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Abstract: Reaction rates of strained cycloalkynes and cyclo-
alkenes with 1,2-quinone were quantified by stopped flow
UV-Vis spectroscopy and computational analysis. We found
that the strained alkyne BCN� OH 3 (k2 1824 M� 1 s� 1) reacts
>150 times faster than the strained alkene TCO-OH 5 (k2
11.56 M� 1 s� 1), and that derivatization with a carbamate can
lead to a reduction of the rate constant with almost half. Also,
the 8-membered strained alkyne BCN� OH 3 reacts 16 times
faster than the more strained 7-membered THS 2 (k2
110.6 M� 1 s� 1). Using the linearized Eyring equation we
determined the thermodynamic activation parameters of
these two strained alkynes, revealing that the SPOCQ reaction

of quinone 1 with THS 2 is associated with ΔH� of 0.80 kcal/
mol, ΔS� = � 46.8 cal/K·mol, and ΔG� =14.8 kcal/mol (at
25 °C), whereas the same reaction with BCN� OH 3 is
associated with, ΔH� =2.25 kcal/mol, ΔS� = � 36.3 cal/K·mol,
and ΔG� =13.1 kcal/mol (at 25 °C). Computational analysis
supported the values obtained by the stopped-flow measure-
ments, with calculated ΔG� of 15.6 kcal/mol (in H2O) for the
SPOCQ reaction with THS 2, and with ΔG� of 14.7 kcal/mol (in
H2O) for the SPOCQ reaction with BCN� OH 3. With these
empirically determined thermodynamic parameters, we set
an important step towards a more fundamental understand-
ing of this set of rapid click reactions.

Introduction

The strain-promoted oxidation-controlled ortho-quinone
(SPOCQ) cycloaddition is an oxidation-inducible [4+2] cyclo-
addition of a 1,2-quinone with a strained cyclic alkyne or alkene
that follows an inverse electron-demand Diels-Alder (IEDDA)

mechanism.[1,2] Due to its high rates and efficiency, SPOCQ
chemistry has been successfully employed for the chemical
modification of surfaces and for the preparation of
bioconjugates.[3–6] In comparison to the widely applied strain-
promoted azide–alkyne cycloaddition (SPAAC), SPOCQ benefits
from reaction rates that are orders of magnitude higher and
provides the option of spatiotemporal control by in situ
generation of the o-quinone from phenols, including biogenic
versions utilizing exposed tyrosine residues on proteins.[7–11]

Whereas details of the mechanism and rate constants of SPAAC
are well-established,[12,13] in-depth investigations into SPOCQ are
scarce and mostly limited to computational studies.[14]

In the current paper, the experimental determination of
second-order rate constants and a computational analysis of
SPOCQ between a model o-quinone and various strained
alkenes and alkynes is described. We determined thermody-
namic activation parameters of the reaction with strained
alkynes, and correlation to high-level computational analysis
provided quantitative insight in the dominant forces driving the
conversion, which surprisingly contradict earlier deduced
explanations.[15,16] We also quantified the effect of derivatization
of two of the most commonly employed strained unsaturated
systems, BCN (endo-bicyclo[6.1.0]non-4-yne) and TCO (trans-
cyclooctene), on the associated second-order rate constants to
translate our findings to derivatives used in conjugation
chemistry. Lastly, we report an improved synthesis of THS
(compound 2 in Scheme 1; 3,3,6,6-tetramethyl-1-thiacyclo-hep-
tyne sulfoximide, see Supporting Information).[17–22]
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Results and Discussion

Single crystals of THS (2) suitable for X-ray crystallography were
grown from chloroform/pentane via the vapor diffusion
method, resulting in the crystal structure of this alkyne
(Figure 1). The structure revealed that the single bonds to the
alkyne triple bond are bent at 151° angles on either side in a
coplanar fashion (torsion angle of only 0.2°). The C�C bond
length is 1.191 Å, and the alkyne is slightly bent out of plane at
a 12° angle versus the backbone carbon atoms formed by the
two sp3 hybridized carbon atoms between the alkyne and
sulfoximide. The propargylic C� C�C bonds are both 1.48 Å long
and are thereby considerably shorter than the other C� C bonds

in the molecule ranging from 1.53–1.55 Å. The C� S bonds are
elongated to 1.81 Å and the sulfur atom lies at a 76° torsion
angle above the plane of the ring. Lastly, the oxygen atom is
positioned as the axial substituent (S=O 1.466 Å) and the imine
as the equatorial substituent (S=NH 1.516 Å).

The model SPOCQ reaction we investigated is depicted in
Scheme 1a. Specifically, we employed the relatively stable 4-
tert-butyl-ortho-quinone 1, which has a distinct optical absorp-
tion maximum at 395 nm that allows an easy spectroscopic
analysis of the reaction rates. Our matrix of unsaturated carbon-
carbon bond-containing compounds 2–7 covers a range of ring
sizes, associated strain and relevant derivatization (Scheme 1b).

Firstly, we compared the recently published THS 2 – a
highly strained 7-membered cyclic alkyne with unprecedented
reaction rate constants in SPAAC reactions with azides[22,23] –
with BCN� OH 3, an 8-membered cyclic alkyne that is currently
one of the benchmark reagents for metal-free click chemistry
applications.[24] [Of note: DBCO, by far the most frequently
employed cyclooctyne for SPAAC reactions, was found not to
display significant reactivity in SPOCQ and was therefore
omitted from the matrix.[1]] In addition, we applied two strained
alkenes that are commonly used in tetrazine ligations,[25,26] i. e.
8-membered diastereomeric TCO-OH 5 (and its carbamate 6) as
well as a derivative of the 3-membered cyclopropene (CP)
carbamate 7; this compound was used in functionalized form
due to instability of the parent alcohol.[27–29] Importantly, as all
of these strained unsaturated systems are usually not applied as
such, but incorporated into a functionalized construct, we also
determined the effect of alcohol carbamoylation on the rate
constants of BCN and TCO (with compounds 4 and 6),
respectively.

Accurate determination of the reaction rates and second-
order rate constants of the SPOCQ reaction was performed by
stopped-flow UV-Vis spectroscopic analysis at 25 °C in a
methanol-water (1 : 1) mixture (for set-up see Supporting
Information).[30] Pseudo-first-order reaction conditions in which
10–100-fold excess of the strained systems 2–7 with respect to
o-quinone 1 were used. The concentration-independent sec-
ond-order rate constant k2 was derived from the slope of the k’
(or kobs) versus [B]0-plot (with [B]0 equaling the starting
concentration of the excess reagent, Figure 2). Notably, the
SPOCQ rate constant for BCN� OH 3 of 1824 (�16) M� 1 s� 1 is
substantially higher than previously reported values (496–
1112 M� 1 s� 1),[1,7] which may be rationalized by the fact that sub-
optimal conditions were employed previously (e.g., close to
equimolar ratios, suboptimal mixing, inability to measure
conversion within seconds after mixing). Secondly, we surpris-
ingly found that the k2 value for THS 2 of 110.6 (�2.3) M� 1 s� 1 is
approximately 16 times lower than that of BCN� OH 3, which is
in striking contrast with the reported observation that THS 2
reacts at least 5 times faster than BCN� OH 3 in cycloaddition
with azide (i. e., SPAAC).[22]

In line with our earlier observations, strained alkenes under-
go slower cycloaddition with o-quinone than strained alkynes.
Specifically, TCO-OH 5 with a k2 value of 11.56 (�0.11) M

� 1 s� 1 is
10-fold less reactive than THS 2 and 160-fold compared to
BCN� OH 3. With respect to the influence of chemical derivatiza-

Scheme 1. (a) Generalized scheme for the SPOCQ reaction. (b) Matrix of
strained unsaturated carbon-carbon bond containing reagents that were
studied.

Figure 1. Molecular structure of THS (2) according to X-ray structure
determination. ORTEP depicted with thermal ellipsoids drawn at 50%
probability level.
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tion, conversion of the hydroxyl group of the well-established
probes BCN and TCO into a carbamate lowered the rate slightly
(26–44%), i. e., to 1354 (�19) M� 1 s� 1 for BCN-carbamate 4, and
to 6.47 (�0.04) M� 1 s� 1 for TCO-carbamate 6. Surprisingly, the k2
value of 8.36 (�0.14) M� 1 s� 1 for cyclopropene-derived probe 7
is somewhat higher than that of TCO-carbamate 6, suggesting
that cyclopropene derivatives are potentially a preferred class
of strained alkenes for application in SPOCQ chemistry,
specifically when a small ring size is preferred, such as in
crowded environments.[4]

The unexpected rate difference between THS 2 and
BCN� OH 3 was disected by determining thermodynamic
activation parameters obtained from the linearized Eyring
equation (Eq. (1), see Supporting Information).[31–34] To this end,
the k2 values were determined at 5, 13, 21, 29 and 37 °C,
respectively (Figure 3). This range was chosen as the lower
temperatures represents values used for the preparation of
protein conjugates such as ADCs, while the highest temperature
is relevant for potential in vivo applications. As a result, the
reaction of o-quinone 1 with THS 2 is associated with a ΔH� of
0.80 kcal/mol, ΔS� = � 46.8 cal/K·mol, and ΔG� =14.8 kcal/mol
(at 25 °C). Similarly, for reaction of 1 with BCN� OH 3, ΔH� =

2.25 kcal/mol, ΔS� = � 36.3 cal/K·mol, and ΔG� =13.1 kcal/mol
(at 25 °C).

Clearly, the enthalpy required to form the TS for the
reaction between 1 and either BCN� OH 3 or THS 2 is only
minimal. Considering that the kinetic energy kT at room
temperature translates to 0.6 kcal/mol, we found thermody-
namic parameters that will aid in the interpretation of the
contributions of any secondary orbital interactions that were
recently proposed for the SPOCQ reaction between BCN� OH 3

and o-quinone 1.[15,16] The investigated SPOCQ reactions are by
and large entropy-controlled reactions. Specifically, the large
negative ΔS� values prove that both reactions are associative in
nature and require precise positioning of the reagents to form
the transition states. In addition, more order needs to be
imposed on the reaction of THS 2 than on that of BCN� OH 3 (in
other words, BCN 3 is intrinsically more preorganized towards
the TS than THS 2), which we tentatively explain by considering
that the TS formed during approach of THS 2 to the plane of 1
has to accommodate the steric bulk of the four methyl groups
next to the alkyne. This difference in entropy at 25 °C between
2 and 3 (difference in TΔS� =3.2 kcal/mol) outcompetes the
difference in enthalpic factors (� 1.5 kcal/mol) to yield an overall
difference in Gibbs energy of activation at 25 °C of 1.7 kcal/mol
in the advantage of BCN� OH 3 SPOCQ over THS 2 SPOCQ.

To further support our empirical findings, computational
investigations on the TS were performed using the M06-2X
functional with the 6-311+G(d,p) basis set and including the
implicit solvent model SMD.[35] To this end, the free energy
barriers for the cycloaddition of the minimal reactive warheads
of TCO, endo-BCN, THS, and CP were calculated for the reaction
in water and in MeOH. The transition state structures and the
calculated activation free energies (ΔG�), activation free en-
thalpies (ΔH�), and reaction free energies (ΔGRXN) are displayed
in Figure 4. As observed, the activation free energies for these
SPOCQ reactions range from 15 to 20 kcal/mol, in reasonable
agreement with experiment, given the non-explicit nature of
our solvent model. In all cases, the reaction proceeds via a non-
synchronous transition state with C···C distances ranging from
2.11 to 2.46 Å. In agreement with experimental results, the
computedenergies predict that BCN will react appreciably faster

Figure 2. k2-plots for the SPOCQ reactions of 2–7 determined at 25 °C in MeOH/H2O (1 :1) for: (a) THS 2, (b) BCN� OH 3, (c) BCN-carbamate 4, (d) TCO-OH 5, (e)
TCO-carbamate 6, (f) methylcyclopropene (CP) carbamate 7.
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with o-quinone 1 than THS and TCO, with a factor 4 and
50 times, respectively.

Conclusions

In conclusion, our improved synthesis of THS (2) resulted in
sufficient material for single crystal X-ray diffraction analysis,
showing bond angles of 151° for the sp-hybridized carbon
atoms. Stopped-flow UV-Vis spectroscopic analysis of the cyclo-
addition of 4-tert-butyl-ortho-quinone 1 first of all revealed that
the novel strained alkyne THS 2 reacts 16 times slower than
BCN� OH 3 in SPOCQ. Also, we find that derivatization of the
strained warhead reduces this rate slightly. Most importantly,
experimentally quantified thermodynamic activation parame-
ters showed that the reaction of THS 2 and BCN� OH 3 with o-
quinone 1 is essentially an entropy-controlled reaction.

Experimental Section
(3,3,6,6-tetramethylthiepane-4,5-diylidene)bis(hydrazine) was syn-
thesised according to classic literature procedures. 4-tert-butyl-
ortho-quinone 1 was synthesised by the method described by
Borrmann.[5,6] Methylcyclopropene-ethanolamine-carbamate (CP-
carb) 7 was synthesised according to literature procedures. Trans-
cyclooct-4-enol (TCO-OH) 5 was purchased as a mixture of
diastereomers from BroadPharm (San Diego, CA, United States), its
carbamate derivative 6 was prepared according to literature
procedure.[36] Endo-bicyclo[6.1.0]non-4-yn-9-ol (BCN� OH) 3 was
kindly donated by Synaffix (Oss, The Netherlands).

Synthesis of THS 2

A 250 mL round-bottom flask was charged with (3,3,6,6-tetrameth-
ylthiepane-4,5-diylidene)bis(hydrazine) (878.1 mg; 3.84 mmol; 1 eq),
ammonium carbonate (1.55 g; 16.1 mmol; 4.2 eq), iodobenzene
diacetate (5.09 g; 15.8 mmol; 4.1 eq) and a magnetic stirring bar.
The solid reagents were dry mixed in the flask affording a
homogeneous powder mixture. The flask was then precooled in an
ice-water bath for 15 min. Upon stirring, 45 mL precooled methanol
(at 0 °C) was added to the flask at once. The reaction mixture
immediately turned yellow and gasses evolved. The neck of the
flask was fitted with a septum including a bleed needle. The yellow
colour disappears within ten minutes. The reaction mixture was left
to stir in an ice/water bath at 0 °C for 3.5 h and formation of the
target compound could be monitored with TLC (Rf=0.18 in EtOAc).
The solvent was then removed in vacuo. The residue was taken up
in 100 mL DCM and was washed twice with 50 mL demineralized
water. The target compound was re-extracted twice from the
combined aqueous phases using 50 mL DCM. The combined
organic phases were dried over Na2SO4 and filtered over a folding
filter into a 250 mL round-bottom flask. Solvent was removed in
vacuo. Target product was purified by Flash chromatography (dry
packed on silica with DCM; eluent: isocratic EtOAc). This afforded
184 mg of THS as colourless needle crystals. Yield 24%. 1H NMR
(700 MHz, CDCl3) δ 3.24 (d, J=14.1 Hz, 2H), 3.15 (d, J=14.1 Hz, 2H),
1.43 (s, 6H), 1.27 (s, 6H). 13C NMR (176 MHz, CDCl3) δ 101.6, 71.2,
34.8, 27.7, 26.7. HRMS (ESI) calc. for C10H18NOS [M+H]+ 200.1104;
found 200.1105. Single crystals were grown suitable for X-ray
crystallography analysis. The structure can be retrieved from the
Cambridge Crystallographic Data Centre (CDCC deposition number
2249007).

Synthesis of BCN-carbamate 4

A scintillation vial was charged with endo-BCN� OH 3 (100.2 mg;
0.67 mmol; 1 eq), a magnetic stirring bar and the contents were
then dissolved in 3 mL MeCN. N,N’-disuccinimidyl carbonate

Figure 3. Eyring plots of the reaction of quinone 1 with (a) THS 2 or (b) BCN� OH 3.
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(264.5 mg; 1 mmol; 1.5 eq) and triethylamine (276 μL; 2 mmol; 3 eq)
were added to the reaction mixture under magnetic stirring. The
homogenous reaction mixture was stirred for 1.5 hr, after which
TLC indicated complete formation of BCN succinimidyl carbonate
(Rf=0.6 in EtOAc/PE 1 :1; Rf=0.44 for BCN� OH). Then, ethanol-
amine (200 μL; 3.3 mmol; 5 eq) was added to the reaction mixture,
which turned into a very turbid dispersion. According to TLC the
reaction was complete within 15 min (Rf=0.17 in EtOAc/PE 1 :1).
The reaction mixture was taken up in 10 mL demineralized water
and 20 mL EtOAc, which was subsequently extracted. The aqueous
phase was reextracted with 10 mL EtOAc. The combined organic
phases were washed with 10 mL demineralized water, dried over
Na2SO4, filtered, and solvent was removed in vacuo. The crude
product was then purified by flash chromatography, eluent: 50%
EtOAc/hexane (isocratic). This afforded 123.9 mg of target com-
pound endo-BCN-carb 4 as a clear viscous oil. Yield 78%. 1H NMR
(700 MHz, CDCl3) δ 5.17 (s, 1H), 4.14 (d, J=8.1 Hz, 2H), 3.71 (t, J=

5.1 Hz, 2H), 3.34 (q, J=5.4 Hz, 2H), 2.51 (bs, 1H), 2.33–2.15 (m, 6H),
1.61–1.52 (m, 2H), 1.39–1.30 (m, 1H), 1.24 (s, 1H), 0.98–0.89 (m, 2H).
13C NMR (176 MHz, CDCl3) δ 157.7, 98.9, 63.2, 62.5, 43.5, 29.1, 21.5,

20.2, 17.8. HRMS (ESI) calc. for C13H19NO3Na [M+Na]+ 260.1257;
found 260.1258.

Stopped-flow kinetic studies

The reaction of 4-tert-butyl-ortho-quinone 1 with probes 2–7 was
measured under pseudo-first order conditions in 1 :1 MeOH/MilliQ
water following the decay of the specific absorption band at
395 nm for o-quinone 1. Two respective equivolume solutions of o-
quinone 1 and the probe of interest were loaded into the two
separate driver syringes of the RX2000 Rapid Kinetics Spectrometer
Accessory (Applied Photophysics). The accessory is attached to a
thermostat bath and to a Cary 60 UV-Vis spectrophotometer. The
solutions in the driver syringes were thermostatted for at least
15 min prior to measurement. Upon measurement, the contents of
the two driver syringes were flown simultaneously though the
cuvette and measurement starts upon abruptly stopping the flow.
Single wavelength measurements were then recorded every
12.5 ms at 395 nm. The measurements were performed in quad-
ruplicate until the signal stabilises. This setup utilises equal volumes
of the reagents, thereby halving each respective concentration in
the cuvette.

The experiments were conducted using 40 μM solutions of o-
quinone 1 (1 eq) and 0.4–4 mM solutions of probe (i. e., 10–100 eq)
to allow for acquisition of sufficient data points for analysis. From
these, k2 plots were determined at 25 °C with the varying
stoichiometry of the target probes. Eyring plots were determined at
a set stoichiometry of 1 :10 at varying temperatures of 5, 13, 21, 29,
37 °C. Data analysis was then performed in GraphPad Prism 9
Version 9.3.1 (471) by exponential one phase decay fitting using
nonlinear regression until a plateau of constant value is reached,
leading to an observed pseudo-first-order rate constant k’ (see
Supporting Information for additional details).

Computational Analysis

All DFT calculations were performed using Gaussian16 Rev.B01.[35]

The Minnesota functional M06-2X with the 6–31G(d) basis was used
for geometry optimization of minima and transition states. A
frequency analysis was performed using the same level of theory to
confirm the presence of a minima with no imaginary frequency or a
transition state with a single imaginary frequency. Next, single
point energy calculations were performed at the M06-2X with the
augmented 6-311+ +G(d,p) basis set including the solvent with a
polarizable continuum model (PCM) using the M06-2X/6-31G(d)
optimized geometries. Gibbs free energies were calculated by
applying thermal corrections of the M06-2X/6-31G(d) frequency
analysis to M06-2X/6-311+ +G(d,p)//M06-2X/6-31G(d) electronic
energies. Intrinsic reaction coordinate (IRC) calculations were
performed to verify the expected connections of the first-order
saddle points with the local minima found on the potential energy
surface.

Associated Content

Supporting Information. Additional details on the synthesis of
the various compounds, the setup used for the stopped-flow
experiments, data on all kinetic measurements, derivatization of
mathematical equations and specifics of the computational
studies. This material is available free of charge via the Internet
at http://pubs.acs.org.

Figure 4. Transition state structures with associated Gibbs free energies of
reaction, Gibbs activation free energies, and enthalpy of activation for the
SPOCQ of BCN, THS, TCO and CP (top to bottom), with quinone 1 in the two
solvents that were used in the experiment. Bond lengths are shown in red in
Å and energies and enthalpies are given in kcal/mol.
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SPOCQ strain-promoted oxidation-induced o-quinone
TCO (trans-cyclooctene)
THS 3,3,6,6-tetramethyl-7-thiacycloheptane sulfoximine
TS transition state
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