)2]  (Pt(IV)-N3) result in  successful
cycloadditions, whereas [Ru(Ns3)(Tp)(PPhs);] (Ru-N3), and
[Pt(N3)(CHs)(PPr3)2] (Pt(l1)-N3) do not react with cyclooctyne.
The SPAAC iClick reactivity of [Pt(Ns)(CHs)s(P(CHs)s)2] (Pt(IV)-
N3), tested as a proof-of-concept, is described later on.
[Au(N3)(PPhs)]. Complex Au-N3 reacts with cyclooctyne (1.2
equiv) in THF at ambient temperatures to produce Auni,
eventually isomerizing to Aunz as a yellow solid in 94% isolated
yield (Figure 1). The process of isomerization is slow enough to
allow crystallization of the kinetic product. Diffusion of pentane
into a THF solution of a mixture of Auni and Aunz yields Auns
single crystals suitable for X-ray diffraction. Figure 1 depicts the
crystal structure of Auni featuring the triazolate ring binding to
the gold metal through the N1 atom. Terminal alkyne
cycloadditions with Au-N3 produces C-bound triazolates,**52 yet
this is impossible in the bicyclic product derived from
cyclooctyne. Therefore, the N-bound persists. Products Auni
and Aunz lend support to formation of initial N-bound products

followed by isomerization in the original cycloadditions
explored by Gray et al.®3

AuN PPh, F\’Pm

N e Au A‘u

Figure 1. Synthesis and molecular structure of Auy; with ellipsoids drawn at the
50% probability level and hydrogen atoms removed for clarity. Selected bond
lengths (A) and angles (°) for Auy;: Aul- N1 2.061(4), N1-N2 1.299(7), N2-N3
1.258(7), N1-C1 1.334(7), N3-C2 1.389(8), «N1-Aul-P1 177.01(13),
£Aul-N1-N2 119.80(3), £Aul-N1-C1 131.00(4), £N1-N2-N3 113.60(5).

This journal is © The Royal Society of Chemistry 20xx
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The IH NMR spectrum of a freshly synthesized mixture of
Auni/Auy; is complex and features multiple broad signals and
evidence that additional unidentified
present. However, Aun2 becomes the dominant species and
once isolated the *H NMR spectrum exhibits only three signals
in the aliphatic region attributable to the hydrogen atoms on
the cyclooctyl-triazolate ligand at 2.90, 1.75, and 1.47 ppm.
Resonating as a singlet in the 31P{H} NMR spectrum P-atom in
the PPhs ligand appears at 33.3 ppm. Evidence for a successful
SPAAC iClick reaction, the 13C{tH} NMR spectrum of Aunz
contains a diagnostic singlet resonance at 142.7 ppm
attributable to the sp2-carbons of the triazolate.

[W(n3-allyl)(Ns)(bpy)(CO).]. Treating W-N3 with 1.2 equiv of
cyclooctyne in DMSO at room temperature for three days in the
dark provides the triazolate SPAAC iClick product Wyz as a
brown-red powder in 58% isolated yield. Rearrangement of the
initial N1 isomer (Wy3) in solution must be fast since the N2
bound tungsten triazolate is the sole observable product by
NMR spectroscopy (Figure 2). The TH NMR spectrum of Wp;
exhibits three resonances at 2.32, 1.32, and 1.14 ppm for the
methylene protons on the cyclooctyl moiety, indicating a
pseudo-Cs-symmetry with the symmetry plane bisecting the
bicyclic moiety and fast rotation around the W-N2 bond.
Suggesting a symmetric environment around the ligand as well,
signals at 6 8.70, 8.59, 8.19, and 7.54 ppm are attributable to
the bipyridine (bpy) ligand. The 3C{tH} NMR spectrum of Wy
also supports this assignment; four signals appear at 6 143.0,
27.8, 25.5, and 21.3 ppm for the carbon atoms on the
cyclooctyl-triazolate ligand.

intermediates are

Figure 2. Synthesis and molecular structure of Wy, with ellipsoids drawn at the
50% probability level and hydrogen atoms removed for clarity. Selected bond
distances (A): W1-N2 2.155(2), N1-N2 1.355(3), N2-N3 1.343(3), N1-C1 1.340(4),
N3-C2 1.342(4). Selected bond angles (°): £ZW1-N2-N3 125.85(17), ZW1-N2-N1
122.20(18), £N2-N3-C2 106.20(2), £N2-N1-C1 106.10(2).

Providing conclusive evidence of the triazolate connectivity
(Figure 2), layering a concentrated acetone solution of Wy, with
pentane precipitates hickory-colored crystals amenable to
single crystal X-ray diffraction. C;-symmeric in the solid state,

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

the plane of the triazolate ring is perpendicular to the bpy plane.
Exhibiting an octahedral geometry, the W-coordination sphere
contains cis-carbonyls trans to the bpy ligand and trans-
disposed allyl and triazolate ligands.

[Re(Ns3)(bpy)(CO)s]). Prepared for the first time, mixing
[ReCl(bpy)(CO)3]%* with sodium azide and silver triflate at room
temperature in a mixture of THF: MeOH (1:1 v/v) for one day
provides Re-N3in 59% yield. Combining Re-N3 and cyclooctyne
(1.2 equiv) in DMSO at room temperature for 8 d in the dark
yields a mixture of N1 and N2 bound metal triazolate SPAAC
iClick products, Ren1 and Rena, as a yellow powder in 87% yield
(Figure 3). Multinuclear NMR spectra are consistent with an
equilibrium mixture of isomers Rens and Renzin a 1:1.8 ratio (25
°C). Complex Ren; forms initially as the kinetic product after 24
h followed by gradual The reaction was
monitored for another 3 d after workup and no change of the
ratio was observed.

Complexes Reni and Renz are inseparable by fractional
crystallization. The H NMR spectrum displays two sets of
signals, one contains seven larger signals attributable to the
symmetric major isomer Reny, the other set with smaller signals
belonging to the asymmetrical minor isomer Ren:. Indicative of
pseudo-Cs-symmetry with the symmetry plane bisecting the
bicyclic moiety and fast rotation around the Re-N2 bond, the 1H
NMR spectrum of Renz (DMSO-dg) displays four signals in the
aromatic region corresponding to the bpy moiety at & 9.06,
8.62, 8.27, and 7.71 ppm, and three signals in the aliphatic
region corresponding to the cyclooctyl methylene protons at &
2.33,1.32 and 1.11 ppm. Depicted in Figure S12, Reny displays a
more complex 'H NMR spectrum. Consistent with the structural
assignment and symmetry, the >N gHMBC NMR spectrum
reveals a signal at 349.8 ppm attributable to the N1 and N1’ on
the triazolate ring on complex Renz, while complex Ren: displays
two signals at 351.9 (N3) and 267.1 ppm (N1).

isomerization.

co = o
0C,, | N | oc,, | Ny
Re-Nj o, R o /’Re"\
DMSO e |
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Figure 3. Synthesis and molecular structure of Rey; with ellipsoids drawn at the
50% probability level and hydrogen atoms removed for clarity. Selected bond
distances (A): Re1-N2 2.150(2), N1-N2 1.337(3), N2-N3 1.345(3), N3-C2 1.343(3),
N1-C1 1.351(4). Selected bond angles (°): ZRe1-N2-N3 122.88(16), £Re1-N2-N1
124.61(17), £N2-N1-C1 105.70(2), £ N2-N3-C2 105.60(2).
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Vapor diffusion of pentane into a concentrated solution of
the isomers in acetone precipitates a mixture of crystals. X-ray
data collected on a crystal selected from the mixture reveals the
molecular structure of Ren; (Figure 3). The complex is
octahedral with the bpy ligand and two of the fac-CO ligands
opposite each other. In contrast to Wy, the triazolate ring is
perpendicular to the plane of the complex.
Unprecedented for metal triazolate complexes is the
observation of an ambient temperature equilibrium mixture of
N1/N2 triazolate isomers (Reni/Renz) i.e., slow equilibrium with
only minimal preference for one of the isomers in solution.
Schatzschneider reported a rare example for very slow, but
irreversible rearrangement.®> It was anticipated that Ren: and
Renz would exhibit photoluminescence from a metal-to-ligand
charge transfer excited state. However, photoluminescence
measurements revealed at best only a very weak emission
(quantum yield < 0.001).

[Ru(N3)(Tp)(PPhs);], [Pt(N3)(CHs)(P'Prs)z], and Pt(N3)(CHs)s.
Complexes Ru-Ns, Pt(ll)-Ns, and (PtNs)s do not react with 1.2
equiv of cyclooctyne in C¢Ds, even after 2 weeks at ambient
temperatures. Increasing the reaction temperature to 50 °C and
addition of CuOAc both fail to yield the triazolates. Emphasizing
the lack of reactivity, quantitative recovery of the starting metal
azide is possible in all cases.

N1/N2 isomerism. Huisgen’s 1,3-dipolar cycloaddition
produces solely 1-triazolates. Migration of the N-R group to the
N2 position does not occur,®%67 though an example of migration
upon addition of Mel was demonstrated.®® 1-Triazolates are, in
all cases, the kinetic products upon iClick; however, only the
original dinuclear Au,-triazolates (Scheme 1)*! retain that
regiochemical outcome. Under basic conditions rather than
iClick, adding benzotriazole to PPhsAuCl yields the N1-isomer,%°
all other examples isomerize to the 2-triazolate.*8:51.60 Similarly,
2H-1,2,3-triazoles are the major isomer in aqueous solution.”®
In this study, Au-N3, W-N3, and Pt(IV)-Ns ultimately yield the 2-
triazolate product. Clearly, the factors tilting thermodynamic
preference are not always obvious since Au-N3 initially
produces Auni (X-ray structure), and for Re-Ns, both isomers,
Ren: and Reyp;, are nearly equal in energy (1:2 ratio) and are
observable by 'H NMR spectroscopy.

DFT calculations at the B3LYP-DO(PCM)/TZ //B3LYP/DZ level
of theory (see Sl for details and references)’=°2 interrogate the
N1/N2 isomerism. Bond lengths and angles of computationally
optimized metal azides and resulting triazolates are in good
agreement with available X-ray crystal structures (see
S1).41485593  Consistent with the synthetic outcome and
timescale for the reaction, the computed Gibbs free energy of
Aunz is 1.3 kcal/mol lower than the Auy: isomer in THF and the
barrier for isomerization AG*yss¢, Tvr = 17.7 kcal/mol. Again,
consistent with observations, the calculations predict a rapid
interconversion barrier for W1 = Wn2 (AG*308k, omso = 15.4
kcal/mol), and that Wy; is the thermodynamic product (AGaosk,
omso = -2.9 kcal/mol) with an equilibrium constant Keq of 133.
Accordingly, Wy is the only observable product. In contrast, the
computed interconversion barrier for Reni —-> Repnz is
considerably higher (AG*398k, pmso = 19.2 kcal/mol), in line with

mirror
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the observed longer timescale to reach equilibrium. In
agreement with experimental results, the computed preference
for Renz is 1.3 kcal/mol (AGaesk, pmso). Validating the
computational approach, the preference determined by
experiment is 0.4 kcal/mol.

Factors determining SPAAC iClick reactivity. The disparity in
SPAAC iClick reactivity of metal azides in this study indicates
success depends intimately on the metal complex. The goal is to
develop fundamental principles for SPAAC iClick to rival the
organic version. The first step is to develop a predictive
computational protocol with the same level of theory that
successfully predicts the N1/N2 isomerism. We modelled the
SPAAC iClick potential energy surface by DFT to examine the
roots of M-Nj3 reactivity.

Barriers for organic SPAAC reactions with cyclooctynes range
between ~8-25 kcal/mol, depending on the choice of
substituents and stereochemistry at the propargyl position.6.94-
% Figure 4A depicts the cycloaddition between methyl azide/2-
butyne and methyl azide/cyclooctyne and relates the
predistortion and orbital energy reorganization to the observed
low barrier cyclic alkynes. It is obvious from the starting
cycloalkyne that ring strain forces the alkyne to distort to
157.2°, whereas for the linear alkyne the angle starts, as
expected, at 180°. Both approach the transition state with
angles of approximately 155°. This distortion requires 10.5
kcal/mol for 2-butyne but a mere 2.8 kcal/mol for cyclooctyne.
Hence, the preexisting distortion in cycloctyne and a
corresponding ground state destablization greatly accelerate
the rate, requiring only minutes at ambient temperatures.
Without this predistortion, linear alkynes require either a
change in mechanism by using a Cu-catalyst or high
temperatures (>100 °C) coupled with long reaction times.®”
Additionally, predistortion primes the alkyne frontier molecular
orbitals (FMO) for the 1,3-dipolar cycloaddition (Figure 4B).
Distortion changes the LUMO orbital symmetry and increases
the orbital lobe size of the frontier molecular orbitals (FMO) on
the concave side (i.e., the accessible side) of the strained triple
bond. Finally, as demonstrated by Houk and Bickelhaupt, this
distortion also leads to enhanced orbital stabilization in the TS
and increased orbital overlap with the reacting azide.%®

The calculated barrier for triazolate formation is 23 + 1
kcal/mol for metal azides Au-N3, Re-N3, and W-Ngs, similar to
barriers for organic azides that proceed at room temperature
with cyclooctyne (vide supra). Instead, for Ru-N3 and Pt(l1)-Ns,
the barrier increases substantially (by 7-9 kcal/mol, see Sl),
corresponding to a rate decrease of 6-8 orders of magnitude.
FMO and steric hindrance analysis provides insight into the
origin of the kinetic barrier increase.

Azide Role: FMO analysis. HOMO and LUMO energies, orbital
symmetries, and HOMO-LUMO gaps — both for normal and
inverse electron demand SPAAC iClick reactions of alkynes and
metal azides — indicate no general trend to explain the lack of
reactivity of Ru-N3 and Pt(ll)-N3 (see SI). HOMO-LUMO gaps
between all metal azides and cyclooctyne for both normal (5-7
eV) and inverse electronic (4-6 eV) are actually lower than those
reported for organic SPAAC reactions (7-10 eV).%6

This journal is © The Royal Society of Chemistry 20xx
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Changing the phosphine in Ru-N3 from triphenyl to more
electron donating trimethyl phosphine does not result in a
marked change in FMO energies, neither does a similar change
for Pt(ll)-Ns. Clearly, other factors are influencing the reactivity
disparity.

Azide Role: Analysis of steric hindrance. Cavallo’s SambVca 2.0
program?® provides topographic maps of the steric hindrance
around the azide N1 atom for all the metal azide complexes
interrogated. SambVca 2.0 analyzes the distribution of steric
bulk around a reactive site using a scanning sphere of adjustable
radius and converts this into a topographical map (blue to red
represents increasing steric bulk) and a single 3D-steric
descriptor that measures the space occupied by the ligand
framework in the designated sphere (buried volume, %Vs,).°° A
common application is to examine the catalytic pockets from
the perspective of the metal. SambVca analyses the distribution
of steric bulk in various areas of the ligand framework (see
references for examples).100-102 Here, the reactivity centers on
the azide functionality and the metal is only a spectator.

Using a 5.0 A scanning sphere on the N1-atom probes how
the distribution of ligand steric bulk surrounding the metal azide
influences the 1,3-dipolar cycloaddition (Figure 5B). Steric bulk
in this region can interfere with the approaching cyclooctyne.
Figure 5A depicts the calculated steric maps with overlayed
optimized structures and %Vi.r. The topographic steric maps of
azides Re-N3, W-Nj3, and Au-N3 imply little to no steric
interference with an approaching cyclooctyne (Figure 5A, no
orange or red regions, %Vpur < 50%), consistent with the lower
barriers. The lower steric congestion is obvious for Au-Ns,
where the bulky triphenyl phosphine group is opposite to the

This journal is © The Royal Society of Chemistry 20xx

reacting azide. The bipyridine ligands in Re-N3 and W-Nj3 lie flat
in the meridional plane, inducing minimal steric pressure
towards the azide region of space. All three cases yield ample
space around the azide functionality for the approaching
cyclooctyne. Conversely, the bulky phosphine substituents in
Ru-N3 (PPhs3) and Pt(ll)-Ns (P'Pr3) lead to a concentration of
significant steric bulk at the azide and interfere with the
approaching cyclooctyne. (Figure 5A, indicated by orange and
red regions and %Vpur > 50%). Presumably, the positive Van der
Waals dispersion forces are not enough to compensate for the
negative interactions.103

Variation of the steric hindrance around the metal azides Au-
N3, Ru-N3, and Pt(ll)-Ns;, by replacing the large phosphine
ligands with less bulky P(CHs)s provides further insight into the
influence of steric bulk on the activation barriers. For Au-Ns,
where the phosphine ligand is far away from the azide, the
change does not affect the activation barrier (within the
accuracy of the applied method, Figure 6, right). Switching to
smaller phosphines ligands induces dramatic changes for Ru-N3
and Pt(l1)-Ns (Figure 6, left for Pt(l1)-Ns and SI for Ru-N3s). First,
the smaller phosphine lowers the activation barriers by ~-8
kcal/mol for Pt(l1)-N3 and Ru-Ns. Secondly, the exergonicity of
the dipolar addition increases to a similar degree. An obvious
reduction below the azide occurs and is plainly visible in
topographic steric maps of the reduced models of Pt(ll)-Ns; and
Ru-Nj3 (Figure 5A). These findings imply that steric hindrance is
the sole dividing line for complexes that undergo successful
SPAAC iClick with cyclooctynes.
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Figure 5. (A) Topographic maps of the steric hindrance around the azide N1 where cycloaddition occurs (azide centered to right and colored pink for emphasis; blue to
red represents increasing steric bulk). Metal azides ordered by increasing % V.. Top row realistic models, bottom row, minimal models for complex Au-Ns, Pt(l1)-Ns,
and Ru-N3 (phosphine ligands replaced with P(CHs);). (B) orientation of the coordinate system (z-axis: M-N1 bond, xz plane define by M-N1-N2) and location of the

scanning sphere (5A) on the example of Au-N3; red arrow indicates approach vector of the cyclooctyne.

Pre-equilibrium Effect. The precursor of Pt(ll)-Ns is (PtNs)s.
Platinum IV prefers an octahedral coordination geometry, and
as such, the complex exists in a tetrameric, cubane-like
structure with alternating Pt and u2-end-on bridging azides on
the cluster edges. Pt bridging halides and pseudohalides have
been shown to be reactive,104-206 agnd rhenium and tantalum
end-on azides also demonstrate iClick reactivity.107.108
Subjecting this tetramer to our steric analysis, (PtNs)s exhibits
the highest %Vy,r at 68.3% (see Sl for steric map). The Pt(CHs);
units shield the bridging azides, and thus, the calculated barrier

n=N. FRs t
I N-Pt—CHs
R=Pr: 29.2 PR3
’ \
/" R=Me: 21.7\
- -7 \ \\
0.0 /-~
CH;
RsP-Pt-PR;
N, o+ LN
SNT - (AN
N N
* ‘. \R=Pr: -51.8
L e
© ".R=Me:-58.5
—
Products
N=N PR
N-Pt—CHj
Y I
PR3

for SPAAC iClick is prohibitively high (41.9 kcal/mol), in line with
the experimentally observed lack of reactivity. Reaction via the
monomeric form after dissociation requires only an activation
energy of 21.4 kcal/mol. Although the calculated barrier for the
monomeric form is similar to that of the reactive azides in this
study, the energy necessary to generate the severely distorted
monomer is prohibitively high (35.8 kcal/mol). This pre-
equilibrium raises the barrier for the SPAAC iClick reaction to
levels unattainable under the applied experimental conditions.

R=Me: 23.9
R=Ph: 22.9

R=Ph:-56.9

R=Me:-56.6

Products

N=N
N-Au-PR;
=~

Figure 6. Computed potential energy surface (units in kcal/mol at 298K and 1 atm; calculated at B3LYP-DO(PCM)/TZ//B3LYP/DZ level of theory) of SPAAC reactions of
Pt(l1)-N3(red, dashed) and Au-Ns (blue, solid). Replacing PPhsz with the significantly smaller P(CHs)s does not affect the barrier height for Au but replacing P'Pr3 has
significant impact on the barrier for the Pt system, suggesting that sterics play an integral part in the SPAAC iClick reactivity of metal azide
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Figure 7. Synthesis and molecular structure of Pt(1V)y, with ellipsoids drawn at the
50% probability level and hydrogen atoms removed for clarity. Selected bond
distances (A): Pt1-N2 2.128(2), N1-N2 1.345(3), N2-N3 1.337(3), N3-C2 1.350(3),
N1-C1 1.352(3). Selected bond angles (°): ZPt1-N2-N3 123.92(16), ZPt1-N2-N1
122.09(16), £N2-N1-C1 105.20(2), £ N2-N3-C2 105.50(2).

In silico predictive power. One objective of this work is to
advance SPAAC iClick by establishing parameters for predicting
successful cycloaddition outcomes. Pt(l1)-Ns, for steric reasons,
and (PtNs)s (Scheme 2) due to sterics and a pre-equilibrium
effect, are inert towards SPAAC iClick with cyclooctyne. Our
model suggests a smaller version of Pt(ll)-N3 and a mononuclear
version of the tetramer (PtNs)4 will react with cyclooctyne.

[Pt(Ng)(CHg)g(P(CHg)g)g] (Pt(lV)-N3) depicted in Figure 7 is
mononuclear and contains the smaller P(CHs)s phosphine
ligand. Indeed, analysis of the steric environment for Pt(IV)-N3
(see Sl for steric map) gives a %Vpur of 43.9 % (comparable to
successful SPAAC iClick participants Re-N3 and W-N3; see Figure
5). Moreover, DFT calculations predict a reasonable barrier for
the cycloaddition for Pt(IV)-N3 of 23.2 kcal/mol. With an
appropriate model selected, the synthesis of Pt(IV)-N3 and its
reactivity with cyclooctynes was executed. Combining the
tetramer (PtN3)41%° with P(CHs)s in toluene at 80 °C for 2 h yields
Pt(IV)-N3 as a white solid in 60% yield. Layering a concentrated
toluene solution of Pt(IV)-N3 with pentane induces precipitation
of colorless crystals suitable for X-ray diffraction experiments.
Figure S22 depicts the molecular structure and confirms the
identity of Pt(IV)-Ns. Solution phase NMR data are also

consistent with a mononuclear 6-coordinate complex
containing cis-phosphines and fac-methyl ligands (see SI for
spectra).

Treating Pt(IV)-Ns with 1.2 equiv of cyclooctyne in CgDg at 50
°C for five days produces the triazolate iClick product Pt(IV)n2 in
13 % isolable yield, supporting the predictive modeling abilities
of % Vpur and computed transition state barrier for SPAAC iClick
reactivity. The N2 bound triazolate platinum complex Pt(IV)n2 is
the sole product observed by NMR spectroscopy implying the
N1/N2 rearrangement is fast consistent with the calculated

This journal is © The Royal Society of Chemistry 20xx
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energy difference between the two isomers (AG29sk, benzene = -2.4
kcal/mol).

The H NMR spectrum of Pt(IV)nz2 displays similar signals as
the platinum azide precursor with an additional three
resonances at 3.01, 1.75, 1.48 ppm for the methylene protons
on the cyclooctyl-triazolate. The 31P{1H} NMR spectrum exhibits
a singlet at -42.0 ppm, consistent with this assignment. The
13C{IH} NMR spectrum also demonstrates similar chemical shifts
for the methyl and trimethyl phosphine groups on the platinum
metal. Three additional singlets at 29.9, 26.0, and 24.4 ppm
correspond to the methylene carbons on the cyclooctyl-
triazolate. Moreover, the 133C{1H} NMR spectrum again displays
a singlet resonance at 142.7 ppm attributable to the carbons of
the triazolate ring, indicating a successful SPAAC iClick reaction.

Dissolving Pt(IV)nz in pentane and cooling the solution to -25
°C pentane precipitates colorless crystals suitable for single
crystal X-ray diffraction. The complex exhibited an octahedral
geometry, with the two cis-CH3 ligands and cis-PCH3 ligands
opposite each other, confirming the successful prediction for
the SPAAC iClick reaction.

Conclusion

Reactions between metal azide complexes (M-N3, M= Au, W,
Re, Ru, Pt) from across the periodic table and cyclooctyne are
model probes for SPAAC iClick. Only minimally sterically
encumbered complexes (Au-N3, W-N3, Re-Ns, Pt(IV)-N3) yield
metal triazolates. Ru-Ns and Pt(l1)-N3 with bulky phosphine
ligands, do not react. Due to endergonicity of dissociation into
mononuclear species, the tetramer (PtNs)s containing bridging
azides is also unreactive.

The rhenium triazolate exists as a mixture of isomers Rens,
and Repnz, with the N2-triazolate slightly preferred. Previous
examples of metal triazolates that form via iClick present as
either the N1 or the N2 isomer, but not both. Unprecedented is
the capturing of two isomers in equilibrium. The mixture of
isomers offers an opportunity to calibrate DFT computations by
comparing the measured equilibrium constant to calculation.
Supporting an appropriate DFT methodology, the values are
within 1 kcal/mol. There is also correlation between %V, and
isomerization. For Au (smallest) the isomerization from N1 to
N2 is slow, for Re (intermediate size) the isomers are in
equilibrium, for W and Pt (largest) only the N2 isomer is isolable.

One important conclusion is the computational interrogation
of the various complexes indicates a correlation between SPAAC
iClick reactivity and accessibility of the azide substituent,
electronic effects do not play a dominant role. The a priori
selection and successful reaction between Pt(IV)-N3 and
cyclooctyne provides proof-of-concept for the prediction and
identification of suitable metal-azides for SPAAC iClick using DFT
and/or 3D-geometric analysis of the N1 region with SambVca.
Established already are thousands of syntheses for nearly every
metal ion across the periodic table. Among the thousands of
metal-azides are surely compounds that will fit the
requirements to achieve bioorthogonality. Absolute control of
reactivity in living cells requires the metal-azide to ignore the
biochemical machinery and molecular complexity of living cells.
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Incorporating metal ions will dramatically expand the synthetic
and application scope of SPAAC. However, a systematic one-by-
one experimental interrogation of each metal-azide is too
daunting and arduous. This study establishes an approach for
the rapid computational pre-screening of metal azides for
reactivity with cyclooctynes. The simplicity of the single
computational descriptor, i.e. @ % Vi less than 50% will greatly
accelerate and narrow the search for metal-azides that
participate in SPAAC iClick (Figure 8).

0 A %V, <50 1.
B %V, >50
1) AUP(CH,).N, 5) Re-N, 9) Pt(I)-N,
— 35+ 2) Au-N, 6) W-N, 10) Ru-N,
g 3) P(CH,).N, 7) PH(IV)N, 11) (PIN,),
= 10
é 304 HPUNPCH)N, 8 RUPCH)N,
g
Q
b
254 i 2 7
A P
As 45 %

20— T T T T T )

Figure 8. Plot of Calculated AG* (kcal/mol) of SPAAC iClick vs. %V, for all
structures investigated in this paper (bolded structures represent experimentally
investigated azides). The orange line describes the average AG* for azides with a
% Vbur<50 (2311 kcal/mol) and navy line represents the linear relationship between
AG* of SPAAC iClick and %Vp,, at %Vp,>50. Passing 50 %V, results in a sharp
barrier increase that prevents SPAAC iClick reactivity.
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