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ABSTRACT: Interest in mutually exclusive pairs of bioorthogonal labeling reagents continues to drive
the design of new compounds capable of fast and predictable reactions. The ability to easily modify
heterocyclic  strained  cyclooctynes  containing  sulfamate  backbones  (SNO-OCTs)  enables  electronic
tuning of the relative rates of reactions of SNO-OCTs in cycloadditions with Type I–III dipoles. As opposed
to optimizations based on just one specific dipole class, the electrophilicity of the alkynes in SNO-OCTs
can  be  manipulated  to  achieve  divergent  reactivities  and  furnish  mutually  orthogonal  dual  ligation
systems. Significant rate enhancements for reactions of a difluorinated SNO-OCT derivative compared to
the  parent  scaffold  were  noted,  with  the  second-order  rate  constant  in  cycloadditions  with
diazoacetamides exceeding 1 M−1s−1. Computational and experimental studies were employed to inform
the design of triple ligation systems that encompass three orthogonal reactivities. Finally, polar SNO-
OCTs  are  rapidly  internalized by  mammalian  cells  and remain  functional  in  the  cytosol  for  live-cell
labeling, highlighting their potential for diverse in vitro and in vivo applications. 

INTRODUCTION
Bioorthogonal  chemistry  represents  a  powerful
strategy  to  monitor  individual  molecules  in
biological  systems;  indeed,  within  the  past  two
decades,  a  multitude  of  reactions  have  been
developed to fulfill this function.1 Nonetheless, a
larger  challenge  involves  the  identification  of
mutually  orthogonal  pairs  of  bioorthogonal
reagents  with  the  potential  to  simultaneously
observe the behavior of multiple biomolecules in
a  cell.2 The  ready  availability  of  convenient,
inexpensive,  and  electronically  tunable
“orthogonal bioorthogonal” reagent pairs remains
a topic of intense interest, as new labeling tools
are critical  in  efforts  to  push the boundaries  of
our  understanding  of  complex  biological
systems.2d,3

The  1,3-dipolar  cycloadditions  are  popular
reactions in bioorthogonal chemistry, particularly
strain-promoted  azide–alkyne  cycloadditions
(SPAAC; Figure 1a).1c,3b,4 Bertozzi  and co-workers
addressed  issues  with  the  slow  kinetics  of
unfunctionalized  cyclooctynes  by  electronically
activating  the alkyne  via  installation  of  fluorine
atoms  at  the  propargyl  carbon.  Moving  from
monofluorinated  (MOFO)  to  difluorinated  alkyne
(DIFO) resulted in nearly two orders of magnitude
increase in the rate of reaction with BnN3,  from
0.0043  to  0.076  M−1s−1.5 The  popular

bioorthogonal  reagent  DBCO  utilizes  benzene
rings  fused  to  the  cycloalkyne  to  further
accelerate  the  reaction  with  BnN3;  however,
further  electronic  tuning  of  this  scaffold  is
challenging,  due to  limited derivatization  sites.6

Other  reported  modifications  to  the  parent
compound  yield  reaction  rates  with  BnN3

spanning less than an order of magnitude (0.31–
0.90  M−1s−1).7 In  addition  to  the  lack  of
modularity,  the  strain-activated  nature  of  this
alkyne  leads  to  issues  with  stability  and
chemoselectivity,  limiting  opportunities  to
develop mutually  orthogonal  reactions  involving
DBCO derivatives.8 

Recently,  we  developed  a  unique  class  of
strained  cycloalkynes  containing  S-,  N-,  and  O-
heteroatoms embedded in the ring (SNO-OCTs).9

Our  previous  kinetic  studies  of  the  sulfamate-
containing  SNO-OCTs  1–2 (Figure  1a)  show
second-order kinetic rate constants (k2) with BnN3

ranging from 0.0014 to 0.087 M−1s−1, with polar
protic solvents further enhancing the rate of 2 to
0.13 M−1s−1.1k,9 Despite the relaxed alkyne angles
and reduced ring strain in  1–2, these SNO-OCTs
exhibit  a  significant  rate-increase  for
cycloadditions,  comparable  to  strain-activated
DIBONE  and  DBCO.  Density  functional  theory
(DFT)  calculations  indicated  these  SNO-OCTs
benefit  from unique electronic  activation  of  the



alkyne  via tailored  anomeric  effects  and
hybridization,  resulting  in  robust  stability  at
high pH and in the presence of glutathione.2b,9

Furthermore, the presence of the sulfonyl group
increases  the  polarity  in  the  transition  state,
which has been shown to enhance the rates of
cycloadditions.9

The  tunability  of  SNO-OCTs  begs  the
question  of  whether  these  scaffolds  can  be
tailored  for  divergent  reactivity  with  diverse
coupling  partners.  The  Prescher  group
developed  several  mutually  orthogonal  dual
ligation  systems,  parti-cularly  a  series  of
cyclopropenes that could be sterically tuned to
achieve mutually orthogonal Type I and Type III
cycloadditions  (Figure  1b).2c-d,3c Sterically
encumbered  3,3-cyclopropenes  prefer  nitrile
imines,  while  shifting  the  bulk  in  1,3-
cyclopropenes favors  reaction  with  tetrazines.
Similarly,  Franzini  and  co-workers  designed
sterically  differentiated  isonitriles,  which
display  chemoselective  reaction  with  various
tetrazine  derivatives.10 Increasing  the  steric
bulk on the tetrazine resulted in successful dual
orthogonal labeling of a protein in the presence
of trans-cyclooctene  (TCO)  and  DBCO.
Computational  analysis  indicated  bulky
tetrazines  benefit  from dispersion  forces  that
favor  reaction  with  isonitriles.  Though  steric
tuning  has  proven  successful  for  multiple
ligation systems, the ability  to tune SNO-OCT
alkyne  electronics  in  a  predictable  manner
could  tailor  the  chemoselectivity  to  achieve
mutual  orthogonality  across  diverse  coupling
partners  without  rate  reductions  often  seen
with steric-driven strategies. 

Figure 1. Previous work and design of new mutually
“orthogonal  bioorthogonal”  reactions  for
multicomponent labeling. 

This paper reports on the electronic tuning of
SNO-OCTs to achieve chemoselective reactions
with Type I, Type II, and Type III dipoles with fast
kinetics.  Frontier  molecular  orbital  (FMO)  and
natural bond orbital (NBO) analyses were used
to  rationalize  how  derivatization  influenced
alkyne electronics,11 while distortion/interaction
analysis shed insight into how electronics and
strain  impacted  reactivity  trends.
Computational insights guided the identification
of potentially orthogonal SNO-OCT/dipole pairs;
for  example,  the  electron-deficient  alkyne  of
difluorinated  SNO-OCT  3  (dF-SNO-OCT)  was
expected to display divergent reactivity relative
to  the  parent  1 (Figure  1c).  Successes  in
developing new dual and triple ligation systems
highlight  the  versatility  of  SNO-OCTs  for
chemoselective  reactions  with  diverse dipoles
by modifying the alkyne electronics. Finally, the
use of a novel triple ligation system for protein
labeling is demonstrated, and the application of
SNO-OCTs as efficient cell-surface visualization
agents is described. 

RESULTS AND DISCUSSION

Computational Methods Development to Predict
SNO-OCT  Cycloaddition  Reaction  Rates. To
facilitate rational design of promising SNO-OCT



derivatives  (see  Figure  S1),  we  sought  to
develop a computational  approach capable of
accurately  predicting  reaction  rates  and
reactivity  trends.  As  numerous  SNO-OCT
derivatizations  can  be  envisaged,  DFT
calculations  were  needed  to  rapidly  identify
potential  mutually  orthogonal  reactions  and
streamline  experimental  efforts.  Initial
computations conducted at the M06-2X level of
theory12 with a 6-311++G(d,p) basis set using
Gaussian  1613 showed  predicted  rates  that
deviated significantly from experimental values
(Table 1). For example, previous studies showed
that 1 reacts with BnN3 in CH3CN with k2 = 2.60
× 10−2 M−1s−1 (Table 1, entry 1); however, DFT
calculations predicted a  k2 value that was ~3
orders  of  magnitude  lower,  at  6.21  ×  10−5

M−1s−1.  M06-2X has been previously shown to
overestimate  activation  barriers,  with  Houk
applying a correction factor to computed values
to  bring  them  into  better  quantitative
agreement.14 Unfortunately,  this  correction
factor  is  based on experimental  second-order
rate  constants  for  similar  cycloadditions;
because our goal was to utilize computational
methods to predict relative rates of derivatized
SNO-OCT scaffolds,  a different level of theory
was required. Zuilhof also reported that M06-2X
overestimates  activation  barriers  in  strain-
promoted oxidation-controlled quinone (SPOCQ)
cycloadditions and found that switching to the
B97D  functional  gave  calculated  rates  that
aligned better with experimental  data.15 SNO-
OCT rates were calculated at the B97D level of
theory  using  a  Conductor-like  Polarizable
Continuum Model for the solvent (see the SI for
details).16 B97D  improved  the  agreement
between computed and experimental k2 values
(within ~1 order of magnitude) and gave more
accurate  krel ratios  for  the
experimental:predicted  rates  in  reactions  of
1/4:2 with  the  corresponding  azides.  In
contrast,  calculations  at  the  M06-2X  level  of
theory predict  a slower rate of reaction for  2
with BnN3  as compared to 4 (Table 1, entry 2),
which is  not  manifested experimentally.  Thus,
the B97D functional furnishes calculated rates
that are much more predictive of experimental
values than does M06-2X. Accordingly, further
computational  analyses  were  conducted
utilizing  the  B97D  level  of  theory  to  predict
potential  mutual  orthogonality  of  SNO-OCT
derivatives.

Table 1.  Experimental and calculated  k2 values for
cycloadditions of SNO-OCTs with alkyl azides.

aExperimental rates determined in CD3CN or 2:1 D2O:CD3CN. bM06-2X/6-311++ 
G(d,p); IEFPCM solvent model (H2O or CH3CN). cB97D/6-311+G(d,p); CPCM solvent 
model (H2O or CH3CN).
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SNO-OCT derivatization to increase reaction rates.
Our  ability  to  readily  change  the  substitution
pattern  of  the  SNO-OCT  scaffold  stimulated
efforts to electronically tune the alkyne to: 1)
improve  rates  of  dipolar  cycloadditions,  2)
achieve  mutually  exclusive  orthogonal
reactivities of SNO-OCTs with Type I–III dipoles
in  [3+2]  and  [4+2]  cycloadditions,  and  3)
highlight the ability to install multiple functional
handles  for  appending  dyes  and  reporter
molecules  to  SNO-OCTs  for  biological
applications. As Type I-III cycloadditions can be
designed  based  on  FMO  considerations,  the
potential for mutually orthogonal reactivity may
be realized if effective orbital matching can be
achieved.  We  hypothesized  an  electron-poor,
electrophilic SNO-OCT derivative might engage
in chemoselective reaction with a nucleophilic
diazoacetamide  dipole;  furthermore,  the
reaction  should  be  orthogonal  to  an  inverse
electron-demand  Diels–Alder  (IEDDA)  reaction
between  a  more  electron  rich  SNO-OCT  and
dipyridyl  tetrazine.  Azide  cycloadditions  were
also studied computationally to determine if a
triple SNO-OCT ligation system might transcend
all three dipole classes.

NBO analyses11 of  geometry-optimized SNO-
OCTs  2–4 in  water  were  used  to  study  the
effects of derivatization on alkyne electronics.
Multiple  orbital  interactions  exist  within  the
SNO-OCT scaffold;  these may differ greatly in
their  contributions  to  the  alkyne  electronics,
depending on the nature of the substitution in
the  alkyl  side  chain  or  the  propargylic
substitution  (Figures  2a  and  S1-2).  The
predicted  SNO-OCT  alkyne  electrophilicities
were  determined  based  on  the  2nd-order
perturbation  energies  of  the  relevant  orbital
interactions (Figure 2b, Table S1-1). As might be
expected,  SNO-OCT 4 and  its  hydroxylated
counterpart  2,  which  lack  fluorine  at  the
propargylic  site,  contain  electron-rich  alkynes.
Introduction of a single propargyl fluorine (3a)
yields  a  less  electron-rich  alkyne,  while  a
second  fluorination  to  furnish  dF-SNO-OCT  3
contains  the  most  electrophilic  alkyne  of  the
series. It is important to note the calculations
suggest modification of the R group in 2 and 4



minimally impacts the π system of the alkyne,
whereas  modifications  at  the  propargylic  site
adjacent to the reactive center lead to dramatic
changes in electrophilicity. 

Identifying  Potential  Orthogonal  Reactivity  via
Computed  Reaction  Rates. While  qualitative
predictions of SNO-OCT/Type I–III dipoles likely
to yield mutually orthogonal systems might be
gleaned from Figure 2, reaction modeling could
help  select  optimal  cycloaddition  partners.
Transition  state  (TS)  modeling  of  reactions
between SNO-OCTs  2–4 and an example from
each  dipole  class  (Type  I,  methyl
diazoacetamide  D1; Type II,  methyl azide  D4;
Type III, dipyridyltetrazine D3) were carried out
to  assess  potential  orthogonality  (Figure  3).
Cycloadditions  of  nucleophilic  Type  I  dipoles
should  be  accelerated  with  electron-deficient
alkynes, due to a lowering of the LUMO and a
reduced  FMO  energy  gap.17 Indeed,
difluorination in dF-SNO-OCT 3 was predicted to
give a ~300-fold increase in reaction with  D1,
as  compared  to  2  and  4 (Figure  3a,e).
Distortion/  interaction18 or  activation  strain19

analysis  on calculated transition state models
shed further insight into the key features of the
SNO-OCT  driving  reactivity.  Computed
reactivities  of  2–4 in  reactions  with  methyl
diazoacetamide  correlate  with  the  total
distortion  energy  required  to  reach  the
transition state geometry (Figure 3d,  Edis,SNO-OCT

and  Edis,dipole;  Figure  S1-4);  TS2a and  TS4a
require  further  distortion  of  the  dipole,  as
evidenced  by  the  reduced  bond  angles  (1.3–
2.1°  contraction,  Figure  3a).  Furthermore,  dF-
SNO-OCT  3 benefits from pre-distortion of the
alkynyl bond angles and requires only a 6.34°-
bond  contraction  of  the  distal  alkynyl  angle,
whereas  2 and  4 require  over  8.5°.  These
reactions also show excellent correlation to the
interaction  energy  (Figure  3d,  Eint)  and  the
calculated alkyne electrophilicity, with dF-SNO-
OCT 3 showing the largest
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Figure  2. NBO  analysis  of  orbital  interactions
contributing  to  predicted  alkyne  electrophilicity  of
SNO-OCTs.11

stabilizing interaction energy between coupling
partners  (+3.1  kcal·mol−1 relative  to  4).  This
distinction is explicable by FMO considerations,
as the most electron-deficient alkynes benefit
from lower-lying LUMO levels; the presence of
the propargylic fluorines stabilizes the LUMO (3,
−2.22 eV compared to  2, −1.45 eV;  4, −1.39
eV; Figure S1-3). Overall, Type I cycloadditions
appear  to  be  influenced  by  both  strain  and
electronic components of the SNO-OCT (Figure
S1-4).

Type  III  cycloadditions,  as  exemplified  by
IEDDA,  should  display  faster  reaction  kinetics
with  electron-rich  alkynes,  due  to
destabilization  of  the  HOMO.  Previous
computational  studies  on  these  systems
investigated the transition states for either the
cycloaddition20 alone or both the cycloaddition
and  N2 evolution.21 The  cycloaddition  TS  is
expected to be the kinetically relevant barrier,
and the values reported herein correspond to
the  cycloaddition  TS.  Dipyridyl  tetrazine D3
(Figure  3b)  was  modeled,  as  the  electron-
withdrawing  pyridyl  groups  enhance  cyclo-
addition rates due to LUMO+1 stabilization of
the  dipole.20 As  predicted,  electron-rich  SNO-
OCTs  2 and  4  (HOMO  levels  −6.42  eV  and
−6.44  eV  respectively)  exhibit  the  fastest
kinetics,  whereas  dF-SNO-OCT  3  shows
significantly  lower  reactivity  due  to  HOMO
stabilization  (−7.03  eV).  Furthermore,  dipole
distortion energy for reaction with dF-SNO-OCT
3 is elevated relative to  2 and 4, likely due to
the  0.2  Å  shortening  of  the  distal  C–C  bond,
yielding increased steric  interactions  with  the
elongated  C–F  bonds  (~0.3  Å).  Hydroxylated
SNO-OCT 2 was predicted to display a five-fold
rate enhancement as compared to 4. Reactivity
trends  showed  moderate-to-excellent
correlation  to  both  distortion  and  interaction
energies (Figures 3d and S1-5) Based  on
reactions  of  SNO-OCTs  with  Type  I  and  III
dipoles,  the  potential  for  mutually  orthogonal
double  ligation  appeared promising.  The next
challenge  was  to  identify  a  third  orthogonal
reaction,  ideally  between  a  SNO-OCT  and  a
Type II dipole. Thus, reactions of 2–4 with azide
D4 were modeled for comparison (Figure 3c). In
Type  II  cycloadditions,  reaction  can  occur via
HOMOdipolarophile–LUMOdipole or  HOMOdipole–
LUMOdipolarophile interactions,  depending  on  the
corresponding  FMO  energy  gaps.  This
dichotomy  makes  it  challenging  to  correlate
reactivity  with  alkyne  electrophilicity;  thus,
reactivitytrends  in  SNO-OCT  reactions  with
azides were instead proposed to track with the
relevant energy gaps. Switching the alkyl side
chain from R = Me in 4 to R = CH2OH in 2 was
predicted to double the reaction rate with  D4.
dF-SNO-OCT  3  was  expected  to  react  even
more quickly, with a k2 value



2.214 Å

2.133 Å

147.4º
144.4º

148.0º
153.5º

2.231 Å
2.402 Å144.2º

2.211 Å
2.452 Å145.0º

148.0º
150.6º

143.2º
157.1º

146.3º2.217 Å 2.415 Å

O S
NH

O
O

RX

X

O S
NH

O
O

R

NH
N

X

X

+ syn isomers

O

RHN

148.0º
143.9º

2.213 Å 2.127 Å

146.3º154.3º

143.0º2.261 Å
2.183 Å

2.175 Å

2.390 Å

142.5º

151.6º
147.4º

152.0º
150.9º

2.202 Å 2.318 Å142.0º

138.4º
158.4º

2.078 Å

2.211 Å

O S
NH

O
O

RX

X

NN
PyPy

O S
NH

O
O

R

N
N

NR

X

X

dipole D1-D5

kcalc
kexp,CD3CN
kexp,2:1 D2O:CD3CN

kcalcSNO-OCT kexp

13.8 > 13/5

0.0475 0.2704/1

dipole G

15.9

D1/D2 19.3

0.0507 0.05822 19.2

a

a.

b.

c.

e.

O S
NH

O
O

R

N
N

N
H

Me

O

X

X

O S
NH

O
O

R

N
N

N
Me

X

X

O S
NH

O

RX

X

NN
N N

Py Py

O

EintSNO-OCT Eact

15.8 2.213

12.7 6.964

Edis,SNOOCT Edis,dipole

3.55 14.4

3.46 16.2

13.2 6.492 4.15 15.5

Eint Eact

23.4 5.86

24.8

Edis,SNOOCT Edis,dipole

7.99 21.3

7.14 18.9

25.7 0.277.49 18.5

Eint Eact

12.0 5.93

9.48 8.21

Edis,SNOOCT Edis,dipole

3.46 14.4

2.53 15.2

9.87 7.812.61 15.1

1.17

a b c

d.

kcalc kexp

0.00014 no rxn

1.12 0.017

dipole G

22.7

D3 17.4

5.56 0.006616.4

b

kcalc kexp

0.0528 0.46 (> 1)

0.00395 0.026

dipole G

19.2

D4/D5 20.7

0.0143 0.0870 (0.130)20.0

c

N2
N
H

R

O

D1, R = Me
D2, R = Bn

N

N
N

N Py

Py
R

N
N

N

D3
D4, R = Me
D5, R = Bn

O S
NH

O
O

RX

X

1, R = C5H11, X = H

2, R = CH2OH, X = H

1-5

3, R = CH3, X = F

4, R = CH3, X = H

5, R = CH2CH3, X = F

Figure  3.  B97D/6-311+G(d,p)  calculated  transition  state  models  for  reactions  of  SNO-OCTs  with  (a)
diazoacetamide,  (b)  tetrazine,  and  (c)  azide.  (d)  Distortion/interaction  analysis  indicating  the  influence  of
distortion energy (ΔEdis) and interaction energy (ΔEint) on activation barriers for cycloadditions of Type I–III dipoles
with  various  SNO-OCT derivatives.  (e)  Calculated and experimental  second-order  rate constants.  Truncated
SNO-OCTs  3 and  4 and dipoles  D1 and  D4 were used for computations; analogous SNO-OCTs  1 and  5 and
dipoles  D2 and  D5 were used for experiments. Energies (Edis,SNO-OCT,  Edis,dipole,  Eint,  Eact, and  ΔG‡) are reported in
kcal/mol and second-order rate constants (kcalc and kexp) are in M−1s−1.



predicted to be an order of magnitude higher
than with 2. Indeed, this reactivity trend can be
predicted by assessing FMO gaps for each SNO-
OCT/azide pair. Higher electron density in 2 and
4 leads to HOMO destabilization, and as such,
these  SNO-OCTs  react  via a  reduced
HOMOdipolarophile–LUMOdipole gap.  Conversely,  the
presence of the fluoro groups in dF-SNO-OCT 3
increases this gap through HOMO stabilization,
thus  the  3/MeN3 reaction  proceeds  through a
more  favorable  LUMOdipolarophile–HOMOdipole

interaction.  Though  dF-SNO-OCT  3 exhibits
reduced  dipole  distortion  energy  (−0.72
kcal·mol−1 relative to  4),  consistent with bond
relaxation  (+1.0°),  the  corresponding  alkyne
distortion energy is elevated in comparison to
parent SNO-OCT 4 (+0.93 kcal mol−1). Thus, the
predicted  acceleration  for  cycloadditions  of
azides with dF-SNO-OCT 3 is attributable to this
pair  having  the highest  stabilizing  interaction
energy (12.0 kcal mol−1). Indeed, the activation
barriers  show  improved  correlation  with  the
interaction  energies  relative  to  the  distortion
energies (Figure S1-6).

Experimental Observations Validate Computational
Trends. To determine the extent to which SNO-
OCT  substitution  impacts  the  value  of  k2 in
reactions with Type I–III dipoles, the reactivities
of  2–4 were  investigated  experimentally  and
compared to predicted values. SNO-OCTs 1 and
2 were prepared as previously reported,9 while
5 required a modified synthetic route, affording
the product in 34% yield from propionaldehyde
(see Scheme S2-1 for  details).  Computational
results were corroborated in selected instances
through  experimental  kinetic  data  using  1H
NMR spectroscopy and plate-reader techniques
(Figure 3e). It is important to note that the plate
reader  was  utilized  for  dipyridyl  tetrazine
reactions, due to solubility issues encountered
in NMR kinetic experiments.

Calculated  and  experimental  results  of
reactions  between  SNO-OCTs  and  alkyl
diazoacetamides  were  particularly  promising
with respect to chemselectivity and accelerated
reaction rates (Figure 3e). Although computed
models  utilized  truncated  versions  of  the
substrates,  the  predicted  k2 ratio  of  4 with
azide  D4 and  diazoalkane  D1 (12:1)  was  in
excellent  agreement with the experimental  k2

ratio of 1 with D5 and D2 (10:1) (Figure 3e).9 A
gem-difluorination  led  to  a  predicted  rate
enhancement of ~300-fold moving from 4 to 3
in  reaction  with  diazoacetamides  (D1).
Experimental  determination  of  k2 for  the
cycloaddition of  5 and  D2 proved difficult; the
reaction  at  rt  was  too  fact  to  accurately
determine  k2 by NMR.  VT-NMR  showed
formation of  5a with 80% conversion within 2
min at −32 °C (Figure S2-17). Despite the lack
of accurate rate data, the fact this reaction is
faster than the NMR timescale suggests that k2

> 1 M−1s−1. 

Predicted  reactions  of  2–4 with
dipyridyltetrazine  D3 indicate ~8000-fold rate
enhancement in moving from electron-poor dF-
SNO-OCT  3  to  electron-rich parent  4;  indeed,
experimental  observations  corroborated  this
prediction, and no reaction was noted between
5 and  D3.  Though calculated rates for IEDDA
with  D3 showed  a  2–3  orders  of  magnitude
deviation  from  experimental  rates,  the
computational  method  was  successful  in
identifying two promising, mutually orthogonal
reactions  of  SNO-OCTs.  Further  computational
investigation into the origin of this deviation is
underway  to  predict  more  accurate  rates  in
IEDDA with D3 for future studies. 

Calculated  rates  between  azides  and  SNO-
OCTs fall  within one order  of  magnitude from
experimental  values,  when  conducting
measurements  in  CD3CN  (Figure  3e).9 The
predicted value of  krel,azide  between  2:4 (3.6:1)
was  in  excellent  agreement  with  the
experimental  value  of  krel,azide between  2:1
(3.3:1).  Furthermore,  calculations  indicated  a
13× rate-enhancement moving from parent  4
to  dF-SNO-OCT  3,  compared  to  the
experimentally  observed  18×  rate-
enhancement in moving from 1 to 5, accurately
predicting  relevant  experimental  reactivity
trends. Modified SNO-OCTs  4  and  1 also show
predictable  trends  for  azide/SNO-OCT
cycloadditions.  To  our  surprise,  the computed
krel,azide between  3:2 (3.7:1)  showed  a  better
agreement  with  experimental  results  for  5:2
(3.5:1)  when  more  water  was  used  (2:1
D2O:CD3CN),  suggesting  a  potential
hydrophobic  effect  contributing  to  rate
acceleration.22

 

The  inability  of  DFT  methods  to  accurately
model  solvents  is  well-known.  Zuilhof  and
coworkers  also  point  out  that  their  solvent
model  does  not  account  for  rate  increases
dependent on solvent identity.15 In our case, the
B97D  functional  is  sufficient  to  predict  how
electronic  fine-tuning  of  the  SNO-OCT
influences  cycloaddition  rates,  particularly  in
[3+2] cycloadditions.

Development of Dual and Triple Ligation Systems
with Custom SNO-OCTs. With initial experimental
and computational data in hand, we wanted to
develop mutually exclusive bioorthogonal dual
or  triple  ligations  of  SNO-OCTs  with  various
dipoles, as dual ligation has been shown to be
effective  in  probing complex  native  biological
environments  and  details  of  subcellular
mechanisms.23 Success  would  effectively
expand  the  tool  box  available  for  multiple
ligation  of  biologically  relevant  functionalities
and also enable fine-tuning of the properties of
the SNO-OCT for specific applications.

As  predicted  by  DFT,  SNO-OCT  5 gave
excellent  yields  in  reactions  with  diazoalkane
D2 (94%) and azide D5 (96%); no reaction was
noted with D3 (Scheme 1a). In validation of our



initial  hypothesis  that  a  dual  ligation  system
comprised  of  orthogonal  SNO-OCTs  and  Type
I/Type  III  dipoles  could  be  achieved,  a
competition experiment using SNO-OCTs 1 and
5 and dipoles D2 and D3 (Schemes 1b, S2-2a,
and  S2-2b;  Figure  S2-23)  showed  complete
mutual  orthogonality.2g,4d,24 Indeed,  the
excellent chemoselectivity supported the large
rate  enhancement  predicted  in  moving  from
parent  4 to dF-SNO-OCT  3. In contrast, a dual
ligation  system with  azide  D5 instead  of  D3
gave  significantly  reduced  chemoselectivity
(Scheme S2-2c);  this  also  matches  computed
reaction rates (Figure 3e).

The development of a triple ligation system
using  only  custom  SNO-OCTs  proved
challenging, as predicted by the computational
rate data. Ideally, the three mutually exclusive
pairs  of  reagents  should  display  k2 values
differing by at least two orders of magnitude.
Based on calculated relative rates of dF-SNO-
OCT  3/D1 and  parent  4/D1 (Figure  3e),  this
condition  cannot  be  explicitly  met  with  our
current  SNO-OCT  derivatives.14 Thus,  a
commercially  available  non-SPAAC  boronic
acid/hydrazine pair  was introduced.  Bane and
co-workers have shown that boronic  acid and
hydrazine/hydrazide pairs are competent in fast
bioorthogonal  labeling  of  biologically  relevant
molecules;  furthermore,  the  boronic  acid
system shows orthogonality to both IEDDA and
SPAAC.2h,25 The orthogonality of these reactions
was verified by LC-MS analysis, which is more
reliable  than  NMR  methods  when  significant
peak overlap occurs in complex mixtures.2g  To
our  delight,  the  orthogonality  in  Scheme  1b
translated  to  the  triple  ligation  (Scheme  1c,
Figure  S2-17),  with  mutual  orthogonality
observed  amongst  all  three  reaction  pairs  by
LC-MS. 

Protein  Triple  Ligation  and  Mammalian  Cell-
Labeling  Assays. Simultaneous  multitarget  in
vitro and  in  vivo labeling  is  of  considerable
interest for advancing modern biotherapeutics,
biological  assay  development,  and  basic
science  investigations.26 We  sought  to
demonstrate  the  mutual  orthogonality  of  our
SNO-OCT  bioorthogonal  pairs  in  biological
settings,  as  well  as  their  capacity  to  enable
triple-orthogonal ligations as suggested by LC-
MS assays (Scheme 1c). To that end, SNO-DF-
Rho  and  SNO-C343  were  synthesized  from  5
and  1,  employing  either  carboxylic  acid  or
primary  amine  handles,  as  they  are  easily
derivatizable  with  other  biologically  relevant
functionalities  (Scheme  S2-3).  Additionally,  a
previously  reported  cysteine-hydrazide  Texas
Red derivative2h was  also adapted (Figure 4a,
see the SI for more details). Based on the LC-
MS experiment in Scheme 1c,  these reagents
should form the basis  of  a  tripartite mutually
orthogonal  set,  appropriate  for  demonstrating
translatability  to  biologically  relevant
conditions.  Indeed,  one-pot  labeling  of  three

different  proteins  functionalized  to  present  a
diazoacetamide (Cytoc-AcDz), tetrazine (RNase
A–Tez),  and  boronic  acid-aldehyde  (RNase  A–
BA)  showed  excellent  chemoselectivity  in
agreement  with  small-molecule  triple  ligation
results  (Figure 4a).  As anticipated,  in  situ gel
fluorescence images revealed some bleed over
between  dyes,  but  minimal  cross  reactivity
across  orthogonal  pairs,  demonstrating  the
chemoselectivity of the reagents (Figure S2-18).

Next,  we  sought  to  explore  potential  applications  in
cellulo. The cellular uptake properties of SNO–C343, SNO-
DF–Rho,  and  three  DBCO-derivatives  were  compared  to
assess  internalization and localization of  these  molecules
within Chinese hamster ovary (CHO)-K1 cells. We observed
the rapid internalization of SNO–C343 and SNO-DF–Rho
(Figures 4b, S2-19, and S2-20). Colocalization analysis of
SNO-DF–Rho with  MitoTracker  Green™ revealed  robust
mitochondrial  trafficking  as  shown  by  a  Pearson’s
correlation coefficient of  R = 0.90 ± 0.01 (Figure S2-21).
Comparison  to  an  in-house  synthesized  DBCO–C343
derivative as well as two commercial conjugates, DBCO-
PEG4–Rho110  and  DBCO–Cy5,  revealed  enhanced
internalization of SNO-OCT–dye conjugates relative to the
commercial reagents upon incubation with CHO-K1 cells
(Figure  4b).  Internalization  of  DBCO-C343  occurred  at
comparable  concentrations  and  gave  staining  patterns
similar to those observed for SNO-C343 (Figure 4B, Figure
S2-23).  Internalization  experiments  with  DBCO-PEG4-
Rho110  and  DBCO–Cy5  conjugates  illustrated  indirect
internalization  of  DBCO-PEG4–Rho110,  and  ablation  of
internalization  in  the  case  of  DBCO–Cy5,  even  at
concentrations 5-fold greater  than the maximum explored
with SNO-OCT reagents (Figure 4b and Figure S2-22). In
addition to the orthogonality of SNO-DF– Rho and SNO–
C343  reactivity  with  Type-I  and  Type-II  dipoles,  these
unconjugated reagents are taken-up robustly by mammalian
cells and thus have potential for in cellulo applications.
 The  mammalian  glycocalyx  forms  a
protective anionic coating anchored to the lipid
bilayer.27 The structure and chemical properties
of  this  bilayer  play  important  roles  in  both
normal  and  pathological  biological  processes,
including  cellular  recognition,  organismal
development,  cancer,  and  infectivity.28 In
pioneering  investigations,  Reutter,  Bertozzi,
and their  coworkers labeled the glycocalyx of
live  cells  metabolically  with  synthetic
carbohydrates.29 We sought to enlarge the tool-
kit for glycocalyx analyses with the new SNO-
OCT reagents.

We  used  metabolic  labelling  with
Ac4ManDiaz22 to  assess the reactivity  of  SNO-
DF–Rho in  a  biological  context.  We began by
assessing the concentration-dependent uptake
and distribution of Ac4ManDiaz in CHO-K1 cells,
identifying optimal concentrations for resolving
the glycocalyx upon reaction with SNO-DF–Rho
at 1 μM (Figure S2-24). Side-by-side comparison
of staining patterns in CHO-K1 cells cultured in
the  absence  or  presence  of  Ac4ManDiaz
revealed a difference in the distribution of the
label. Specifically, SNO-DF–Rho when cells were
metabolically  labeled with  Ac4ManDiaz (Figure



4d  and  4e).  In  analogous  flow-cytometry
experiments,  the  robust  labeling  and
internalization of cells metabolically 

Scheme 1. Successful mutually orthogonal ligation
systems using  SNO-OCTs  and  Type I/III  dipoles.  (a)
SNO-OCT  5 shows distinct  chemoselectivity  for  D2
and  D5 over  D3.  (b)  Successful  development  of  a
dual  SNO-OCT  ligation  system.  (c)  Triple  ligation
system assessed by LC-MS analysis (at 210 nm). *By-
product from cycloaddition between  4  and  D3.  **5
and  D2 product  observed  at  high  sample
concentration (see the SI for more information).
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Figure 4. Triple ligation and in cellulo activity of SNO-OCT–dye conjugates. (a) Co-incubation of proteins that
were labeled with reactive functional groups and fluorescent reagents. (b) Internalization of cyclooctyne–dye
conjugates (1 μM) into CHO-K1 cells.  Scale: 10 μm. (c)  Scheme of  the metabolic  labeling experiments.  (d)
Visualization of metabolically labeled CHO-K1 cells grown with (bottom) or without (top) Ac4ManDiaz (20 μM)
then incubated with SNO-DF–Rho (1 μM) for 1 h. Scale: 10 μm.

labeled with Ac4ManDiaz was again observed,
and  without  significant  cell  death  (Figure  S2-
25).  Together,  these  data  demonstrate  the
reactivity  of  SNO-DF–Rho  in  cellulo  and
highlight the potential of SNO-OCT reagents for
biological assays in living cells.

CONCLUSIONS
The  integration  of  computational  and
experimental studies led to custom heterocyclic
cycloalkynes  (SNO-OCTs)  that  display
orthogonal  reactivities  with  Type  I  and  III
dipoles.  The  cooperative  effects  of  the
propargylic and homopropargylic heteroatoms,
which  are  separated  by  a  sulfonyl  bridge,
enable  tuning  of  the  alkyne  electronics  and
alkyne distortion via remote hybridization and
stereoelectronic effects. The addition of a gem-
difluoro group to the propargylic carbon of the
SNO-OCT  has  several  beneficial  features,
including a significant increase in the value of

k2 for  reactions  with  Type  I–II  dipoles  and  a
greatly  decreased preference for  participation
in  IEDDA-type  reactions.  Inspired  by
computational  investigations,  experimental
validation  of  a  new mutually  orthogonal  dual
ligation  was  realized  through  successful
electronic  fine-tuning of  the SNO-OCT alkyne.
The inclusion of a previously reported boronic
acid/hydrazine  bioorthogonal  pair  furnished  a
triple  ligation  system  demonstrated  to  be
mutually  orthogonal.  The  development  of
highly  chemoselective,  bioorthogonal  labeling
reactions  for  double  and  triple  ligations
provides useful new tools for future  in cellulo
investigations.  The  utility  of  SNO-OCTs  for
biological  applications  was  demonstrated
through a series of protein and cellular labeling
assays.  The  full  synthetic  potential  of  these
strained  alkynes  is  an  area  of  ongoing
investigation in our research groups,  with the
goal  of  creating  easily  accessible  and  robust



bioorthogonal reagents to accelerate biological
discovery.
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ABSTRACT: Interest in mutually exclusive pairs of bioorthogonal labeling reagents continues to drive the design of new compounds 
capable of fast and predictable reactions. The ability to easily modify heterocyclic strained cyclooctynes containing sulfamate 

backbones (SNO-OCTs) enables electronic tuning of the relative rates of reactions of SNO-OCTs in cycloadditions with Type I–III 

dipoles. As opposed to optimizations based on just one specific dipole class, the electrophilicity of the alkynes in SNO-OCTs can be 
manipulated to achieve divergent reactivities and furnish mutually orthogonal dual ligation systems. Significant rate enhancements 

for reactions of a difluorinated SNO-OCT derivative compared to the parent scaffold were noted, with the second-order rate constant 
in cycloadditions with diazoacetamides exceeding 1 M−1s−1. Computational and experimental studies were employed to inform the 

design of triple ligation systems that encompass three orthogonal reactivities. Finally, polar SNO-OCTs are rapidly internalized by 
mammalian cells and remain functional in the cytosol for live-cell labeling, highlighting their potential for diverse in vitro and in vivo 

applications. 

INTRODUCTION 

Bioorthogonal chemistry represents a powerful strategy to 
monitor individual molecules in biological systems; indeed, 

within the past two decades, a multitude of reactions have been 
developed to fulfill this function.1 Nonetheless, a larger 

challenge involves the identification of mutually orthogonal 
pairs of bioorthogonal reagents with the potential to 

simultaneously observe the behavior of multiple biomolecules 
in a cell.2 The ready availability of convenient, inexpensive, and 

electronically tunable “orthogonal bioorthogonal” reagent pairs 
remains a topic of intense interest, as new labeling tools are 

critical in efforts to push the boundaries of our understanding of 
complex biological systems.2d,3 

 The 1,3-dipolar cycloadditions are popular reactions in 
bioorthogonal chemistry, particularly strain-promoted azide–

alkyne cycloadditions (SPAAC; Figure 1a).1c,3b,4 Bertozzi and 
co-workers addressed issues with the slow kinetics of 

unfunctionalized cyclooctynes by electronically activating the 
alkyne via installation of fluorine atoms at the propargyl carbon. 

Moving from monofluorinated (MOFO) to difluorinated alkyne 
(DIFO) resulted in nearly two orders of magnitude increase in 

the rate of reaction with BnN3, from 0.0043 to 0.076 M−1s−1.5 
The popular bioorthogonal reagent DBCO utilizes benzene 

rings fused to the cycloalkyne to further accelerate the reaction 
with BnN3; however, further electronic tuning of this scaffold 

is challenging, due to limited derivatization sites.6 Other 
reported modifications to the parent compound yield reaction 

rates with BnN3 spanning less than an order of magnitude 
(0.31–0.90 M−1s−1).7 In addition to the lack of modularity, the 

strain-activated nature of this alkyne leads to issues with 
stability and chemoselectivity, limiting opportunities to develop 

mutually orthogonal reactions involving DBCO derivatives.8  

 Recently, we developed a unique class of strained 
cycloalkynes containing S-, N-, and O-heteroatoms embedded 

in the ring (SNO-OCTs).9 Our previous kinetic studies of the 

sulfamate-containing SNO-OCTs 1–2 (Figure 1a) show second-

order kinetic rate constants (k2) with BnN3 ranging from 0.0014 
to 0.087 M−1s−1, with polar protic solvents further enhancing the 

rate of 2 to 0.13 M−1s−1.1k,9 Despite the relaxed alkyne angles 
and reduced ring strain in 1–2, these SNO-OCTs exhibit a 

significant rate-increase for cycloadditions, comparable to 
strain-activated DIBONE and DBCO. Density functional 

theory (DFT) calculations indicated these SNO-OCTs benefit 

from unique electronic activation of the alkyne via tailored 
anomeric effects and hybridization, resulting in robust stability 

at high pH and in the presence of glutathione.2b,9 Furthermore, 
the presence of the sulfonyl group increases the polarity in the 

transition state, which has been shown to enhance the rates of 
cycloadditions.9 

 The tunability of SNO-OCTs begs the question of 

whether these scaffolds can be tailored for divergent reactivity 
with diverse coupling partners. The Prescher group developed 

several mutually orthogonal dual ligation systems, parti-cularly 
a series of cyclopropenes that could be sterically tuned to 

achieve mutually orthogonal Type I and Type III cycloadditions 
(Figure 1b).2c-d,3c Sterically encumbered 3,3-cyclopropenes 

prefer nitrile imines, while shifting the bulk in 1,3-
cyclopropenes favors reaction with tetrazines. Similarly, 

Franzini and co-workers designed sterically differentiated 
isonitriles, which display chemoselective reaction with various 

tetrazine derivatives.10 Increasing the steric bulk on the tetrazine 
resulted in successful dual orthogonal labeling of a protein in 

the presence of trans-cyclooctene (TCO) and DBCO. 
Computational analysis indicated bulky tetrazines benefit from 

dispersion forces that favor reaction with isonitriles. Though 
steric tuning has proven successful for multiple ligation 

systems, the ability to tune SNO-OCT alkyne electronics in a 
predictable manner could tailor the chemoselectivity to achieve 

mutual orthogonality across diverse coupling partners without 
rate reductions often seen with steric-driven strategies.  



 

 

Figure 1. Previous work and design of new mutually “orthogonal 

bioorthogonal” reactions for multicomponent labeling.  

 

 This paper reports on the electronic tuning of SNO-OCTs to 

achieve chemoselective reactions with Type I, Type II, and 
Type III dipoles with fast kinetics. Frontier molecular orbital 

(FMO) and natural bond orbital (NBO) analyses were used to 
rationalize how derivatization influenced alkyne electronics,11 

while distortion/interaction analysis shed insight into how 
electronics and strain impacted reactivity trends. Computational 

insights guided the identification of potentially orthogonal 
SNO-OCT/dipole pairs; for example, the electron-deficient 

alkyne of difluorinated SNO-OCT 3 (dF-SNO-OCT) was 
expected to display divergent reactivity relative to the parent 1 

(Figure 1c). Successes in developing new dual and triple 
ligation systems highlight the versatility of SNO-OCTs for 

chemoselective reactions with diverse dipoles by modifying the 
alkyne electronics. Finally, the use of a novel triple ligation 

system for protein labeling is demonstrated, and the application 
of SNO-OCTs as efficient cell-surface visualization agents is 

described.  

 

RESULTS AND DISCUSSION 

 Computational Methods Development to Predict 
SNO-OCT Cycloaddition Reaction Rates. To facilitate 
rational design of promising SNO-OCT derivatives (see Figure 

S1), we sought to develop a computational approach capable of 

accurately predicting reaction rates and reactivity trends. As 
numerous SNO-OCT derivatizations can be envisaged, DFT 

calculations were needed to rapidly identify potential mutually 

orthogonal reactions and streamline experimental efforts. Initial 

computations conducted at the M06-2X level of theory12 with a 
6-311++G(d,p) basis set using Gaussian 1613 showed predicted 

rates that deviated significantly from experimental values 
(Table 1). For example, previous studies showed that 1 reacts 

with BnN3 in CH3CN with k2 = 2.60 × 10−2 M−1s−1 (Table 1, 
entry 1); however, DFT calculations predicted a k2 value that 

was ~3 orders of magnitude lower, at 6.21 × 10−5 M−1s−1. M06-
2X has been previously shown to overestimate activation 

barriers, with Houk applying a correction factor to computed 
values to bring them into better quantitative agreement.14 

Unfortunately, this correction factor is based on experimental 
second-order rate constants for similar cycloadditions; because 

our goal was to utilize computational methods to predict relative 
rates of derivatized SNO-OCT scaffolds, a different level of 

theory was required. Zuilhof also reported that M06-2X 
overestimates activation barriers in strain-promoted oxidation-

controlled quinone (SPOCQ) cycloadditions and found that 
switching to the B97D functional gave calculated rates that 

aligned better with experimental data.15 SNO-OCT rates were 
calculated at the B97D level of theory using a Conductor-like 

Polarizable Continuum Model for the solvent (see the SI for 
details).16 B97D improved the agreement between computed 

and experimental k2 values (within ~1 order of magnitude) and 
gave more accurate krel ratios for the experimental:predicted 

rates in reactions of 1/4:2 with the corresponding azides. In 
contrast, calculations at the M06-2X level of theory predict a 

slower rate of reaction for 2 with BnN3 as compared to 4 (Table 
1, entry 2), which is not manifested experimentally. Thus, the 

B97D functional furnishes calculated rates that are much more 

predictive of experimental values than does M06-2X. 
Accordingly, further computational analyses were conducted 

utilizing the B97D level of theory to predict potential mutual 
orthogonality of SNO-OCT derivatives. 

 

Table 1. Experimental and calculated k2 values for cycloadditions of 

SNO-OCTs with alkyl azides. 

 

 

 SNO-OCT derivatization to increase reaction rates. Our 

ability to readily change the substitution pattern of the SNO-
OCT scaffold stimulated efforts to electronically tune the 

alkyne to: 1) improve rates of dipolar cycloadditions, 2) achieve 
mutually exclusive orthogonal reactivities of SNO-OCTs with 

Type I–III dipoles in [3+2] and [4+2] cycloadditions, and 3) 
highlight the ability to install multiple functional handles for 

appending dyes and reporter molecules to SNO-OCTs for 
biological applications. As Type I-III cycloadditions can be 

designed based on FMO considerations, the potential for 

aExperimental rates determined in CD3CN or 2:1 D2O:CD3CN. bM06-2X/6-311++ 
G(d,p); IEFPCM solvent model (H2O or CH3CN). cB97D/6-311+G(d,p); CPCM solvent 
model (H2O or CH3CN).
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mutually orthogonal reactivity may be realized if effective 

orbital matching can be achieved. We hypothesized an electron-
poor, electrophilic SNO-OCT derivative might engage in 

chemoselective reaction with a nucleophilic diazoacetamide 
dipole; furthermore, the reaction should be orthogonal to an 

inverse electron-demand Diels–Alder (IEDDA) reaction 
between a more electron rich SNO-OCT and dipyridyl 

tetrazine. Azide cycloadditions were also studied 
computationally to determine if a triple SNO-OCT ligation 

system might transcend all three dipole classes. 

 NBO analyses11 of geometry-optimized SNO-OCTs 2–4 in 
water were used to study the effects of derivatization on alkyne 

electronics. Multiple orbital interactions exist within the SNO-
OCT scaffold; these may differ greatly in their contributions to 

the alkyne electronics, depending on the nature of the 
substitution in the alkyl side chain or the propargylic 

substitution (Figures 2a and S1-2). The predicted SNO-OCT 
alkyne electrophilicities were determined based on the 2nd-order 

perturbation energies of the relevant orbital interactions (Figure 
2b, Table S1-1). As might be expected, SNO-OCT 4 and its 

hydroxylated counterpart 2, which lack fluorine at the 
propargylic site, contain electron-rich alkynes. Introduction of 

a single propargyl fluorine (3a) yields a less electron-rich 
alkyne, while a second fluorination to furnish dF-SNO-OCT 3 

contains the most electrophilic alkyne of the series. It is 
important to note the calculations suggest modification of the R 

group in 2 and 4 minimally impacts the π system of the alkyne, 
whereas modifications at the propargylic site adjacent to the 

reactive center lead to dramatic changes in electrophilicity.  

 Identifying Potential Orthogonal Reactivity via 
Computed Reaction Rates. While qualitative predictions of 

SNO-OCT/Type I–III dipoles likely to yield mutually 
orthogonal systems might be gleaned from Figure 2, reaction 

modeling could help select optimal cycloaddition partners. 
Transition state (TS) modeling of reactions between SNO-

OCTs 2–4 and an example from each dipole class (Type I, 
methyl diazoacetamide D1; Type II, methyl azide D4; Type III, 

dipyridyltetrazine D3) were carried out to assess potential 
orthogonality (Figure 3). Cycloadditions of nucleophilic Type I 

dipoles should be accelerated with electron-deficient alkynes, 
due to a lowering of the LUMO and a reduced FMO energy 

gap.17 Indeed, difluorination in dF-SNO-OCT 3 was predicted 
to give a ~300-fold increase in reaction with D1, as compared 

to 2 and 4 (Figure 3a,e). Distortion/ interaction18 or activation 
strain19 analysis on calculated transition state models shed 

further insight into the key features of the SNO-OCT driving 
reactivity. Computed reactivities of 2–4 in reactions with 

methyl diazoacetamide correlate with the total distortion energy 
required to reach the transition state geometry (Figure 3d, 

Edis,SNO-OCT and Edis,dipole; Figure S1-4); TS2a and TS4a require 
further distortion of the dipole, as evidenced by the reduced 

bond angles (1.3–2.1° contraction, Figure 3a). Furthermore, dF-
SNO-OCT 3 benefits from pre-distortion of the alkynyl bond 

angles and requires only a 6.34°-bond contraction of the distal 

alkynyl angle, whereas 2 and 4 require over 8.5°. These 
reactions also show excellent correlation to the interaction 

energy (Figure 3d, Eint) and the calculated alkyne 
electrophilicity, with dF-SNO-OCT 3 showing the largest 

 
Figure 2. NBO analysis of orbital interactions contributing to predicted 

alkyne electrophilicity of SNO-OCTs.11 

stabilizing interaction energy between coupling partners (+3.1 
kcal·mol−1 relative to 4). This distinction is explicable by FMO 

considerations, as the most electron-deficient alkynes benefit 
from lower-lying LUMO levels; the presence of the propargylic 

fluorines stabilizes the LUMO (3, −2.22 eV compared to 2, 
−1.45 eV; 4, −1.39 eV; Figure S1-3). Overall, Type I 

cycloadditions appear to be influenced by both strain and 
electronic components of the SNO-OCT (Figure S1-4). 

 Type III cycloadditions, as exemplified by IEDDA, should 

display faster reaction kinetics with electron-rich alkynes, due 
to destabilization of the HOMO. Previous computational 

studies on these systems investigated the transition states for 
either the cycloaddition20 alone or both the cycloaddition and 

N2 evolution.21 The cycloaddition TS is expected to be the 
kinetically relevant barrier, and the values reported herein 

correspond to the cycloaddition TS. Dipyridyl tetrazine D3 

(Figure 3b) was modeled, as the electron-withdrawing pyridyl 
groups enhance cyclo-addition rates due to LUMO+1 

stabilization of the dipole.20 As predicted, electron-rich SNO-
OCTs 2 and 4 (HOMO levels −6.42 eV and −6.44 eV 

respectively) exhibit the fastest kinetics, whereas dF-SNO-OCT 
3 shows significantly lower reactivity due to HOMO 

stabilization (−7.03 eV). Furthermore, dipole distortion energy 
for reaction with dF-SNO-OCT 3 is elevated relative to 2 and 

4, likely due to the 0.2 Å shortening of the distal C–C bond, 
yielding increased steric interactions with the elongated C–F 

bonds (~0.3 Å). Hydroxylated SNO-OCT 2 was predicted to 
display a five-fold rate enhancement as compared to 4. 

Reactivity trends showed moderate-to-excellent correlation to 
both distortion and interaction energies (Figures 3d and S1-5) 

 Based on reactions of SNO-OCTs with Type I and III dipoles, 
the potential for mutually orthogonal double ligation appeared 

promising. The next challenge was to identify a third orthogonal 
reaction, ideally between a SNO-OCT and a Type II dipole. 

Thus, reactions of 2–4 with azide D4 were modeled for 
comparison (Figure 3c). In Type II cycloadditions, reaction can 

occur via HOMOdipolarophile–LUMOdipole or HOMOdipole–
LUMOdipolarophile interactions, depending on the corresponding 

FMO energy gaps. This dichotomy makes it challenging to 
correlate reactivity with alkyne electrophilicity; thus, 

reactivitytrends in SNO-OCT reactions with azides were 
instead proposed to track with the relevant energy gaps. 

Switching the alkyl side chain from R = Me in 4 to R = CH2OH 
in 2 was predicted to double the reaction rate with D4. dF-SNO-

OCT 3 was expected to react even more quickly, with a k2 value 

increasing electrophilicity of the alkyne*
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Figure 3. B97D/6-311+G(d,p) calculated transition state models for reactions of SNO-OCTs with (a) diazoacetamide, (b) tetrazine, and (c) azide. 

(d) Distortion/interaction analysis indicating the influence of distortion energy (ΔEdis) and interaction energy (ΔEint) on activation barriers for 

cycloadditions of Type I–III dipoles with various SNO-OCT derivatives. (e) Calculated and experimental second-order rate constants. Truncated 

SNO-OCTs 3 and 4 and dipoles D1 and D4 were used for computations; analogous SNO-OCTs 1 and 5 and dipoles D2 and D5 were used for 

experiments. Energies (Edis,SNO-OCT, Edis,dipole, Eint, Eact, and ΔG‡) are reported in kcal/mol and second-order rate constants (kcalc and kexp) are in M−1s−1.
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predicted to be an order of magnitude higher than with 2. 

Indeed, this reactivity trend can be predicted by assessing FMO 
gaps for each SNO-OCT/azide pair. Higher electron density in 

2 and 4 leads to HOMO destabilization, and as such, these SNO-
OCTs react via a reduced HOMOdipolarophile–LUMOdipole gap. 

Conversely, the presence of the fluoro groups in dF-SNO-OCT 
3 increases this gap through HOMO stabilization, thus the 

3/MeN3 reaction proceeds through a more favorable 
LUMOdipolarophile–HOMOdipole interaction. Though dF-SNO-

OCT 3 exhibits reduced dipole distortion energy (−0.72 
kcal·mol−1 relative to 4), consistent with bond relaxation 

(+1.0°), the corresponding alkyne distortion energy is elevated 
in comparison to parent SNO-OCT 4 (+0.93 kcal mol−1). Thus, 

the predicted acceleration for cycloadditions of azides with dF-
SNO-OCT 3 is attributable to this pair having the highest 

stabilizing interaction energy (12.0 kcal mol−1). Indeed, the 
activation barriers show improved correlation with the 

interaction energies relative to the distortion energies (Figure 
S1-6). 

 Experimental Observations Validate Computational 
Trends. To determine the extent to which SNO-OCT 

substitution impacts the value of k2 in reactions with Type I–III 
dipoles, the reactivities of 2–4 were investigated experimentally 

and compared to predicted values. SNO-OCTs 1 and 2 were 

prepared as previously reported,9 while 5 required a modified 
synthetic route, affording the product in 34% yield from 

propionaldehyde (see Scheme S2-1 for details). Computational 
results were corroborated in selected instances through 

experimental kinetic data using 1H NMR spectroscopy and 
plate-reader techniques (Figure 3e). It is important to note that 

the plate reader was utilized for dipyridyl tetrazine reactions, 
due to solubility issues encountered in NMR kinetic 

experiments. 

 Calculated and experimental results of reactions between 
SNO-OCTs and alkyl diazoacetamides were particularly 

promising with respect to chemselectivity and accelerated 
reaction rates (Figure 3e). Although computed models utilized 

truncated versions of the substrates, the predicted k2 ratio of 4 
with azide D4 and diazoalkane D1 (12:1) was in excellent 

agreement with the experimental k2 ratio of 1 with D5 and D2 
(10:1) (Figure 3e).9 A gem-difluorination led to a predicted rate 

enhancement of ~300-fold moving from 4 to 3 in reaction with 
diazoacetamides (D1). Experimental determination of k2 for the 

cycloaddition of 5 and D2 proved difficult; the reaction at rt was 
too fact to accurately determine k2 by NMR. VT-NMR showed 

formation of 5a with 80% conversion within 2 min at −32 °C 
(Figure S2-17). Despite the lack of accurate rate data, the fact 

this reaction is faster than the NMR timescale suggests that k2 > 
1 M−1s−1.  

 Predicted reactions of 2–4 with dipyridyltetrazine D3 

indicate ~8000-fold rate enhancement in moving from electron-
poor dF-SNO-OCT 3 to electron-rich parent 4; indeed, 

experimental observations corroborated this prediction, and no 

reaction was noted between 5 and D3. Though calculated rates 
for IEDDA with D3 showed a 2–3 orders of magnitude 

deviation from experimental rates, the computational method 
was successful in identifying two promising, mutually 

orthogonal reactions of SNO-OCTs. Further computational 
investigation into the origin of this deviation is underway to 

predict more accurate rates in IEDDA with D3 for future 
studies.  

 Calculated rates between azides and SNO-OCTs fall within 

one order of magnitude from experimental values, when 
conducting measurements in CD3CN (Figure 3e).9 The 

predicted value of krel,azide between 2:4 (3.6:1) was in excellent 
agreement with the experimental value of krel,azide between 2:1 

(3.3:1). Furthermore, calculations indicated a 13× rate-
enhancement moving from parent 4 to dF-SNO-OCT 3, 

compared to the experimentally observed 18× rate-
enhancement in moving from 1 to 5, accurately predicting 

relevant experimental reactivity trends. Modified SNO-OCTs 4 

and 1 also show predictable trends for azide/SNO-OCT 

cycloadditions. To our surprise, the computed krel,azide between 
3:2 (3.7:1) showed a better agreement with experimental results 

for 5:2 (3.5:1) when more water was used (2:1 D2O:CD3CN), 
suggesting a potential hydrophobic effect contributing to rate 

acceleration.22
  

 The inability of DFT methods to accurately model solvents is 
well-known. Zuilhof and coworkers also point out that their 

solvent model does not account for rate increases dependent on 
solvent identity.15 In our case, the B97D functional is sufficient 

to predict how electronic fine-tuning of the SNO-OCT 
influences cycloaddition rates, particularly in [3+2] 

cycloadditions. 

 Development of Dual and Triple Ligation Systems with 
Custom SNO-OCTs. With initial experimental and 

computational data in hand, we wanted to develop mutually 
exclusive bioorthogonal dual or triple ligations of SNO-OCTs 

with various dipoles, as dual ligation has been shown to be 
effective in probing complex native biological environments 

and details of subcellular mechanisms.23 Success would 
effectively expand the tool box available for multiple ligation 

of biologically relevant functionalities and also enable fine-
tuning of the properties of the SNO-OCT for specific 

applications. 

 As predicted by DFT, SNO-OCT 5 gave excellent yields in 
reactions with diazoalkane D2 (94%) and azide D5 (96%); no 

reaction was noted with D3 (Scheme 1a). In validation of our 
initial hypothesis that a dual ligation system comprised of 

orthogonal SNO-OCTs and Type I/Type III dipoles could be 
achieved, a competition experiment using SNO-OCTs 1 and 5 

and dipoles D2 and D3 (Schemes 1b, S2-2a, and S2-2b; Figure 
S2-23) showed complete mutual orthogonality.2g,4d,24 Indeed, 

the excellent chemoselectivity supported the large rate 
enhancement predicted in moving from parent 4 to dF-SNO-

OCT 3. In contrast, a dual ligation system with azide D5 instead 
of D3 gave significantly reduced chemoselectivity (Scheme S2-

2c); this also matches computed reaction rates (Figure 3e). 

 The development of a triple ligation system using only 
custom SNO-OCTs proved challenging, as predicted by the 

computational rate data. Ideally, the three mutually exclusive 
pairs of reagents should display k2 values differing by at least 

two orders of magnitude. Based on calculated relative rates of 
dF-SNO-OCT 3/D1 and parent 4/D1 (Figure 3e), this condition 

cannot be explicitly met with our current SNO-OCT 

derivatives.14 Thus, a commercially available non-SPAAC 
boronic acid/hydrazine pair was introduced. Bane and co-

workers have shown that boronic acid and hydrazine/hydrazide 
pairs are competent in fast bioorthogonal labeling of 

biologically relevant molecules; furthermore, the boronic acid 
system shows orthogonality to both IEDDA and SPAAC.2h,25 

The orthogonality of these reactions was verified by LC-MS 
analysis, which is more reliable than NMR methods when 



 

significant peak overlap occurs in complex mixtures.2g To our 

delight, the orthogonality in Scheme 1b translated to the triple 
ligation (Scheme 1c, Figure S2-17), with mutual orthogonality 

observed amongst all three reaction pairs by LC-MS.  

 Protein Triple Ligation and Mammalian Cell-Labeling 
Assays. Simultaneous multitarget in vitro and in vivo labeling 
is of considerable interest for advancing modern 

biotherapeutics, biological assay development, and basic 
science investigations.26 We sought to demonstrate the mutual 

orthogonality of our SNO-OCT bioorthogonal pairs in 
biological settings, as well as their capacity to enable triple-

orthogonal ligations as suggested by LC-MS assays (Scheme 
1c). To that end, SNO-DF-Rho and SNO-C343 were 

synthesized from 5 and 1, employing either carboxylic acid or 
primary amine handles, as they are easily derivatizable with 

other biologically relevant functionalities (Scheme S2-3). 
Additionally, a previously reported cysteine-hydrazide Texas 

Red derivative2h was also adapted (Figure 4a, see the SI for 
more details). Based on the LC-MS experiment in Scheme 1c, 

these reagents should form the basis of a tripartite mutually 
orthogonal set, appropriate for demonstrating translatability to 

biologically relevant conditions. Indeed, one-pot labeling of 
three different proteins functionalized to present a 

diazoacetamide (Cytoc-AcDz), tetrazine (RNase A–Tez), and 

boronic acid-aldehyde (RNase A–BA) showed excellent 
chemoselectivity in agreement with small-molecule triple 

ligation results (Figure 4a). As anticipated, in situ gel 
fluorescence images revealed some bleed over between dyes, 

but minimal cross reactivity across orthogonal pairs, 
demonstrating the chemoselectivity of the reagents (Figure S2-

18). 

 Next, we sought to explore potential applications in cellulo. 
The cellular uptake properties of SNO–C343, SNO-DF–Rho, 

and three DBCO-derivatives were compared to assess 
internalization and localization of these molecules within 

Chinese hamster ovary (CHO)-K1 cells. We observed the rapid 
internalization of SNO–C343 and SNO-DF–Rho (Figures 4b, 

S2-19, and S2-20). Colocalization analysis of SNO-DF–Rho 
with MitoTracker Green™ revealed robust mitochondrial 
trafficking as shown by a Pearson’s correlation coefficient of R 

= 0.90 ± 0.01 (Figure S2-21). Comparison to an in-house 
synthesized DBCO–C343 derivative as well as two commercial 

conjugates, DBCO-PEG4–Rho110 and DBCO–Cy5, revealed 
enhanced internalization of SNO-OCT–dye conjugates relative 

to the commercial reagents upon incubation with CHO-K1 cells 
(Figure 4b). Internalization of DBCO-C343 occurred at 

comparable concentrations and gave staining patterns similar to 
those observed for SNO-C343 (Figure 4B, Figure S2-23). 

Internalization experiments with DBCO-PEG4-Rho110 and 
DBCO–Cy5 conjugates illustrated indirect internalization of 

DBCO-PEG4–Rho110, and ablation of internalization in the 
case of DBCO–Cy5, even at concentrations 5-fold greater than 

the maximum explored with SNO-OCT reagents (Figure 4b and 
Figure S2-22). In addition to the orthogonality of SNO-DF– 

Rho and SNO–C343 reactivity with Type-I and Type-II dipoles, 
these unconjugated reagents are taken-up robustly by 

mammalian cells and thus have potential for in cellulo 
applications. 

  The mammalian glycocalyx forms a protective anionic 
coating anchored to the lipid bilayer.27 The structure and 

chemical properties of this bilayer play important roles in both 
normal and pathological biological processes, including cellular 

recognition, organismal development, cancer, and infectivity.28 

In pioneering investigations, Reutter, Bertozzi, and their 
coworkers labeled the glycocalyx of live cells metabolically 

with synthetic carbohydrates.29 We sought to enlarge the tool-
kit for glycocalyx analyses with the new SNO-OCT reagents. 

 We used metabolic labelling with Ac4ManDiaz22 to assess the 

reactivity of SNO-DF–Rho in a biological context. We began 
by assessing the concentration-dependent uptake and 

distribution of Ac4ManDiaz in CHO-K1 cells, identifying 
optimal concentrations for resolving the glycocalyx upon 

reaction with SNO-DF–Rho at 1 μM (Figure S2-24). Side-by-
side comparison of staining patterns in CHO-K1 cells cultured 

in the absence or presence of Ac4ManDiaz revealed a difference 
in the distribution of the label. Specifically, SNO-DF–Rho 

when cells were metabolically labeled with Ac4ManDiaz 
(Figure 4d and 4e). In analogous flow-cytometry experiments, 

the robust labeling and internalization of cells metabolically  

 

Scheme 1. Successful mutually orthogonal ligation systems using 

SNO-OCTs and Type I/III dipoles. (a) SNO-OCT 5 shows distinct 

chemoselectivity for D2 and D5 over D3. (b) Successful development 

of a dual SNO-OCT ligation system. (c) Triple ligation system assessed 

by LC-MS analysis (at 210 nm). *By-product from cycloaddition 

between 4 and D3. **5 and D2 product observed at high sample 

concentration (see the SI for more information). 
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Figure 4. Triple ligation and in cellulo activity of SNO-OCT–dye conjugates. (a) Co-incubation of proteins that were labeled with reactive functional 

groups and fluorescent reagents. (b) Internalization of cyclooctyne–dye conjugates (1 μM) into CHO-K1 cells. Scale: 10 μm. (c) Scheme of the 

metabolic labeling experiments. (d) Visualization of metabolically labeled CHO-K1 cells grown with (bottom) or without (top) Ac4ManDiaz (20 

μM) then incubated with SNO-DF–Rho (1 μM) for 1 h. Scale: 10 μm. 

 

labeled with Ac4ManDiaz was again observed, and without 
significant cell death (Figure S2-25). Together, these data 

demonstrate the reactivity of SNO-DF–Rho in cellulo and 
highlight the potential of SNO-OCT reagents for biological 

assays in living cells. 
 

CONCLUSIONS 

The integration of computational and experimental studies led 

to custom heterocyclic cycloalkynes (SNO-OCTs) that display 
orthogonal reactivities with Type I and III dipoles. The 

cooperative effects of the propargylic and homopropargylic 
heteroatoms, which are separated by a sulfonyl bridge, enable 

tuning of the alkyne electronics and alkyne distortion via remote 
hybridization and stereoelectronic effects. The addition of a 

gem-difluoro group to the propargylic carbon of the SNO-OCT 
has several beneficial features, including a significant increase 

in the value of k2 for reactions with Type I–II dipoles and a 
greatly decreased preference for participation in IEDDA-type 

reactions. Inspired by computational investigations, 
experimental validation of a new mutually orthogonal dual 

ligation was realized through successful electronic fine-tuning 

of the SNO-OCT alkyne. The inclusion of a previously reported 
boronic acid/hydrazine bioorthogonal pair furnished a triple 

ligation system demonstrated to be mutually orthogonal. The 
development of highly chemoselective, bioorthogonal labeling 

reactions for double and triple ligations provides useful new 
tools for future in cellulo investigations. The utility of SNO-

OCTs for biological applications was demonstrated through a 
series of protein and cellular labeling assays. The full synthetic 

potential of these strained alkynes is an area of ongoing 
investigation in our research groups, with the goal of creating 

easily accessible and robust bioorthogonal reagents to 
accelerate biological discovery. 
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I. Computational Methods

All calculations were conducted using the Gaussian 16 software package.1 Computational models

were visualized using CYLView.2

Ground state  geometry optimizations.  Initial  geometry optimizations for reported SNO-OCTs

and dipoles were performed using M06-2X level of theory and 6-311++G(d,p) basis set with the

integral  equation  formalism  variant  polarizable  continuum  model  (IEFCPM)  for  specified

solvents.3-5 These structures were also optimized using B97D level of theory and 6-311+G(d,p)

basis set with the conductor-like polarizable continuum model (CPCM) for specified solvents.6

Frequency calculations were conducted to ensure no negative frequencies were observed for

geometry optimized structures, indicating that the stationary points are minima. 

Transition state geometry optimizations.  All transition state models were calculated using the

OPT=(TS,NoEigenTest,CalcFc) keywords. Frequency calculations were conducted to ensure one

negative frequency is obtained for each transition state model. In addition, IRC calculations were

conducted in the forward and reverse direction along the negative bond frequency in order to

confirm that the transition state model obtained is along the reaction path between the reactant

complex and the product complex. All reported ΔE and ΔE‡ values are reported with zero-point

correction.  Activation energies were determined by energy differences between the transition

state and a summation of the reactants. 

Distortion/interaction  analyses.  Distortion/interaction  analysis7 involved  obtaining  the  dipole

and SNO-OCT structures from the transition state optimization and performing individual single

point calculations. Activation barriers were determined by the difference in energy between the

transition state and the summation of starting materials. 

Calculated regioselectivity.  Regioselectivity is  defined herein as  the difference in  Gibbs free

energy of activation between two regioisomers. 

Frontier molecular orbital (FMO) and natural bond orbital (NBO) analyses. Frontier molecular

orbital  energy  levels  were  obtained  from  geometry  optimization  calculations  conducted  in

Gaussian 16.1 Natural bond orbital analysis was conducted using the NBO 6 software package in

Gaussian 16.1,8 
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II. Alkyne electrophilicity calculations

Figure S1-1. Investigated SNO-OCT derivatives.

A variety of substitution patterns were investigated in order to determine advantageous tuning of

the alkyne electronics for use as a dienophile in 1,3-dipolar cycloadditions (Figure S1-1). NBO

analysis8 was conducted on geometry optimized SNO-OCTs in water to investigate the effects of

scaffold derivatization on alkyne electronics. Numerous orbital  interactions can be envisaged

within the SNO-OCT, with variations on the impact of reactivity depending on the nature of X

and  R  (Figure  S1-2).9 The  resultant  calculations  illustrated  minimal  changes  to  alkyne

electronics  based  on  perturbations  of  the  exocyclic  side  chain  (R),  with  alterations  of  the

propargylic position (X) and the heteroatoms in the ring (Y) having more profound impacts.

Alkyne  electrophilicity  was  determined  using  similar  methodology reported  in  our  previous

work9 and was used as an initial indicator of potential dipole coupling partners to target for each

SNO-OCT. Second-order perturbation energies of orbital interactions were classified into two

categories – enhancing electrophilic or nucleophilic character – and the difference between the

two sums was deemed as the predicted alkyne electrophilicity.
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Figure S1-2. Predicted alkyne electrophilicity based on second-order perturbation energies from
NBO analysis.8,9
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Table  S1-1.  Second-order  perturbation  energies  for  various  orbital  interactions  influencing  alkyne  electronics  in  the  SNO-OCT
derivatives.
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III. Frontier molecular orbital considerations. 

The  reactivity  of  1,3-dipolar  cycloadditions  can  be  categorized  using  on  frontier  molecular

orbital  (FMO)  theory  (see  generalized  FMO  diagram,  Figure  S1-3a).10  Type  I  involves

interaction between the lowest unoccupied molecular orbital (LUMO) of the dipolarophile and

the  highest  occupied  molecular  orbital  (HOMO)  of  the  dipole.  Introduction  of  electron

withdrawing  functionalities  into  the  alkyne  scaffold  lead  to  LUMO stabilization,  effectively

decreasing  the  energy  gap  and  accelerating  reaction  kinetics.  The  ambiphilic  Type  II

cycloadditions  have similar  energy gaps between FMOs and have reaction rates  that  have a

parabolic relationship with alkyne ionization potential.17 Type III cycloadditions often involve

interaction between LUMOdipole and HOMOdipolarophile; it is important to note that inverse electron

demand Diels Alder (IEDDA) reactions involving tetrazine, as described in this work, involves

the  LUMO+1 of  the  tetrazine  and  the  HOMO of  the  SNO-OCT coupling  partner.  Scaffold

modifications leading to electron donation into the alkyne can destabilize the HOMO and are

expected to enhance reactivity.  Electronic activation can be guided by these principles,  with

changes  to  the  scaffold  affecting  chemoselectivity.  Three  different  coupling  partners  were

investigated in this work: methyl diazoacetamide (Type I), methyl azide (Type II), and dipyridyl

tetrazine  (Type  III)  (Figure  S1-3b).  SNO-OCT  derivatives  were  designed  with  varied

substitution patterns to tune the alkyne electronics appropriately for specific Type I, II, or III

dipoles. These modifications did lead to varied HOMO and LUMO energy levels, allowing for

selective reactivity across different dipoles (Figure S1-3c).
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Figure S1-3. (a) Applying frontier molecular orbital theory to help pair (b) Type I-III coupling partners with (c) electronically tuned
SNO-OCT derivatives for Type I-III cycloadditions.
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IV. Free energies of activation, calculated reaction rates, and regioselectivities

Table  S1-2.  Free  energies  of  activation  (kcal/mol)  and  reaction  rates  with  methyl
diazoacetamide. Geometry optimizations conducted at the M06-2X level of theory with 6-311++
(d,p) basis set and IEFCPM solvent model for water.
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Table  S1-3.  Free  energies  of  activation  (kcal/mol)  and  reaction  rates  with  methyl
diazoacetamide. Geometry optimizations conducted at the B97D level of theory with 6-311+(d,p)
basis set and CPCM solvent model for water.
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Table  S1-4.  Free  energies  of  activation  (kcal/mol)  and  reaction  rates  with  methyl  azide.
Geometry optimizations conducted at the M06-2X level of theory with 6-311++(d,p) basis set
and IEFCPM solvent model for water.
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Table  S1-5.  Free  energies  of  activation  (kcal/mol)  and  reaction  rates  with  methyl  azide.
Geometry optimizations conducted at the B97D level of theory with 6-311+(d,p) basis set and
CPCM solvent model for water.
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Table S1-6.  Free energies of activation (kcal/mol) and reaction rates with dipyridyl tetrazine.
Geometry optimizations conducted at the B97D level of theory with 6-311+(d,p) basis set and
CPCM solvent model for water.
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V. Distortion/interaction analyses

Figure S1-4. (a) Distortion energies, interaction energies, and activation barriers for reaction of
various SNO-OCTs with methyl diazoacetamide. (b) Distortion energy and (c) interaction energy
trends with respect to activation barrier. Geometry optimizations conducted at the B97D level of
theory with 6-311+(d,p) basis set and CPCM solvent model for water.
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Figure S1-5. (a) Distortion energies, interaction energies, and activation barriers for reaction of
various  SNO-OCTs with dipyridyl  tetrazine.  (b) Distortion energy and (c) interaction energy
trends with respect to activation barrier. Geometry optimizations conducted at the B97D level of
theory with 6-311+(d,p) basis set and CPCM solvent model for water.
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Figure S1-6. (a) Distortion energies, interaction energies, and activation barriers for reaction of
various SNO-OCTs with methyl azide. (b) Distortion energy and (c) interaction energy trends
with respect to activation barrier. Geometry optimizations conducted at the B97D level of theory
with 6-311+(d,p) basis set and CPCM solvent model for water.
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VII. Cartesian coordinates

VIIa. Ground state geometry optimizations

2 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.45267        1.61443        0.27140
C         -0.63102        2.08950        0.05968
C         -2.05855        2.10537       -0.24460
H         -2.62812        2.78682        0.38960
H         -2.22947        2.38385       -1.28585
C          1.45245        0.54449        0.38497
C         -2.52683        0.66672        0.02078
H         -3.52908        0.49582       -0.36754
H         -2.49585        0.44291        1.08603
N          0.92002       -0.66591       -0.28379
S         -0.59200       -1.21204        0.05479
O         -0.71654       -2.47870       -0.62156
O         -0.78092       -1.09460        1.48162
C          2.79586        0.90893       -0.25146
H          3.15653        1.82072        0.23248
H          2.64763        1.12113       -1.31239
H          1.60728        0.29231        1.43732
H          1.12155       -0.72236       -1.27971
O         -1.67681       -0.27432       -0.68726
O          3.73231       -0.13975       -0.17030
H          4.00957       -0.24476        0.74531
HF: -987.6859524
Sum of electronic and zero-point Energies=           -987.524356
Sum of electronic and thermal Energies=              -987.512912
Sum of electronic and thermal Enthalpies=            -987.511968
Sum of electronic and thermal Free Energies=         -987.561644

2 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (acetonitrile)

C          0.45250        1.61373        0.27484
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C         -0.63061        2.08934        0.06150
C         -2.05738        2.10563       -0.24618
H         -2.62842        2.78651        0.38734
H         -2.22561        2.38531       -1.28756
C          1.45262        0.54417        0.38855
C         -2.52635        0.66655        0.01630
H         -3.52753        0.49615       -0.37513
H         -2.49863        0.44191        1.08147
N          0.92089       -0.66681       -0.27921
S         -0.59206       -1.21231        0.05550
O         -0.71541       -2.47872       -0.62104
O         -0.78494       -1.09346        1.48158
C          2.79491        0.91023       -0.24947
H          3.15757        1.81957        0.23774
H          2.64397        1.12770       -1.30897
H          1.60827        0.29269        1.44099
H          1.12821       -0.72889       -1.27349
O         -1.67428       -0.27348       -0.68987
O          3.73067       -0.13941       -0.17661
H          4.00658       -0.25358        0.73828
HF: -987.6854308
Sum of electronic and zero-point Energies=           -987.523892
Sum of electronic and thermal Energies=              -987.512413
Sum of electronic and thermal Enthalpies=            -987.511469
Sum of electronic and thermal Free Energies=         -987.561304

2 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.49671        1.64799        0.22023
C         -0.59524        2.14270        0.02180
C         -2.03381        2.16534       -0.22719
H         -2.57783        2.88038        0.40694
H         -2.25311        2.41350       -1.27507
C          1.46365        0.54887        0.33914
C         -2.53803        0.73940        0.11026
H         -3.58103        0.60713       -0.19867
H         -2.43670        0.53854        1.18189
N          0.91524       -0.66531       -0.34878
S         -0.62137       -1.24326        0.05077
O         -0.76598       -2.49709       -0.68725
O         -0.74302       -1.17599        1.50914
C          2.84896        0.87654       -0.26949
H          3.18559        1.82145        0.18349
H          2.74524        1.02599       -1.35186
H          1.59733        0.28144        1.39603
H          0.99072       -0.60076       -1.36548
O         -1.79672       -0.27790       -0.65250
O          3.80478       -0.16526       -0.09041
H          4.01897       -0.21337        0.85154
HF: -987.5676955
Sum of electronic and zero-point Energies=           -987.413680
Sum of electronic and thermal Energies=              -987.401587
Sum of electronic and thermal Enthalpies=            -987.400643
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Sum of electronic and thermal Free Energies=         -987.451441

2 using B97D/6-311+G(d,p) and CPCM solvent model (acetonitrile)

C          0.49654        1.64791        0.22067
C         -0.59529        2.14281        0.02206
C         -2.03379        2.16531       -0.22734
H         -2.57807        2.88012        0.40685
H         -2.25276        2.41379       -1.27524
C          1.46351        0.54881        0.33968
C         -2.53785        0.73901        0.10934
H         -3.58079        0.60677       -0.19997
H         -2.43699        0.53800        1.18101
N          0.91546       -0.66547       -0.34795
S         -0.62128       -1.24358        0.05100
O         -0.76564       -2.49718       -0.68708
O         -0.74369       -1.17535        1.50920
C          2.84875        0.87701       -0.26885
H          3.18547        1.82145        0.18518
H          2.74473        1.02789       -1.35100
H          1.59710        0.28153        1.39665
H          0.99203       -0.60211       -1.36459
O         -1.79606       -0.27752       -0.65328
O          3.80458       -0.16495       -0.09171
H          4.01663       -0.21694        0.85049
HF: -987.5673519
Sum of electronic and zero-point Energies=           -987.413341
Sum of electronic and thermal Energies=              -987.401245
Sum of electronic and thermal Enthalpies=            -987.400300
Sum of electronic and thermal Free Energies=         -987.451113

3 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.01994        1.60569        0.34415
C         -1.13341        1.29101        0.23204
C         -2.15800        0.28258       -0.02595
C          1.48679        1.53087        0.37537
C         -1.51838       -1.10232        0.13286
H         -2.19575       -1.85899       -0.26246
H         -1.31952       -1.27561        1.19036
N          1.87219        0.28466       -0.33136
S          1.16237       -1.14658        0.04544
O          1.88433       -2.16350       -0.66853
O          0.99171       -1.18344        1.47659
C          2.19706        2.70686       -0.28196
H          1.95215        3.62138        0.25657
H          3.27459        2.54973       -0.24580
H          1.87836        2.81498       -1.31990
H          1.80831        1.42711        1.41315
H          2.00156        0.38841       -1.33565
O         -0.31664       -1.17485       -0.63873
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F         -3.21545        0.35464        0.82330
F         -2.66701        0.42001       -1.28080
HF: -1110.9497004
Sum of electronic and zero-point Energies=          -1110.809738
Sum of electronic and thermal Energies=             -1110.797886
Sum of electronic and thermal Enthalpies=           -1110.796942
Sum of electronic and thermal Free Energies=        -1110.847499

3 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.02192        1.63786        0.30929
C         -1.18530        1.30747        0.19567
C         -2.17835        0.26547       -0.02391
C          1.44281        1.58420        0.36184
C         -1.52457       -1.12491        0.18837
H         -2.21979       -1.90339       -0.14628
H         -1.30136       -1.24197        1.25429
N          1.87793        0.34214       -0.36093
S          1.21621       -1.15485        0.05196
O          1.96082       -2.14504       -0.71664
O          1.10438       -1.19780        1.50973
C          2.16689        2.78503       -0.26650
H          1.88441        3.69401        0.27678
H          3.25020        2.63921       -0.19017
H          1.88259        2.89794       -1.32019
H          1.75568        1.46774        1.40691
H          1.86272        0.45165       -1.37688
O         -0.33595       -1.27140       -0.62240
F         -3.26080        0.34789        0.84254
F         -2.71148        0.34772       -1.30514
HF: -1110.8107373
Sum of electronic and zero-point Energies=          -1110.678026
Sum of electronic and thermal Energies=             -1110.665418
Sum of electronic and thermal Enthalpies=           -1110.664473
Sum of electronic and thermal Free Energies=        -1110.716531

3a using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.06138        1.67074        0.15002
C         -1.21620        1.41715       -0.06483
C         -2.31204        0.52932       -0.44006
C          1.37838        1.45860        0.35929
C         -1.82638       -0.89868       -0.12803
H         -2.50891       -1.63714       -0.54499
H         -1.75128       -1.01790        0.95302
N          1.71969        0.14988       -0.25434
S          0.83700       -1.19365        0.08644
O          1.53859       -2.29954       -0.50934
O          0.52040       -1.15924        1.49323
C          2.28160        2.52528       -0.24474
H          2.06619        3.48525        0.22299

S1-20



H          3.32574        2.26907       -0.06695
H          2.10637        2.61324       -1.31843
H          1.56838        1.36859        1.43028
H          1.95277        0.19872       -1.24393
O         -0.55196       -1.12887       -0.75239
F         -3.45866        0.73467        0.31267
H         -2.58113        0.64418       -1.49053
HF=-1011.701895

Sum of electronic and zero-point Energies=          -1011.553347
Sum of electronic and thermal Energies=             -1011.542214
Sum of electronic and thermal Enthalpies=           -1011.541270
Sum of electronic and thermal Free Energies=        -1011.590087

3a using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.11779        1.70157        0.12747
C         -1.27883        1.41236       -0.08432
C         -2.33776        0.47987       -0.44004
H         -2.61325        0.54943       -1.50001
C          1.32307        1.52575        0.35198
C         -1.83371       -0.94595       -0.07514
H         -2.53478       -1.70257       -0.44396
H         -1.72874       -1.02146        1.01273
N          1.72786        0.22349       -0.28134
S          0.89902       -1.20183        0.08943
O          1.64461       -2.27009       -0.56965
O          0.63723       -1.19336        1.52919
C          2.22246        2.62911       -0.22558
H          1.96117        3.58338        0.24635
H          3.27333        2.39798       -0.01684
H          2.07326        2.71799       -1.30953
H          1.50885        1.42158        1.42826
H          1.82512        0.29965       -1.29573
O         -0.57082       -1.23042       -0.74177
F         -3.53301        0.68374        0.30542
HF=-1011.5841257

Sum of electronic and zero-point Energies=          -1011.442862
Sum of electronic and thermal Energies=             -1011.431052
Sum of electronic and thermal Enthalpies=           -1011.430108
Sum of electronic and thermal Free Energies=        -1011.480251

4 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.96101        1.50044        0.24461
C         -0.06317        2.10035        0.05294
C         -1.48461        2.27710       -0.23067
H         -1.96487        3.01866        0.41022
H         -1.63877        2.57380       -1.26957
C          1.84107        0.32778        0.35707
C         -2.11088        0.90201        0.04307
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H         -3.13161        0.84615       -0.33074
H         -2.09001        0.67505        1.10798
N          1.16057       -0.81409       -0.31047
S         -0.40171       -1.18510        0.05125
O         -0.67968       -2.42920       -0.62183
O         -0.55586       -1.05089        1.48092
C          3.21661        0.49443       -0.27517
H          3.74887        1.30068        0.22856
H          3.78852       -0.42781       -0.17333
H          3.12283        0.74807       -1.33289
H          1.94687        0.05828        1.40937
H          1.32246       -0.86012       -1.31442
O         -1.38460       -0.13057       -0.67572
HF: -912.4683389
Sum of electronic and zero-point Energies:           -912.311954
Sum of electronic and thermal Energies=              -912.301686
Sum of electronic and thermal Enthalpies=            -912.300742
Sum of electronic and thermal Free Energies=         -912.347195

4 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (acetonitrile)

C          0.96101        1.50107        0.24328
C         -0.06315        2.10100        0.05165
C         -1.48492        2.27714       -0.23069
H         -1.96469        3.01894        0.41032
H         -1.64026        2.57323       -1.26961
C          1.84055        0.32811        0.35675
C         -2.11031        0.90180        0.04432
H         -3.13168        0.84555       -0.32780
H         -2.08769        0.67528        1.10931
N          1.16038       -0.81369       -0.31085
S         -0.40180       -1.18561        0.05131
O         -0.67956       -2.42896       -0.62274
O         -0.55552       -1.05138        1.48089
C          3.21689        0.49401       -0.27399
H          3.74885        1.30044        0.22978
H          3.78838       -0.42836       -0.17097
H          3.12457        0.74713       -1.33198
H          1.94507        0.05895        1.40928
H          1.32174       -0.85945       -1.31484
O         -1.38474       -0.13028       -0.67520
HF: -912.4679546
Sum of electronic and zero-point Energies=           -912.311559
Sum of electronic and thermal Energies=              -912.301292
Sum of electronic and thermal Enthalpies=            -912.300348
Sum of electronic and thermal Free Energies=         -912.346800

4 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          1.03270        1.50665        0.22409
C          0.01724        2.14459        0.02784
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C         -1.40462        2.35421       -0.23361
H         -1.85800        3.13164        0.39857
H         -1.57932        2.63376       -1.28204
C          1.86318        0.30061        0.35092
C         -2.09547        1.00619        0.09071
H         -3.14215        1.01017       -0.23413
H         -2.03743        0.79237        1.16306
N          1.15800       -0.84141       -0.33349
S         -0.44817       -1.20611        0.05370
O         -0.75079       -2.43479       -0.67956
O         -0.57407       -1.11763        1.51077
C          3.27153        0.40363       -0.25579
H          3.82226        1.19982        0.25890
H          3.80525       -0.54558       -0.12798
H          3.21322        0.65097       -1.32409
H          1.94242        0.02100        1.40902
H          1.24507       -0.79031       -1.35043
O         -1.48190       -0.09901       -0.66380
HF: -912.3698172
Sum of electronic and zero-point Energies=           -912.220776
Sum of electronic and thermal Energies=              -912.209834
Sum of electronic and thermal Enthalpies=            -912.208889
Sum of electronic and thermal Free Energies=         -912.256660

4 using B97D/6-311+G(d,p) and CPCM solvent model (acetonitrile)

C          1.03270        1.50685        0.22357
C          0.01730        2.14489        0.02742
C         -1.40469        2.35427       -0.23349
H         -1.85791        3.13167        0.39887
H         -1.57984        2.63381       -1.28188
C          1.86290        0.30065        0.35075
C         -2.09515        1.00598        0.09099
H         -3.14207        1.00993       -0.23322
H         -2.03654        0.79222        1.16334
N          1.15794       -0.84131       -0.33364
S         -0.44826       -1.20646        0.05381
O         -0.75080       -2.43475       -0.67978
O         -0.57395       -1.11746        1.51079
C          3.27154        0.40343       -0.25537
H          3.82218        1.19974        0.25926
H          3.80511       -0.54581       -0.12719
H          3.21369        0.65056       -1.32377
H          1.94164        0.02119        1.40894
H          1.24471       -0.79011       -1.35058
O         -1.48175       -0.09868       -0.66383
HF: -912.3695642
Sum of electronic and zero-point Energies=           -912.220516
Sum of electronic and thermal Energies=              -912.209575
Sum of electronic and thermal Enthalpies=            -912.208631
Sum of electronic and thermal Free Energies=         -912.256398
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8 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.82910        1.56463        0.30272
C         -0.24236        2.07048        0.10313
C         -1.66315        2.13815       -0.22039
H         -2.22338        2.81195        0.42988
H         -1.80891        2.45753       -1.25340
C          1.78577        0.45978        0.35614
C         -2.17765        0.70649       -0.00906
H         -3.16320        0.56735       -0.44726
H         -2.19597        0.45405        1.04955
O          1.15221       -0.65624       -0.37939
S         -0.28556       -1.19321        0.05023
O         -0.39103       -2.47143       -0.59082
O         -0.45027       -1.05280        1.47467
C          3.10799        0.69687       -0.33951
H          3.63577        1.50051        0.17479
H          3.71370       -0.20776       -0.30290
H          2.94006        0.98670       -1.37658
H          1.92600        0.12303        1.38448
O         -1.32256       -0.24708       -0.70702
HF: -932.3305297
Sum of electronic and zero-point Energies=           -932.186816
Sum of electronic and thermal Energies=              -932.176727
Sum of electronic and thermal Enthalpies=            -932.175783
Sum of electronic and thermal Free Energies=         -932.221992

8 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.92828        1.56330        0.29075
C         -0.13033        2.12112        0.08322
C         -1.54945        2.24693       -0.22844
H         -2.07843        2.96660        0.41250
H         -1.69953        2.55286       -1.27278
C          1.82656        0.41805        0.35871
C         -2.16019        0.84578        0.02484
H         -3.17404        0.77856       -0.38240
H         -2.16297        0.61010        1.09311
O          1.14235       -0.70987       -0.40051
S         -0.35279       -1.21320        0.05581
O         -0.50702       -2.48280       -0.64050
O         -0.50363       -1.10282        1.50729
C          3.17958        0.57027       -0.32634
H          3.74406        1.34999        0.20104
H          3.73627       -0.37212       -0.27237
H          3.04803        0.86941       -1.37265
H          1.93980        0.06585        1.39130
O         -1.41612       -0.20486       -0.70468
HF: -932.2292445
Sum of electronic and zero-point Energies=           -932.092887
Sum of electronic and thermal Energies=              -932.082068
Sum of electronic and thermal Enthalpies=            -932.081124

S1-24



Sum of electronic and thermal Free Energies=         -932.128727

9 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.19825       -1.41322        0.43612
C          0.99245       -1.45425        0.29205
C          2.26286       -0.81290       -0.03978
C         -1.57526       -0.91000        0.46940
C          2.07031        0.70618        0.05457
H          2.92398        1.20426       -0.40473
H          1.98105        0.98136        1.10517
N         -1.59765        0.38379       -0.24513
S         -0.47783        1.53904        0.04964
O         -0.89216        2.70568       -0.67993
O         -0.23785        1.56045        1.47120
C         -2.56969       -1.86584       -0.20206
H         -2.24649       -2.05374       -1.22781
H         -1.87275       -0.72996        1.50548
H         -1.86727        0.33998       -1.22490
O          0.91053        1.09874       -0.68361
F          3.27833       -1.15951        0.79146
F          2.66138       -1.15621       -1.29460
H         -2.54897       -2.81085        0.34665
O         -3.86074       -1.31491       -0.27253
H         -4.25091       -1.30024        0.60730
HF: -1186.1664438
Sum of electronic and zero-point Energies=          -1186.021145
Sum of electronic and thermal Energies=             -1186.008154
Sum of electronic and thermal Enthalpies=           -1186.007210
Sum of electronic and thermal Free Energies=        -1186.060874

9 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.20644       -1.45887        0.31077
C          1.00025       -1.51790        0.18797
C          2.27612       -0.84777       -0.02533
C         -1.56994       -0.92623        0.36541
C          2.09833        0.67737        0.19753
H          3.00760        1.19525       -0.12866
H          1.91813        0.85209        1.26376
N         -1.58813        0.38096       -0.35920
S         -0.48639        1.58935        0.05227
O         -0.87260        2.76099       -0.72421
O         -0.37127        1.59821        1.51025
C         -2.63443       -1.87015       -0.25591
H         -2.43697       -1.98367       -1.32887
H         -1.83819       -0.72444        1.41083
H         -1.61577        0.27450       -1.37476
O          1.02240        1.19948       -0.61607
F          3.27191       -1.27822        0.84040
F          2.75587       -1.08740       -1.30672
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H         -2.51862       -2.85079        0.22873
O         -3.95690       -1.36589       -0.12939
H         -4.22334       -1.44965        0.79670
HF: -1186.0077627
Sum of electronic and zero-point Energies=          -1185.870125
Sum of electronic and thermal Energies=             -1185.856363
Sum of electronic and thermal Enthalpies=           -1185.855419
Sum of electronic and thermal Free Energies=        -1185.910480

10 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.16337       -1.42515        0.44121
C          1.02762       -1.43130        0.30324
C          2.28381       -0.76242       -0.03300
C         -1.53538       -0.92209        0.43709
C          2.04376        0.75226        0.04408
H          2.87118        1.27230       -0.43652
H          1.95574        1.04077        1.09079
O         -1.50514        0.30916       -0.35375
S         -0.51557        1.49658        0.04294
O         -1.01473        2.63420       -0.66241
O         -0.30827        1.50013        1.46577
C         -2.53910       -1.83952       -0.25140
H         -2.48530       -2.81561        0.23893
H         -2.24639       -1.95441       -1.29560
H         -1.85613       -0.66890        1.45022
O          0.86033        1.10085       -0.69001
F          3.30242       -1.06635        0.80659
F          2.69260       -1.10832       -1.28092
O         -3.83540       -1.29933       -0.22884
H         -4.22353       -1.43804        0.64079
HF: -1206.025134
Sum of electronic and zero-point Energies=          -1205.892379
Sum of electronic and thermal Energies=             -1205.879669
Sum of electronic and thermal Enthalpies=           -1205.878725
Sum of electronic and thermal Free Energies=        -1205.931717

10 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.17111       -1.44775        0.41002
C          1.03433       -1.47013        0.27741
C          2.28941       -0.79455       -0.02757
C         -1.53807       -0.94724        0.41588
C          2.07826        0.74018        0.08852
H          2.94030        1.25327       -0.35070
H          1.96931        0.99789        1.14658
O         -1.52210        0.31472       -0.38965
S         -0.52212        1.54851        0.04977
O         -1.02382        2.68031       -0.70679
O         -0.35078        1.57078        1.49978
C         -2.56589       -1.87027       -0.26831
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H         -2.46791       -2.85967        0.20480
H         -2.31171       -1.95773       -1.33067
H         -1.85881       -0.69133        1.43420
O          0.92797        1.17573       -0.68523
F          3.31987       -1.13236        0.83195
F          2.72668       -1.11860       -1.30242
O         -3.89157       -1.36762       -0.18741
H         -4.21534       -1.51272        0.71244
HF: -1205.8635998
Sum of electronic and zero-point Energies=          -1205.738546
Sum of electronic and thermal Energies=             -1205.724984
Sum of electronic and thermal Enthalpies=           -1205.724040
Sum of electronic and thermal Free Energies=        -1205.778750

D1 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          2.74658        0.12617       -0.00051
N          1.49433       -0.60902        0.00058
C          0.30784        0.03671        0.00027
C         -0.87109       -0.83131        0.00031
N         -2.02562       -0.22403       -0.00011
N         -2.99887        0.33184       -0.00049
O          0.22137        1.26469        0.00037
H          3.56558       -0.58910        0.00397
H          2.82556        0.75494       -0.88904
H          1.51368       -1.61667       -0.00212
H         -0.88650       -1.90944        0.00067
H          2.82199        0.76188        0.88328
HF: -356.7294236
Sum of electronic and zero-point Energies=           -356.640212
Sum of electronic and thermal Energies=              -356.632435
Sum of electronic and thermal Enthalpies=            -356.631491
Sum of electronic and thermal Free Energies=         -356.672830

D1 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -2.78913        0.07680        0.00045
N         -1.49680       -0.60692       -0.00073
C         -0.31522        0.07601       -0.00008
C          0.87646       -0.79891       -0.00003
N          2.05679       -0.24042        0.00008
N          3.06629        0.29146        0.00025
O         -0.25215        1.31707       -0.00025
H         -3.57495       -0.68471       -0.00508
H         -2.89841        0.70467        0.89551
H         -1.48880       -1.61809        0.00108
H          0.85724       -1.88424       -0.00011
H         -2.89447        0.71360       -0.88863
HF: -356.651195
Sum of electronic and zero-point Energies=           -356.565775
Sum of electronic and thermal Energies=              -356.558597
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Sum of electronic and thermal Enthalpies=            -356.557652
Sum of electronic and thermal Free Energies=         -356.597300

D3 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          1.29187        0.01333        0.33078
C         -1.29187       -0.01328        0.33078
N         -0.66566        1.17462        0.49536
N          0.65197        1.19619        0.51882
N         -0.65195       -1.19613        0.51890
N          0.66565       -1.17457        0.49545
C         -2.74884       -0.01231        0.05545
C         -5.43402       -0.08577       -0.49888
C         -3.52774        1.12760        0.33212
N         -3.25766       -1.14480       -0.47819
C         -4.57146       -1.16601       -0.74611
C         -4.89639        1.08295        0.05089
H         -3.06672        2.01180        0.76284
H         -4.95773       -2.08744       -1.18423
H         -5.52864        1.94383        0.25921
H         -6.49276       -0.16570       -0.73581
C          2.74883        0.01232        0.05543
C          5.43403        0.08572       -0.49887
C          3.52771       -1.12762        0.33210
N          3.25770        1.14480       -0.47819
C          4.57150        1.16598       -0.74608
C          4.89636       -1.08300        0.05088
H          3.06665       -2.01180        0.76280
H          4.95779        2.08740       -1.18420
H          5.52858       -1.94390        0.25920
H          6.49277        0.16561       -0.73578
HF=-790.1523328

Sum of electronic and zero-point Energies=           -789.969607
Sum of electronic and thermal Energies=              -789.956030
Sum of electronic and thermal Enthalpies=            -789.955085
Sum of electronic and thermal Free Energies=         -790.012275

D4 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

H         -2.42898        0.31125       -0.00119
C         -1.52808       -0.29467       -0.00007
H         -1.51582       -0.92230        0.89312
H         -1.51473       -0.92397       -0.89207
N         -0.38893        0.64670       -0.00012
N          0.71303        0.11151        0.00054
N          1.76562       -0.28635       -0.00034
HF: -204.0628864
Sum of electronic and zero-point Energies=           -204.012019
Sum of electronic and thermal Energies=              -204.007584
Sum of electronic and thermal Enthalpies=            -204.006640
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Sum of electronic and thermal Free Energies=         -204.038578

D4 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (acetonitrile)

H         -2.42913        0.31066       -0.00009
C         -1.52767       -0.29456        0.00001
H         -1.51548       -0.92336        0.89265
H         -1.51531       -0.92340       -0.89261
N         -0.38918        0.64682        0.00006
N          0.71287        0.11128       -0.00012
N          1.76574       -0.28617        0.00007
HF: -204.0627687
Sum of electronic and zero-point Energies=           -204.011897
Sum of electronic and thermal Energies=              -204.007470
Sum of electronic and thermal Enthalpies=            -204.006526
Sum of electronic and thermal Free Energies=         -204.038433

D4 using B97D/6-311+G(d,p) and CPCM solvent model (water)

H         -2.45053        0.36086       -0.00052
C         -1.56612       -0.28126       -0.00001
H         -1.57089       -0.91331        0.89928
H         -1.57042       -0.91412       -0.89872
N         -0.38627        0.62587       -0.00004
N          0.71946        0.09426        0.00007
N          1.80804       -0.26954       -0.00004
HF: -204.033061
Sum of electronic and zero-point Energies=           -203.984252
Sum of electronic and thermal Energies=              -203.979741
Sum of electronic and thermal Enthalpies=            -203.978797
Sum of electronic and thermal Free Energies=         -204.010846

D4 using B97D/6-311+G(d,p) and CPCM solvent model (acetonitrile)

H          2.45053       -0.36086       -0.00052
C          1.56612        0.28126       -0.00001
H          1.57089        0.91331        0.89928
H          1.57042        0.91412       -0.89872
N          0.38627       -0.62587       -0.00004
N         -0.71946       -0.09426        0.00007
N         -1.80804        0.26954       -0.00004
HF: -204.0329772
Sum of electronic and zero-point Energies=           -203.984168
Sum of electronic and thermal Energies=              -203.979656
Sum of electronic and thermal Enthalpies=            -203.978712
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Sum of electronic and thermal Free Energies=         -204.010763

VIIb. Transition state optimizations

Coupling with D1 (anti TS)

2 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.14838        0.66405        0.43778
C         -0.58981       -0.32677        0.45046
C         -0.75855       -1.77689        0.20455
H         -1.46672       -2.23729        0.89763
H         -1.14515       -1.93927       -0.80573
C          1.41502        1.37381        0.18892
C          0.57793       -2.48472        0.37677
H          0.50272       -3.53714        0.10742
H          0.94150       -2.39139        1.39931
N          2.42493        0.54161       -0.50426
S          2.75749       -0.97806       -0.02987
O          3.89491       -1.41239       -0.80395
O          2.78579       -0.99201        1.41499
C          1.19314        2.61780       -0.68467
H          0.51805        3.29132       -0.15505
H          0.71615        2.31259       -1.61901
H          1.85113        1.68173        1.14420
H          2.46849        0.65128       -1.51352
O          1.56086       -1.92979       -0.53039
O          2.40116        3.25583       -1.03757
H          2.78816        3.65309       -0.25088
C         -4.82768       -1.27390       -1.35023
N         -4.06403       -0.94764       -0.15703
C         -3.38734        0.21117       -0.06514
C         -2.54471        0.33428        1.16218
N         -2.10563        1.57049        1.40135
N         -1.22449        2.28255        1.31711
O         -3.38701        1.06743       -0.93994
H         -5.24472       -2.27066       -1.23072
H         -5.63814       -0.55828       -1.49803
H         -4.08654       -1.57806        0.62974
H         -2.76387       -0.24666        2.05148
H         -4.18033       -1.25666       -2.22801
HF: -1344.4009427
Sum of electronic and zero-point Energies=          -1344.148511
Sum of electronic and thermal Energies=             -1344.128820
Sum of electronic and thermal Enthalpies=           -1344.127876
Sum of electronic and thermal Free Energies=        -1344.198078
Frequency: -463.11

2 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.17641        0.81557        0.48867
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C         -0.62915       -0.12507        0.64357
C         -0.85403       -1.58790        0.71057
H         -1.50386       -1.86187        1.55518
H         -1.35841       -1.94300       -0.19979
C          1.54036        1.30561        0.20283
C          0.47005       -2.33457        0.90377
H          0.30263       -3.41705        0.94122
H          0.97976       -2.00986        1.81742
N          2.30190        0.37475       -0.68828
S          2.69999       -1.16439       -0.16498
O          3.56756       -1.73343       -1.19626
O          3.12812       -1.04983        1.23270
C          1.56804        2.70333       -0.46924
H          0.99964        3.38479        0.17483
H          1.07054        2.64850       -1.44629
H          2.10841        1.36785        1.14159
H          1.91102        0.32488       -1.63009
O          1.35580       -2.13955       -0.25331
O          2.88787        3.19340       -0.70984
H          3.29424        3.37799        0.14805
C         -4.79344       -1.59692       -1.13280
N         -4.11360       -0.89563       -0.04343
C         -3.42894        0.25998       -0.24602
C         -2.65214        0.70870        0.96238
N         -2.25191        1.99375        0.95845
N         -1.35526        2.70405        0.80659
O         -3.37101        0.84263       -1.33569
H         -5.18596       -2.53861       -0.73819
H         -5.62098       -0.99282       -1.52910
H         -4.16403       -1.28985        0.88651
H         -2.94190        0.34852        1.94985
H         -4.08841       -1.80581       -1.94807
HF: -1344.2085547
Sum of electronic and zero-point Energies=          -1343.967216
Sum of electronic and thermal Energies=             -1343.946616
Sum of electronic and thermal Enthalpies=           -1343.945671
Sum of electronic and thermal Free Energies=        -1344.018115
Frequency: -378.12

3 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.39591        1.10648        0.23315
C         -0.32906        0.12054        0.38758
C         -0.40608       -1.34455        0.30103
C          1.64318        1.82786       -0.08017
C          0.94361       -2.01857        0.50593
H          0.83723       -3.08978        0.33569
H          1.29090       -1.82437        1.52042
N          2.64944        0.95116       -0.73027
S          3.05266       -0.48697       -0.07921
O          4.19226       -0.98111       -0.80506
O          3.07044       -0.33420        1.35542
C          1.44002        3.02775       -1.00239
H          0.78966        3.75429       -0.52005
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H          2.40170        3.49477       -1.21494
H          0.97695        2.71172       -1.93945
H          2.08101        2.16254        0.86333
H          2.58579        0.90353       -1.74461
O          1.87311       -1.53677       -0.46290
F         -1.25231       -1.87489        1.24029
F         -0.92634       -1.71714       -0.90739
C         -4.52552       -1.27050       -1.18826
N         -3.79494       -0.75539       -0.04205
C         -3.18945        0.44202       -0.09549
C         -2.30442        0.73487        1.07740
N         -1.89609        2.00006        1.14653
N         -1.06797        2.75007        0.96296
O         -3.29159        1.22208       -1.03236
H         -5.00036       -2.20580       -0.90275
H         -5.29100       -0.55695       -1.49202
H         -3.58741       -1.37688        0.72549
H         -2.46206        0.25699        2.03743
H         -3.85305       -1.44694       -2.03081
HF: -1467.6739851
Sum of electronic and zero-point Energies=          -1467.442723
Sum of electronic and thermal Energies=             -1467.422861
Sum of electronic and thermal Enthalpies=           -1467.421917
Sum of electronic and thermal Free Energies=        -1467.491534
Frequency: -405.38

3 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.38975        1.10984        0.22311
C         -0.34916        0.11734        0.37731
C         -0.37540       -1.34863        0.31880
C          1.62950        1.84246       -0.08031
C          0.99146       -2.01025        0.56788
H          0.88053       -3.09567        0.46559
H          1.32796       -1.75699        1.57893
N          2.65817        0.98308       -0.76274
S          3.14296       -0.46520       -0.08690
O          4.27024       -0.94290       -0.88156
O          3.22469       -0.27792        1.36261
C          1.42812        3.07063       -0.98855
H          0.75551        3.77755       -0.49449
H          2.39471        3.55373       -1.17342
H          0.98259        2.76712       -1.94516
H          2.07899        2.16377        0.86829
H          2.47436        0.85322       -1.75886
O          1.95455       -1.61290       -0.42968
F         -1.23387       -1.90070        1.28184
F         -0.88444       -1.77651       -0.90769
C         -4.60776       -1.36475       -1.15967
N         -3.87233       -0.77530       -0.04052
C         -3.28322        0.44343       -0.13421
C         -2.37108        0.74845        1.03049
N         -1.99241        2.02936        1.15596
N         -1.15091        2.80017        0.99808
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O         -3.42473        1.21533       -1.08861
H         -5.12340       -2.25869       -0.79658
H         -5.34286       -0.64535       -1.53764
H         -3.61505       -1.38237        0.72737
H         -2.51789        0.23722        1.98076
H         -3.92686       -1.64077       -1.97830
HF: -1467.4584083
Sum of electronic and zero-point Energies=          -1467.238204
Sum of electronic and thermal Energies=             -1467.217264
Sum of electronic and thermal Enthalpies=           -1467.216320
Sum of electronic and thermal Free Energies=        -1467.288501
Frequency: -343.14

3a using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.29928        1.00018        0.22800
C         -0.37802       -0.02717        0.31949
C         -0.42868       -1.48702        0.14040
C          1.52188        1.77876       -0.04604
C          0.94686       -2.09859        0.39846
H          0.92157       -3.17444        0.23218
H          1.26416       -1.88135        1.41854
N          2.55808        0.96531       -0.73198
S          3.01560       -0.48446       -0.13909
O          4.16848       -0.90335       -0.89374
O          3.05043       -0.38080        1.30015
C          1.28058        3.00937       -0.91650
H          0.59425        3.68548       -0.41053
H          2.22304        3.52664       -1.09726
H          0.84030        2.71690       -1.87228
H          1.95070        2.08762        0.91015
H          2.48214        0.94813       -1.74631
O          1.88305       -1.56640       -0.54923
F         -1.29127       -2.09421        1.06062
C         -4.48771       -1.35184       -1.41830
N         -3.72396       -0.95559       -0.24657
C         -3.24228        0.29323       -0.12789
C         -2.36858        0.50175        1.06823
N         -1.98649        1.76355        1.24696
N         -1.16752        2.53691        1.11261
O         -3.44077        1.18167       -0.94652
H         -4.81234       -2.38076       -1.28552
H         -5.36237       -0.71083       -1.53182
H         -3.46026       -1.65270        0.43438
H         -2.50470       -0.07080        1.97758
H         -3.87953       -1.27838       -2.32196
H         -0.79543       -1.74844       -0.85477
HF=-1368.4236136
Sum of electronic and zero-point Energies=          -1368.184023
Sum of electronic and thermal Energies=             -1368.164847
Sum of electronic and thermal Enthalpies=           -1368.163903
Sum of electronic and thermal Free Energies=        -1368.232256
Frequency: -419.88
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3a using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.29711        1.02577        0.26402
C         -0.39466       -0.00571        0.37662
C         -0.41495       -1.46901        0.24051
H         -0.79330       -1.77856       -0.74260
C          1.52621        1.78905       -0.01754
C          0.97121       -2.08229        0.51793
H          0.91927       -3.17305        0.43100
H          1.31316       -1.79954        1.51957
N          2.54178        0.97565       -0.77355
S          3.08226       -0.49010       -0.17546
O          4.18279       -0.90839       -1.04058
O          3.23692       -0.34821        1.27383
C          1.30288        3.06644       -0.84827
H          0.63214        3.73689       -0.30287
H          2.26174        3.56955       -1.02091
H          0.84265        2.81690       -1.81383
H          1.99937        2.05659        0.93613
H          2.30963        0.87519       -1.76302
O          1.91834       -1.65744       -0.49820
F         -1.28528       -2.08476        1.20524
C         -4.45962       -1.51703       -1.43006
N         -3.77761       -0.98360       -0.25049
C         -3.30484        0.28867       -0.20856
C         -2.45301        0.55948        1.00571
N         -2.11207        1.84136        1.20758
N         -1.27829        2.63179        1.09902
O         -3.49568        1.12937       -1.09513
H         -4.86120       -2.50210       -1.17443
H         -5.28067       -0.85036       -1.71870
H         -3.49181       -1.63442        0.47030
H         -2.61025       -0.01102        1.91925
H         -3.76703       -1.61294       -2.27916
HF=-1368.22975
Sum of electronic and zero-point Energies=          -1368.001192
Sum of electronic and thermal Energies=             -1367.981007
Sum of electronic and thermal Enthalpies=           -1367.980063
Sum of electronic and thermal Free Energies=        -1368.051162
Frequency: -356.04

4 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.19887        0.93986       -0.29284
C          0.43859       -0.10100       -0.48751
C          0.47191       -1.58048       -0.51320
H          1.10025       -1.96471       -1.32114
H          0.88458       -1.96330        0.42479
C         -1.41158        1.69666        0.08268
C         -0.93417       -2.12087       -0.72754

S1-34



H         -0.95193       -3.20826       -0.67141
H         -1.33874       -1.79518       -1.68521
N         -2.40903        0.84566        0.78346
S         -2.93798       -0.54878        0.11481
O         -4.04019       -1.00602        0.92541
O         -3.09801       -0.31870       -1.30282
C         -1.14247        2.88463        1.00366
H         -0.50840        3.60830        0.49643
H         -2.08360        3.36307        1.27591
H         -0.63238        2.55218        1.91090
H         -1.89754        2.05009       -0.82961
H         -2.23294        0.73184        1.77919
O         -1.80912       -1.67226        0.33647
C          4.50706       -1.78097        1.11285
N          3.80992       -1.16953       -0.00649
C          3.26936        0.05755        0.10326
C          2.46435        0.48323       -1.07939
N          2.14761        1.77852       -1.08592
N          1.33372        2.54108       -0.86792
O          3.35564        0.74692        1.11160
H          4.82701       -2.77687        0.81719
H          5.38034       -1.18932        1.39188
H          3.75008       -1.66764       -0.88116
H          2.63928        0.05521       -2.06026
H          3.84444       -1.85632        1.97637
HF: -1269.1827118
Sum of electronic and zero-point Energies=          -1268.935516
Sum of electronic and thermal Energies=             -1268.917052
Sum of electronic and thermal Enthalpies=           -1268.916108
Sum of electronic and thermal Free Energies=        -1268.983182
Frequency: -467.01

4 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.21633        0.96730       -0.26236
C          0.44451       -0.07498       -0.43907
C          0.47268       -1.55562       -0.46522
H          1.14423       -1.94492       -1.24406
H          0.84140       -1.94968        0.49328
C         -1.44457        1.70959        0.07819
C         -0.92432       -2.11510       -0.75951
H         -0.91163       -3.21112       -0.75756
H         -1.30081       -1.75291       -1.72240
N         -2.45452        0.84955        0.79398
S         -3.01715       -0.56881        0.09956
O         -4.11118       -1.03182        0.95437
O         -3.21129       -0.31117       -1.33068
C         -1.22046        2.93217        0.98774
H         -0.56100        3.64261        0.48075
H         -2.18040        3.41568        1.20608
H         -0.74612        2.62360        1.92944
H         -1.93386        2.03793       -0.84796
H         -2.18966        0.66408        1.76285
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O         -1.87411       -1.76213        0.30457
C          4.60326       -1.87839        1.01612
N          3.89021       -1.17233       -0.04824
C          3.35806        0.06480        0.13583
C          2.51403        0.52302       -1.01965
N          2.23187        1.83798       -1.06304
N          1.41012        2.62732       -0.86953
O          3.47512        0.71386        1.18290
H          4.80179       -2.89866        0.67474
H          5.55425       -1.37981        1.25038
H          3.81891       -1.61625       -0.95408
H          2.65537        0.07419       -2.00311
H          3.98876       -1.90802        1.92490
HF: -1269.0099286
Sum of electronic and zero-point Energies=          -1268.773769
Sum of electronic and thermal Energies=             -1268.754265
Sum of electronic and thermal Enthalpies=           -1268.753321
Sum of electronic and thermal Free Energies=        -1268.823272
Frequency: -383.87

8 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.22704        0.91530       -0.27106
C          0.43106       -0.11610       -0.43874
C          0.48387       -1.59430       -0.39160
H          1.12880       -2.01284       -1.16801
H          0.88448       -1.92213        0.57187
C         -1.42788        1.65930        0.10600
C         -0.91288       -2.15974       -0.60363
H         -0.92968       -3.23877       -0.46408
H         -1.29537       -1.90631       -1.59118
O         -2.38828        0.75973        0.79795
S         -2.92395       -0.54139        0.07618
O         -4.09103       -0.92438        0.81913
O         -2.99019       -0.32460       -1.34789
C         -1.20265        2.77802        1.10460
H         -0.57886        3.54444        0.64683
H         -2.15835        3.21763        1.38865
H         -0.69961        2.39158        1.99166
H         -1.94071        2.02404       -0.78632
O         -1.82416       -1.64134        0.40450
C          4.59665       -1.70726        1.05390
N          3.84900       -1.12013       -0.04608
C          3.26853        0.08633        0.08070
C          2.42508        0.48723       -1.08530
N          2.09041        1.77743       -1.09963
N          1.28809        2.54982       -0.88838
O          3.34652        0.77509        1.08936
H          4.92602       -2.69939        0.75610
H          5.46653       -1.09607        1.30012
H          3.81448       -1.60228       -0.93125
H          2.57855        0.05153       -2.06630
H          3.96293       -1.78782        1.93804
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HF: -1289.0482777
Sum of electronic and zero-point Energies=          -1288.813825
Sum of electronic and thermal Energies=             -1288.795517
Sum of electronic and thermal Enthalpies=           -1288.794572
Sum of electronic and thermal Free Energies=        -1288.861365
Frequency: -445.19

8 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.23619        0.93930        0.24675
C         -0.44011       -0.09511        0.40423
C         -0.47512       -1.57512        0.35846
H         -1.15108       -2.00185        1.11271
H         -0.83806       -1.91679       -0.62183
C          1.42691        1.69128       -0.10180
C          0.91835       -2.15196        0.63710
H          0.91316       -3.24311        0.54293
H          1.27482       -1.86506        1.63152
O          2.44416        0.77123       -0.81698
S          3.00862       -0.54733       -0.06157
O          4.17438       -0.94196       -0.84397
O          3.10240       -0.31644        1.38241
C          1.23399        2.81852       -1.11272
H          0.59056        3.58064       -0.65873
H          2.20172        3.26728       -1.36541
H          0.75076        2.43795       -2.02060
H          1.94800        2.04653        0.79565
O          1.89400       -1.71398       -0.37885
C         -4.66799       -1.81396       -0.98745
N         -3.91146       -1.14180        0.06936
C         -3.35264        0.08266       -0.11192
C         -2.47837        0.50955        1.03768
N         -2.18468        1.81975        1.09810
N         -1.38847        2.63131        0.91256
O         -3.46726        0.74702       -1.14825
H         -4.87768       -2.83609       -0.65885
H         -5.61434       -1.29190       -1.18667
H         -3.84766       -1.59135        0.97313
H         -2.60669        0.04698        2.01646
H         -4.07791       -1.83856       -1.91211
HF: -1288.8725786
Sum of electronic and zero-point Energies=          -1288.649147
Sum of electronic and thermal Energies=             -1288.629779
Sum of electronic and thermal Enthalpies=           -1288.628834
Sum of electronic and thermal Free Energies=        -1288.697910
Frequency: -366.75

9 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.37942        0.84381        0.42752
C         -0.45910       -0.05995        0.44297
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C         -0.70431       -1.47813        0.13918
C          1.69030        1.46819        0.20179
C          0.54971       -2.33396        0.25726
H          0.32818       -3.33934       -0.10035
H          0.86720       -2.35931        1.29917
N          2.66094        0.55853       -0.44350
S          2.83808       -0.98386        0.01728
O          3.96905       -1.51437       -0.69723
O          2.75248       -1.03615        1.45697
C          1.55783        2.70554       -0.70251
H          1.06184        2.41301       -1.63033
H          2.10798        1.76871        1.16762
H          2.84083        0.71124       -1.43174
O          1.57406       -1.81063       -0.58560
F         -1.63610       -2.03408        0.97562
F         -1.22670       -1.59928       -1.11861
H          0.93414        3.43840       -0.18831
O          2.81220        3.23548       -1.06391
H          3.21781        3.64479       -0.29266
C         -4.75967       -0.72042       -1.35440
N         -3.99967       -0.45446       -0.14406
C         -3.24721        0.65182       -0.03654
C         -2.36507        0.68120        1.17542
N         -1.82334        1.87277        1.42023
N         -0.91859        2.54880        1.35407
O         -3.22183        1.54919       -0.86751
H         -5.44205        0.10514       -1.55583
H         -4.09291       -0.84449       -2.21050
H         -3.90565       -1.18437        0.54654
H         -2.60266        0.10397        2.06151
H         -5.33320       -1.63203       -1.20769
HF: -1542.8918312
Sum of electronic and zero-point Energies=          -1542.655404
Sum of electronic and thermal Energies=             -1542.634320
Sum of electronic and thermal Enthalpies=           -1542.633376
Sum of electronic and thermal Free Energies=        -1542.705969
Frequency: -398.61

9 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.37031        0.86006        0.36459
C         -0.48994       -0.04142        0.41710
C         -0.68610       -1.48483        0.22456
C          1.69669        1.45115        0.14358
C          0.58574       -2.32453        0.43815
H          0.34928       -3.37533        0.23635
H          0.91992       -2.20352        1.47414
N          2.63784        0.54124       -0.58351
S          2.92530       -1.00389       -0.03135
O          4.01021       -1.54575       -0.84322
O          2.98143       -0.95354        1.43036
C          1.62220        2.77527       -0.67133
H          1.21845        2.55897       -1.66877
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H          2.15336        1.66528        1.11981
H          2.49966        0.53175       -1.59447
O          1.61778       -1.96050       -0.50097
F         -1.63083       -2.01333        1.11576
F         -1.20459       -1.73619       -1.04530
H          0.92860        3.44326       -0.14704
O          2.89396        3.38495       -0.86972
H          3.19344        3.73305       -0.01861
C         -4.86623       -0.86082       -1.30778
N         -4.08466       -0.46864       -0.13459
C         -3.34595        0.66854       -0.11246
C         -2.43155        0.75376        1.08875
N         -1.92104        1.96713        1.34865
N         -1.00273        2.65849        1.28658
O         -3.36441        1.53166       -0.99588
H         -5.49751       -0.02400       -1.62737
H         -4.20914       -1.14933       -2.14133
H         -3.93192       -1.16303        0.58563
H         -2.66199        0.17594        1.98254
H         -5.49676       -1.71034       -1.02887
HF: -1542.6563046
Sum of electronic and zero-point Energies=          -1542.431335
Sum of electronic and thermal Energies=             -1542.409115
Sum of electronic and thermal Enthalpies=           -1542.408171
Sum of electronic and thermal Free Energies=        -1542.484377
Frequency: -338.00

10 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.39084        0.85026        0.40055
C         -0.46901       -0.03168        0.44528
C         -0.73252       -1.45716        0.18480
C          1.71816        1.40044        0.15555
C          0.51704       -2.31768        0.32283
H          0.29000       -3.33244       -0.00103
H          0.84857       -2.30789        1.36032
O          2.55572        0.43952       -0.58611
S          2.80282       -1.00881       -0.00485
O          3.93333       -1.51878       -0.71877
O          2.76248       -0.98129        1.43380
C          1.70815        2.64665       -0.72705
H          1.05305        3.38300       -0.25694
H          1.29527        2.37902       -1.70069
H          2.22199        1.60096        1.10498
O          1.53893       -1.83095       -0.55347
F         -1.65896       -1.97819        1.04493
F         -1.26101       -1.61183       -1.06442
O          3.00363        3.15198       -0.94319
H          3.29277        3.62702       -0.15810
C         -4.78277       -0.71635       -1.32814
N         -4.01350       -0.41584       -0.13161
C         -3.24215        0.67985       -0.06991
C         -2.35939        0.74409        1.14198
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N         -1.81435        1.94258        1.34478
N         -0.93381        2.64242        1.27496
O         -3.19864        1.54201       -0.93593
H         -5.37163       -1.61097       -1.14289
H         -5.45086        0.11266       -1.56087
H         -3.94266       -1.11259        0.59493
H         -2.60321        0.20464        2.05003
H         -4.12073       -0.88694       -2.17975
HF: -1562.7545535
Sum of electronic and zero-point Energies=          -1562.530902
Sum of electronic and thermal Energies=             -1562.509995
Sum of electronic and thermal Enthalpies=           -1562.509051
Sum of electronic and thermal Free Energies=        -1562.581657
Frequency: -363.11

10 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.38677        0.84109        0.37272
C         -0.48342       -0.04820        0.42039
C         -0.68987       -1.48419        0.18078
C          1.68507        1.43867        0.14185
C          0.58443       -2.33090        0.35982
H          0.36132       -3.36583        0.08015
H          0.90399       -2.27623        1.40514
O          2.59455        0.48214       -0.61757
S          2.90803       -0.98304        0.00310
O          4.04764       -1.47011       -0.75652
O          2.90180       -0.94339        1.46489
C          1.65122        2.69541       -0.75470
H          0.93445        3.39210       -0.29957
H          1.29053        2.41014       -1.74957
H          2.18981        1.65479        1.09269
O          1.63311       -1.90048       -0.54101
F         -1.62780       -2.03862        1.05669
F         -1.21092       -1.68804       -1.09429
O          2.93233        3.29130       -0.92620
H          3.16309        3.74474       -0.10389
C         -4.88063       -0.83550       -1.28273
N         -4.08705       -0.45512       -0.11333
C         -3.33882        0.67461       -0.09215
C         -2.42191        0.75053        1.11045
N         -1.90155        1.95703        1.36816
N         -1.01401        2.68163        1.31983
O         -3.34901        1.53978       -0.97250
H         -5.51471       -1.68198       -1.00293
H         -5.50833        0.00738       -1.59328
H         -3.94421       -1.15005        0.60834
H         -2.64689        0.17011        2.00380
H         -4.23127       -1.12432       -2.12200
HF: -1562.5163987
Sum of electronic and zero-point Energies=          -1562.303996
Sum of electronic and thermal Energies=             -1562.282018
Sum of electronic and thermal Enthalpies=           -1562.281074
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Sum of electronic and thermal Free Energies=        -1562.355968
Frequency: -305.32

Coupling with D1 (syn TS)

2 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.16237        0.54231       -0.75733
C         -0.35721        1.66189       -0.71679
C         -1.51199        2.56023       -0.54722
H         -1.21120        3.55349       -0.20560
H         -2.02669        2.68511       -1.50341
C          0.00448       -0.92361       -0.67102
C         -2.47194        1.97549        0.48170
H         -3.37278        2.58027        0.56742
H         -1.99807        1.87777        1.45750
N         -1.43176       -1.26450       -0.61538
S         -2.34600       -0.69174        0.62511
O         -3.47477       -1.58473        0.73665
O         -1.54121       -0.38629        1.78917
C          0.55481       -1.66254       -1.89441
H          1.62972       -1.49091       -1.97268
H          0.07000       -1.27673       -2.79202
H          0.51456       -1.29409        0.22846
H         -1.59577       -2.26266       -0.73702
O         -2.94382        0.67364        0.04987
O          0.25562       -3.04355       -1.82406
H          0.86167       -3.46834       -1.20824
C          3.58762       -1.63756        1.73965
N          3.28452       -0.91162        0.51672
C          2.76573        0.33137        0.56273
C          2.39429        0.88989       -0.77138
N          2.17852        2.20591       -0.77609
N          1.38156        3.01696       -0.74552
O          2.52796        0.92564        1.60521
H          3.90699       -2.64219        1.47407
H          4.38074       -1.14183        2.30243
H          3.58474       -1.29508       -0.36641
H          2.84596        0.50955       -1.68100
H          2.69703       -1.69621        2.36625
HF: -1344.4014438
Sum of electronic and zero-point Energies=          -1344.148520
Sum of electronic and thermal Energies=             -1344.129212
Sum of electronic and thermal Enthalpies=           -1344.128268
Sum of electronic and thermal Free Energies=        -1344.196581
Frequency: -456.52

2 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.14767        0.59797       -0.78376
C         -0.41734        1.70660       -0.73795
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C         -1.60471        2.55936       -0.56869
H         -1.34718        3.57233       -0.22682
H         -2.13666        2.66589       -1.52576
C          0.02923       -0.87135       -0.71952
C         -2.54941        1.95040        0.48070
H         -3.46119        2.54981        0.57493
H         -2.05883        1.86282        1.45579
N         -1.41374       -1.26471       -0.69369
S         -2.36303       -0.76748        0.61278
O         -3.48057       -1.71270        0.67138
O         -1.56297       -0.47335        1.81045
C          0.64460       -1.58643       -1.94553
H          1.69758       -1.29043       -2.03161
H          0.11127       -1.27922       -2.85211
H          0.54151       -1.24230        0.18305
H         -1.51150       -2.27993       -0.77312
O         -3.04058        0.62887        0.05916
O          0.51036       -3.00894       -1.85126
H          1.12157       -3.31925       -1.16808
C          3.54148       -1.75878        1.64605
N          3.26885       -0.89538        0.49673
C          2.76853        0.36313        0.63624
C          2.40800        0.99857       -0.67585
N          2.20506        2.32819       -0.66124
N          1.38927        3.14800       -0.65114
O          2.53000        0.89001        1.72887
H          3.71661       -2.77353        1.27598
H          4.42485       -1.41393        2.20242
H          3.56080       -1.21503       -0.41745
H          2.86789        0.63970       -1.59640
H          2.67737       -1.75781        2.32117
HF: -1344.2083773
Sum of electronic and zero-point Energies=          -1343.966798
Sum of electronic and thermal Energies=             -1343.946499
Sum of electronic and thermal Enthalpies=           -1343.945555
Sum of electronic and thermal Free Energies=        -1344.016084
Frequency: -371.31

3 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.26797        0.32280        0.72407
C          0.42069        1.29089        0.38415
C          1.71524        1.80809       -0.05937
C         -0.40656       -1.13175        1.00437
C          2.47566        0.81739       -0.93203
H          3.44398        1.24254       -1.19525
H          1.89503        0.60267       -1.82904
N          0.89181       -1.83341        0.94083
S          1.86282       -1.72026       -0.36363
O          2.84265       -2.76840       -0.25921
O          1.02357       -1.57343       -1.52783
C         -1.00022       -1.44340        2.37590
H         -2.01772       -1.06589        2.44891
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H         -1.02242       -2.52249        2.52683
H         -0.40333       -0.97893        3.16316
H         -1.03615       -1.57016        0.22545
H          1.41861       -1.85718        1.81028
O          2.74556       -0.37131       -0.19013
F          1.59795        2.95478       -0.79434
F          2.48627        2.14237        1.02052
C         -4.24315       -1.66460       -1.06432
N         -3.69360       -0.76719       -0.05972
C         -2.94419        0.29020       -0.41995
C         -2.35300        1.05175        0.72771
N         -1.94924        2.28223        0.40349
N         -1.07846        2.95513        0.13774
O         -2.67575        0.57200       -1.57853
H         -3.44304       -2.03064       -1.70805
H         -4.71041       -2.50474       -0.55705
H         -3.99044       -0.86717        0.89915
H         -2.77316        0.97867        1.72477
H         -4.98474       -1.15328       -1.68075
HF: -1467.6702901
Sum of electronic and zero-point Energies=          -1467.439141
Sum of electronic and thermal Energies=             -1467.419219
Sum of electronic and thermal Enthalpies=           -1467.418274
Sum of electronic and thermal Free Energies=        -1467.488226
Frequency: -415.32

3 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.26656        0.38176        0.76169
C          0.43869        1.34558        0.39833
C          1.72858        1.81743       -0.08386
C         -0.39294       -1.05822        1.11262
C          2.43846        0.81282       -1.01240
H          3.38711        1.24756       -1.34657
H          1.79247        0.60142       -1.87162
N          0.90557       -1.78900        1.03082
S          1.82559       -1.76846       -0.36552
O          2.81110       -2.83696       -0.23420
O          0.91280       -1.67739       -1.50598
C         -0.92879       -1.29823        2.53656
H         -1.91498       -0.83930        2.65032
H         -1.01406       -2.37495        2.72154
H         -0.25272       -0.85055        3.27654
H         -1.06444       -1.53638        0.38947
H          1.50516       -1.65256        1.84543
O          2.79769       -0.39604       -0.30894
F          1.63098        3.00054       -0.82631
F          2.56914        2.13218        0.98925
C         -4.13877       -1.81771       -1.03573
N         -3.63080       -0.83372       -0.07793
C         -2.95055        0.27251       -0.47507
C         -2.38661        1.06878        0.68019
N         -2.04252        2.33622        0.38794
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N         -1.18247        3.05513        0.12891
O         -2.71522        0.55635       -1.65284
H         -3.34454       -2.08773       -1.74164
H         -4.45303       -2.70472       -0.47803
H         -3.89145       -0.93761        0.89390
H         -2.81570        0.95557        1.67516
H         -4.99277       -1.41614       -1.59922
HF: -1467.4560385
Sum of electronic and zero-point Energies=          -1467.235693
Sum of electronic and thermal Energies=             -1467.214778
Sum of electronic and thermal Enthalpies=           -1467.213834
Sum of electronic and thermal Free Energies=        -1467.285982
Frequency: -351.21

3a using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.21443        0.37501        0.82474
C          0.37236        1.43294        0.56774
C          1.60704        2.13845        0.22530
C         -0.17206       -1.10006        1.01726
C          2.42846        1.30985       -0.76143
H          3.33203        1.84640       -1.04660
H          1.83615        1.07126       -1.64524
N          1.20865       -1.62387        0.94444
S          2.16866       -1.32404       -0.34176
O          3.27340       -2.24493       -0.26692
O          1.32557       -1.24689       -1.51063
C         -0.74172       -1.56693        2.35411
H         -1.79577       -1.30828        2.43193
H         -0.64438       -2.64919        2.43912
H         -0.21182       -1.08925        3.18069
H         -0.72423       -1.57401        0.20153
H          1.72767       -1.60017        1.81866
O          2.87434        0.11051       -0.11029
F          1.36651        3.35751       -0.41080
C         -3.81452       -2.00568       -1.26565
N         -3.42966       -1.10159       -0.19320
C         -2.80463        0.05912       -0.46316
C         -2.36420        0.82059        0.74867
N         -2.12083        2.11327        0.51281
N         -1.33673        2.91011        0.33191
O         -2.52914        0.43491       -1.59356
H         -2.93963       -2.26885       -1.86118
H         -4.23289       -2.90625       -0.82350
H         -3.74563       -1.29280        0.74533
H         -2.81647        0.63115        1.71592
H         -4.55698       -1.54226       -1.91771
H          2.19384        2.35519        1.12037
HF=-1368.420337

Sum of electronic and zero-point Energies=          -1368.181034
Sum of electronic and thermal Energies=             -1368.161706
Sum of electronic and thermal Enthalpies=           -1368.160761
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Sum of electronic and thermal Free Energies=        -1368.229598

Frequency: -432.13

3a using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.23261        0.41794        0.81817
C          0.37885        1.47630        0.56261
C          1.62292        2.15454        0.22737
H          2.22890        2.35354        1.12184
C         -0.17895       -1.05532        1.03369
C          2.43592        1.33623       -0.79807
H          3.32117        1.90115       -1.10944
H          1.81954        1.08613       -1.66885
N          1.21729       -1.58329        1.00204
S          2.20367       -1.35019       -0.33195
O          3.32537       -2.27430       -0.18295
O          1.35094       -1.34430       -1.52233
C         -0.77378       -1.51333        2.37764
H         -1.82432       -1.21549        2.44541
H         -0.70996       -2.60441        2.45994
H         -0.23159       -1.04948        3.21199
H         -0.71443       -1.55320        0.21642
H          1.74137       -1.39224        1.85681
O          2.96436        0.13364       -0.17220
F          1.41271        3.43152       -0.39648
C         -3.74143       -2.16764       -1.18958
N         -3.37684       -1.17502       -0.17744
C         -2.85137        0.03327       -0.50833
C         -2.40368        0.83183        0.69152
N         -2.23207        2.15027        0.47939
N         -1.47633        3.00051        0.30883
O         -2.65818        0.40888       -1.66880
H         -3.95572       -3.11111       -0.67925
H         -4.62734       -1.84707       -1.75559
H         -3.60671       -1.37166        0.78786
H         -2.82593        0.60917        1.67062
H         -2.90738       -2.30752       -1.88786
HF=-1368.2279347

Sum of electronic and zero-point Energies=          -1367.999279
Sum of electronic and thermal Energies=             -1367.979087
Sum of electronic and thermal Enthalpies=           -1367.978143
Sum of electronic and thermal Free Energies=        -1368.048692
Frequency: -357.53

4 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.18279        0.55402        0.73990
C          0.29420        1.65070        0.42932
C          1.40975        2.51213        0.00259
H          1.06242        3.37566       -0.56984
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H          1.94643        2.89351        0.87520
C         -0.00140       -0.89897        0.98502
C          2.35872        1.70713       -0.87444
H          3.22663        2.29623       -1.16647
H          1.85359        1.32961       -1.76313
N          1.42691       -1.29285        0.95740
S          2.38800       -0.91997       -0.31262
O          3.58933       -1.70485       -0.16559
O          1.58237       -1.00310       -1.50901
C         -0.54743       -1.37553        2.32848
H         -1.62351       -1.22302        2.37814
H         -0.34202       -2.43840        2.45690
H         -0.08559       -0.81671        3.14528
H         -0.48852       -1.45477        0.17909
H          1.91662       -1.17159        1.84063
O          2.90291        0.59101       -0.12626
C         -3.60060       -2.20831       -1.14595
N         -3.29238       -1.22482       -0.12044
C         -2.79778       -0.01568       -0.45060
C         -2.41891        0.83471        0.71681
N         -2.25436        2.12597        0.42180
N         -1.48254        2.93030        0.19258
O         -2.58730        0.33445       -1.60430
H         -4.40942       -1.86003       -1.79096
H         -2.71838       -2.39409       -1.75949
H         -3.56947       -1.40852        0.83168
H         -2.84102        0.65273        1.69868
H         -3.90017       -3.13263       -0.65849
HF: -1269.1818345
Sum of electronic and zero-point Energies=          -1268.934302
Sum of electronic and thermal Energies=             -1268.915995
Sum of electronic and thermal Enthalpies=           -1268.915051
Sum of electronic and thermal Free Energies=        -1268.980916
Frequency: -466.29

4 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.19129        0.59124        0.76174
C          0.30302        1.69408        0.45808
C          1.42580        2.54151        0.02499
H          1.08682        3.42842       -0.53020
H          1.99681        2.90363        0.89304
C         -0.00656       -0.85902        1.01408
C          2.35278        1.74267       -0.90357
H          3.19798        2.35669       -1.23482
H          1.80956        1.35983       -1.77471
N          1.43689       -1.26259        1.00636
S          2.42095       -0.93688       -0.31411
O          3.63941       -1.72161       -0.11149
O          1.60296       -1.08027       -1.52202
C         -0.56823       -1.33861        2.36480
H         -1.64243       -1.13786        2.41306
H         -0.40265       -2.41640        2.47836
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H         -0.08097       -0.80420        3.19126
H         -0.48558       -1.42716        0.20696
H          1.92591       -0.99908        1.86284
O          2.98689        0.62387       -0.19150
C         -3.55094       -2.33360       -1.07244
N         -3.27950       -1.26485       -0.11104
C         -2.83105       -0.03943       -0.49757
C         -2.46442        0.84789        0.65753
N         -2.34885        2.16052        0.37986
N         -1.57941        2.99953        0.17150
O         -2.64301        0.28007       -1.67772
H         -4.44292       -2.10884       -1.67457
H         -2.69314       -2.45374       -1.74529
H         -3.52856       -1.42076        0.85658
H         -2.87275        0.64544        1.64698
H         -3.71188       -3.26095       -0.51451
HF: -1269.0097541
Sum of electronic and zero-point Energies=          -1268.773434
Sum of electronic and thermal Energies=             -1268.754068
Sum of electronic and thermal Enthalpies=           -1268.753124
Sum of electronic and thermal Free Energies=        -1268.821585
Frequency: -380.09

8 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.16475        0.57391        0.71841
C          0.32591        1.66047        0.39877
C          1.46152        2.50120       -0.01324
H          1.14037        3.36363       -0.60191
H          1.98391        2.88181        0.86803
C          0.01257       -0.86123        0.99550
C          2.41477        1.67433       -0.86512
H          3.31445        2.23279       -1.11512
H          1.93168        1.31961       -1.77453
O          1.45001       -1.19284        0.98353
S          2.32560       -0.93856       -0.31465
O          3.45370       -1.81433       -0.17427
O          1.49026       -0.98352       -1.48852
C         -0.45134       -1.31669        2.36540
H         -1.53143       -1.20284        2.44701
H         -0.20100       -2.36739        2.50805
H          0.02581       -0.71725        3.14106
H         -0.45020       -1.45841        0.20550
O          2.89817        0.52811       -0.10873
C         -3.58855       -2.21931       -1.08919
N         -3.27170       -1.21716       -0.08423
C         -2.78777       -0.01165       -0.44048
C         -2.40018        0.85771        0.71090
N         -2.22094        2.13942        0.39599
N         -1.45537        2.94287        0.14846
O         -2.58965        0.32301       -1.60021
H         -4.41719       -1.89230       -1.72001
H         -2.71737       -2.39967       -1.71969
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H         -3.53648       -1.38538        0.87439
H         -2.80652        0.69162        1.70224
H         -3.86256       -3.14109       -0.58231
HF: -1289.0470574
Sum of electronic and zero-point Energies=          -1288.812192
Sum of electronic and thermal Energies=             -1288.794079
Sum of electronic and thermal Enthalpies=           -1288.793135
Sum of electronic and thermal Free Energies=        -1288.858839
Frequency: -446.90

8 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.17041        0.61139        0.75023
C          0.33444        1.70314        0.42735
C          1.47956        2.52724        0.01064
H          1.16917        3.41536       -0.55860
H          2.03671        2.88410        0.88941
C          0.00404       -0.81275        1.05494
C          2.41045        1.70844       -0.89611
H          3.29367        2.29059       -1.17880
H          1.88947        1.35746       -1.79278
O          1.47728       -1.17093        1.03336
S          2.35061       -0.95842       -0.32844
O          3.49775       -1.84023       -0.15462
O          1.49110       -1.04116       -1.51090
C         -0.43479       -1.24187        2.45341
H         -1.51417       -1.08389        2.55355
H         -0.21876       -2.30561        2.60473
H          0.08082       -0.64341        3.21366
H         -0.46936       -1.43700        0.28729
O          2.97979        0.54981       -0.17881
C         -3.55858       -2.33857       -1.01715
N         -3.27430       -1.25359       -0.07737
C         -2.82170       -0.03926       -0.49069
C         -2.44839        0.86878        0.64841
N         -2.31040        2.17074        0.34658
N         -1.54104        3.00285        0.11607
O         -2.63493        0.25845       -1.67575
H         -4.45334       -2.11890       -1.61689
H         -2.70601       -2.47565       -1.69327
H         -3.52011       -1.38858        0.89450
H         -2.85223        0.68788        1.64386
H         -3.72102       -3.25435       -0.44100
HF: -1288.8714909
Sum of electronic and zero-point Energies=          -1288.647917
Sum of electronic and thermal Energies=             -1288.628643
Sum of electronic and thermal Enthalpies=           -1288.627699
Sum of electronic and thermal Free Energies=        -1288.696522
Frequency: -367.49

9 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

S1-48



C         -0.18963       -0.39059       -0.67323
C          0.62378       -1.30655       -0.51023
C          1.99533       -1.71733       -0.20279
C         -0.50306        1.06020       -0.71863
C          2.67242       -0.79816        0.80623
H          3.69831       -1.13284        0.95824
H          2.11986       -0.81867        1.74540
N          0.68614        1.90391       -0.52771
S          1.71204        1.69118        0.71139
O          2.54251        2.86350        0.78556
O          0.94826        1.21979        1.84111
C         -1.13751        1.47490       -2.05488
H         -0.44802        1.23430       -2.86685
H         -1.19812        1.29372        0.09432
H          1.13079        2.26914       -1.36473
O          2.75313        0.52489        0.27895
F          2.06059       -2.97705        0.32170
F          2.74164       -1.75739       -1.34853
H         -2.05200        0.89852       -2.20634
O         -1.38115        2.85902       -2.12078
H         -2.09395        3.08510       -1.51383
C         -4.26362        0.86515        1.50524
N         -3.67081        0.16788        0.37387
C         -2.78833       -0.82943        0.56732
C         -2.17894       -1.36571       -0.69258
N         -1.61127       -2.56596       -0.55327
N         -0.64933       -3.14966       -0.42627
O         -2.42478       -1.21471        1.66818
H         -3.47709        1.26285        2.14711
H         -4.86783        1.68520        1.12566
H         -4.03577        0.34006       -0.55071
H         -2.66758       -1.22636       -1.65095
H         -4.89082        0.19220        2.09252
HF: -1542.8875197
Sum of electronic and zero-point Energies=          -1542.651186
Sum of electronic and thermal Energies=             -1542.630025
Sum of electronic and thermal Enthalpies=           -1542.629081
Sum of electronic and thermal Free Energies=        -1542.702364
Frequency: -412.68

9 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.17557        0.42063        0.74781
C          0.65014        1.33876        0.56475
C          2.00504        1.70906        0.18159
C         -0.45997       -1.02913        0.88964
C          2.58015        0.81900       -0.93918
H          3.58059        1.18207       -1.19970
H          1.91805        0.86694       -1.81067
N          0.72451       -1.88971        0.62870
S          1.61967       -1.73426       -0.77293
O          2.44965       -2.93008       -0.87706
O          0.71626       -1.30767       -1.84206
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C         -0.96255       -1.37105        2.32102
H         -0.13951       -1.22367        3.03173
H         -1.23495       -1.31994        0.16903
H          1.34561       -1.99673        1.43093
O          2.77291       -0.54123       -0.49434
F          2.09590        3.01949       -0.30084
F          2.85816        1.67196        1.28928
H         -1.76609       -0.66903        2.57898
O         -1.38458       -2.72338        2.45461
H         -2.20584       -2.82943        1.95458
C         -4.12710       -0.97258       -1.65299
N         -3.59680       -0.23067       -0.50739
C         -2.74522        0.81596       -0.66012
C         -2.20516        1.34057        0.65446
N         -1.71076        2.59083        0.60230
N         -0.76719        3.24070        0.50150
O         -2.35656        1.24207       -1.75053
H         -3.30879       -1.21970       -2.33920
H         -4.58601       -1.89294       -1.27987
H         -3.97911       -0.43280        0.40743
H         -2.73528        1.11746        1.57978
H         -4.87820       -0.38037       -2.19474
HF: -1542.6538148
Sum of electronic and zero-point Energies=          -1542.428367
Sum of electronic and thermal Energies=             -1542.406331
Sum of electronic and thermal Enthalpies=           -1542.405387
Sum of electronic and thermal Free Energies=        -1542.480438
Frequency: -348.51

10 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.15440        0.42382       -0.68597
C         -0.69737        1.29836       -0.50599
C         -2.08704        1.63072       -0.18687
C          0.50670       -1.00631       -0.75231
C         -2.69207        0.67339        0.83430
H         -3.73803        0.93226        0.99234
H         -2.13402        0.73125        1.76809
O         -0.69328       -1.82568       -0.60679
S         -1.57441       -1.73310        0.70972
O         -2.26481       -2.98319        0.79285
O         -0.78296       -1.22414        1.79837
C          1.09749       -1.44245       -2.09088
H          1.94738       -0.79793       -2.32687
H          0.33984       -1.30923       -2.86413
H          1.18224       -1.26869        0.06745
O         -2.69164       -0.65994        0.31034
F         -2.22168        2.88336        0.33586
F         -2.84655        1.61741       -1.32198
O          1.46088       -2.80070       -2.08310
H          2.28083       -2.90580       -1.58998
C          4.24145       -0.77468        1.45916
N          3.63280       -0.06903        0.34114
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C          2.73831        0.91302        0.55414
C          2.11775        1.45902       -0.69650
N          1.50209        2.62924       -0.53251
N          0.53359        3.19389       -0.38679
O          2.37079        1.27613        1.66061
H          3.46350       -1.18295        2.10474
H          4.84576       -1.58751        1.06463
H          3.99454       -0.22254       -0.58816
H          2.60228        1.35041       -1.66080
H          4.87125       -0.10439        2.04664
HF: -1562.7501196
Sum of electronic and zero-point Energies=          -1562.526165
Sum of electronic and thermal Energies=             -1562.505372
Sum of electronic and thermal Enthalpies=           -1562.504427
Sum of electronic and thermal Free Energies=        -1562.576401
Frequency: -381.92

10 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.14879        0.43293        0.72252
C          0.69310        1.33192        0.52856
C          2.06510        1.66393        0.16866
C         -0.45763       -0.99517        0.87838
C          2.64360        0.73969       -0.92268
H          3.67582        1.03952       -1.13078
H          2.02937        0.81663       -1.82548
O          0.75590       -1.83232        0.63945
S          1.55128       -1.73873       -0.78426
O          2.26526       -2.99986       -0.88640
O          0.67168       -1.24537       -1.84168
C         -0.88884       -1.36703        2.31409
H         -1.66601       -0.65549        2.62650
H         -0.02478       -1.25238        2.97817
H         -1.21925       -1.31573        0.15637
O          2.74097       -0.63288       -0.46380
F          2.19713        2.95871       -0.33665
F          2.88902        1.62305        1.29516
O         -1.33203       -2.71397        2.42485
H         -2.20256       -2.77712        2.00798
C         -4.18864       -0.93060       -1.55874
N         -3.61544       -0.18483       -0.43611
C         -2.76357        0.85490       -0.62560
C         -2.17978        1.38694        0.66704
N         -1.64838        2.61702        0.58964
N         -0.70166        3.25635        0.46697
O         -2.40762        1.27150       -1.73029
H         -3.39433       -1.19687       -2.26572
H         -4.65001       -1.83995       -1.16261
H         -3.96157       -0.38543        0.49362
H         -2.67842        1.18141        1.61362
H         -4.94622       -0.33229       -2.08428
HF: -1562.5133799
Sum of electronic and zero-point Energies=          -1562.300283
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Sum of electronic and thermal Energies=             -1562.278539
Sum of electronic and thermal Enthalpies=           -1562.277595
Sum of electronic and thermal Free Energies=        -1562.351825
Frequency: -324.38

Coupling with D3

2 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.27406        0.17983        0.26550
C         -0.91772        0.52450        0.07398
C         -1.85596        1.60305       -0.29124
H         -2.33770        2.01822        0.60522
C          1.58258        0.60636        0.84204
C         -1.13535        2.70485       -1.08155
H         -1.86273        3.44912       -1.42250
H         -0.59775        2.29102       -1.94186
N          1.66035        2.06744        1.06421
S          1.41632        3.14825       -0.20222
O          1.98025        4.42552        0.22406
O          1.83669        2.48289       -1.43697
C          1.82436       -0.08217        2.21939
H          1.21070        0.41966        2.97873
H          2.39865        0.33937        0.16376
H          1.14429        2.38181        1.88659
O         -0.21186        3.47878       -0.24669
C         -1.98898       -1.39846       -0.16246
C          0.48813       -1.85488       -0.33796
N         -0.24496       -1.89803       -1.53261
N         -1.50106       -1.65442       -1.44704
N         -0.16732       -2.42362        0.76249
N         -1.42491       -2.17819        0.84712
H         -2.65909        1.22691       -0.93897
H          1.50518       -1.12747        2.14857
C          1.96394       -2.05558       -0.49638
C          4.68249       -2.35820       -0.74759
C          2.58603       -1.63782       -1.68704
N          2.64289       -2.59091        0.53753
C          3.97166       -2.74314        0.39803
C          3.96946       -1.79142       -1.81009
H          1.99465       -1.19888       -2.48585
H          4.49335       -3.18925        1.24611
H          4.47940       -1.46996       -2.71604
H          5.76044       -2.49519       -0.79576
C         -3.41800       -1.01469        0.01353
C         -6.03441       -0.23568        0.30115
C         -3.97598       -0.98105        1.30441
N         -4.10295       -0.66059       -1.09416
C         -5.38406       -0.28716       -0.93984
C         -5.30873       -0.58609        1.44584
H         -3.37476       -1.25846        2.16586
H         -5.91471       -0.00746       -1.85100
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H         -5.76944       -0.54945        2.43116
H         -7.07395        0.07902        0.36283
O          3.18162        0.01297        2.63737
H          3.67352       -0.66759        2.15563
HF=-1777.7195987
Sum of electronic and zero-point Energies=          -1777.381189
Sum of electronic and thermal Energies=             -1777.355276
Sum of electronic and thermal Enthalpies=           -1777.354332
Sum of electronic and thermal Free Energies=        -1777.437525
Frequency: -358.69

3 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.53142        0.15824        0.36614
C         -0.66893        0.36262        0.04307
C         -1.50970        1.48209       -0.47765
C          1.79366        0.57346        1.04080
C         -0.71025        2.61787       -1.15132
H         -1.43678        3.32433       -1.56735
H         -0.09276        2.19510       -1.95094
N          1.86687        2.04048        1.24888
S          1.72027        3.09911       -0.03938
O          2.20503        4.39663        0.41019
O          2.23644        2.42606       -1.23066
C          1.90728       -0.06736        2.44015
H          2.85236        0.25172        2.89443
H          1.06622        0.25708        3.06642
H          2.65239        0.29365        0.42455
H          1.31503        2.37081        2.04147
O          0.07194        3.37496       -0.21185
C         -1.65080       -1.46408       -0.09245
C          0.82655       -1.96949       -0.15848
N          0.13316       -2.06025       -1.36831
N         -1.12748       -1.82606       -1.34494
N          0.13583       -2.44141        0.96161
N         -1.12076       -2.19585        0.99062
H          1.89592       -1.15665        2.35770
C          2.30528       -2.13936       -0.25355
C          5.03062       -2.39850       -0.39493
C          2.96934       -1.67487       -1.40391
N          2.94255       -2.70406        0.79051
C          4.27659       -2.82996        0.70646
C          4.35863       -1.80787       -1.47118
H          2.40568       -1.21676       -2.21243
H          4.76902       -3.29383        1.56213
H          4.90380       -1.45276       -2.34338
H          6.11152       -2.52068       -0.40011
C         -3.11960       -1.18967        0.04577
C         -5.80072       -0.71443        0.32435
C         -3.59227       -0.70383        1.27530
N         -3.91533       -1.44714       -1.00750
C         -5.22901       -1.21331       -0.85585
C         -4.96081       -0.45740        1.41335
H         -2.89933       -0.51884        2.09212
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H         -5.85837       -1.43556       -1.71898
H         -5.36040       -0.07170        2.34927
H         -6.87270       -0.53741        0.38109
F         -2.37394        1.04269       -1.46459
F         -2.29612        2.00173        0.53570
HF=-1900.9537385
Sum of electronic and zero-point Energies=          -1900.636707
Sum of electronic and thermal Energies=             -1900.610446
Sum of electronic and thermal Enthalpies=           -1900.609502
Sum of electronic and thermal Free Energies=        -1900.692583
Frequency: -392.96

3a using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.47460        0.20424        0.33516
C         -0.71853        0.42501       -0.00158
C         -1.59619        1.51293       -0.52807
H         -2.27112        1.88973        0.25003
C          1.73268        0.62055        1.02003
C         -0.78256        2.65273       -1.17286
H         -1.48356        3.36561       -1.61964
H         -0.11605        2.24846       -1.94260
N          1.77676        2.08509        1.26576
S          1.60309        3.18546        0.01549
O          2.03263        4.48056        0.52838
O          2.17424        2.58268       -1.18881
C          1.86958       -0.03964        2.40795
H          2.81055        0.29170        2.86238
H          1.02664        0.25853        3.04490
H          2.59573        0.37179        0.39559
H          1.21410        2.37794        2.06550
O         -0.04478        3.40776       -0.18233
C         -1.73000       -1.37973       -0.04729
C          0.72594       -1.94264       -0.13097
N          0.01439       -2.06331       -1.32787
N         -1.24122       -1.80122       -1.29403
N          0.04398       -2.37245        1.00979
N         -1.20719       -2.09588        1.04963
H          1.87803       -1.12754        2.31365
C          2.20142       -2.12972       -0.24659
C          4.92083       -2.42130       -0.43687
C          2.85341       -1.65287       -1.39871
N          2.84739       -2.72354        0.77550
C          4.17867       -2.86417        0.66768
C          4.23948       -1.80197       -1.49112
H          2.28248       -1.17211       -2.18899
H          4.67832       -3.35131        1.50613
H          4.77538       -1.43760       -2.36531
H          5.99984       -2.55721       -0.46175
C         -3.18482       -1.04434        0.10990
C         -5.83502       -0.43797        0.42711
C         -3.58816       -0.38429        1.28185
N         -4.03340       -1.41521       -0.86465
C         -5.33207       -1.11493       -0.69362
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C         -4.94073       -0.06899        1.43843
H         -2.85434       -0.12371        2.04138
H         -6.00590       -1.43121       -1.49135
H         -5.28697        0.45229        2.32882
H         -6.89714       -0.21420        0.50080
F         -2.40314        1.03684       -1.58743
HF=-1801.7278708
Sum of electronic and zero-point Energies=          -1801.402369
Sum of electronic and thermal Energies=             -1801.376853
Sum of electronic and thermal Enthalpies=           -1801.375909
Sum of electronic and thermal Free Energies=        -1801.457555
Frequency: -388.62

4 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.39299        0.17854        0.35426
C         -0.78768        0.51076        0.08503
C         -1.72049        1.56384       -0.35821
H         -2.28724        1.96568        0.49350
C          1.65180        0.62668        1.03020
C         -0.97085        2.68506       -1.09006
H         -1.68801        3.41356       -1.48300
H         -0.36012        2.28770       -1.90830
N          1.67538        2.09489        1.25340
S          1.49584        3.17609       -0.02105
O          2.00025        4.46320        0.44951
O          2.01854        2.52837       -1.22608
C          1.80508       -0.02398        2.41814
H          2.75460        0.29581        2.86347
H          0.97243        0.28191        3.06543
H          2.51689        0.38756        0.40533
H          1.10178        2.39335        2.04296
O         -0.13128        3.47559       -0.18563
C         -1.84119       -1.42246       -0.14129
C          0.64291       -1.86211       -0.19212
N         -0.03497       -1.94190       -1.41911
N         -1.29551       -1.70501       -1.39602
N         -0.05680       -2.40990        0.89087
N         -1.31881       -2.17242        0.91201
H         -2.45682        1.16261       -1.06790
H          1.79873       -1.11285        2.32260
C          2.12413       -2.05835       -0.28888
C          4.84548       -2.36764       -0.44405
C          2.80050       -1.54809       -1.41211
N          2.74865       -2.69073        0.72242
C          4.08093       -2.83961        0.63214
C          4.18644       -1.70707       -1.48758
H          2.24741       -1.03462       -2.19428
H          4.56214       -3.35800        1.46276
H          4.73969       -1.31784       -2.34009
H          5.92362       -2.51238       -0.45582
C         -3.27783       -1.04129       -0.03581
C         -5.90556       -0.26193        0.12323
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C         -3.88802       -0.97182        1.23000
N         -3.91876       -0.72296       -1.17989
C         -5.20576       -0.34883       -1.08838
C         -5.22595       -0.57674        1.30600
H         -3.32137       -1.22178        2.12274
H         -5.69989       -0.09839       -2.02819
H         -5.72605       -0.51238        2.27051
H         -6.94717        0.05182        0.13370
HF=-1702.5202887
Sum of electronic and zero-point Energies=          -1702.186891
Sum of electronic and thermal Energies=             -1702.162156
Sum of electronic and thermal Enthalpies=           -1702.161212
Sum of electronic and thermal Free Energies=        -1702.241230
Frequency: -357.15 

9 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.41655        0.16608        0.26432
C         -0.79896        0.36681        0.00204
C         -1.65432        1.49696       -0.47549
C          1.71834        0.56905        0.84992
C         -0.87647        2.62039       -1.19585
H         -1.61526        3.33598       -1.57301
H         -0.31024        2.18715       -2.02720
N          1.83618        2.02891        1.04977
S          1.62206        3.08425       -0.23175
O          2.14131        4.37918        0.18441
O          2.06027        2.40202       -1.44843
C          1.92056       -0.09860        2.25201
H          1.27405        0.41240        2.97682
H          2.53484        0.26219        0.18992
H          1.34846        2.37597        1.87631
O         -0.03239        3.36816       -0.30349
C         -1.77889       -1.45314       -0.11514
C          0.69220       -1.96684       -0.29987
N         -0.05472       -2.03791       -1.47700
N         -1.31209       -1.80145       -1.39505
N          0.04939       -2.45160        0.84315
N         -1.20384       -2.20322        0.93214
H          1.61956       -1.14860        2.18848
C          2.16657       -2.13349       -0.45342
C          4.88919       -2.38732       -0.69631
C          2.77412       -1.77763       -1.67148
N          2.86114       -2.58333        0.61209
C          4.19147       -2.71395        0.47613
C          4.16082       -1.90592       -1.78949
H          2.17037       -1.40681       -2.49510
H          4.72697       -3.09213        1.34816
H          4.66065       -1.63160       -2.71617
H          5.96972       -2.50299       -0.74058
C         -3.24020       -1.18060        0.09319
C         -5.90474       -0.71077        0.50293
C         -3.65227       -0.69453        1.34408
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N         -4.08577       -1.44134       -0.91952
C         -5.39094       -1.20999       -0.70353
C         -5.01288       -0.45082        1.54908
H         -2.92022       -0.50761        2.12570
H         -6.06160       -1.43476       -1.53425
H         -5.36681       -0.06509        2.50317
H         -6.97295       -0.53581        0.61228
O          3.25946        0.02875        2.70362
H          3.77466       -0.66272        2.26331
F         -2.57659        1.06772       -1.41180
F         -2.37533        2.02750        0.57887
HF=-1976.1525486
Sum of electronic and zero-point Energies=          -1975.830303
Sum of electronic and thermal Energies=             -1975.802952
Sum of electronic and thermal Enthalpies=           -1975.802008
Sum of electronic and thermal Free Energies=        -1975.887556

Frequency: -391.53

Coupling with D4 (anti TS)

2 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.69874        0.38865        0.14177
C         -0.97158       -0.81287        0.09353
C         -0.58307       -2.23256        0.12545
H         -1.15490       -2.79209        0.87086
H         -0.76518       -2.69720       -0.84652
C          0.34193        1.43923        0.25223
C          0.89218       -2.31962        0.49249
H          1.26086       -3.34162        0.42396
H          1.07540       -1.92876        1.49276
N          1.53884        1.07780       -0.53471
S          2.44934       -0.20958       -0.07735
O          3.60549       -0.21673       -0.93707
O          2.57718       -0.15320        1.36020
C         -0.08846        2.84277       -0.19050
H         -0.49026        2.80398       -1.20928
H          0.78881        3.48973       -0.18203
H          0.66114        1.51442        1.29459
H          1.39032        1.07564       -1.54221
O          1.67253       -1.56039       -0.46851
O         -1.02108        3.39230        0.71118
H         -1.86024        2.93605        0.58602
H         -3.50692       -2.85029        0.09349
C         -3.93175       -1.85506        0.19901
H         -4.90400       -1.83754       -0.29311
H         -4.03954       -1.60748        1.25656
N         -3.00375       -0.93703       -0.47172
N         -3.22891        0.28228       -0.44055
N         -2.74631        1.31827       -0.36985
HF=-1191.7337607
Sum of electronic and zero-point Energies=          -1191.519521
Sum of electronic and thermal Energies=             -1191.503518
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Sum of electronic and thermal Enthalpies=           -1191.502574
Sum of electronic and thermal Free Energies=        -1191.563106
Frequency: -440.17

2 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (acetonitrile) 

C         -0.69875        0.38851        0.14219
C         -0.97153       -0.81299        0.09396
C         -0.58284       -2.23262        0.12555
H         -1.15441       -2.79239        0.87102
H         -0.76513       -2.69691       -0.84657
C          0.34192        1.43920        0.25285
C          0.89269       -2.31942        0.49195
H          1.26141       -3.34145        0.42331
H          1.07612       -1.92870        1.49227
N          1.53865        1.07787       -0.53414
S          2.44975       -0.20940       -0.07726
O          3.60525       -0.21631       -0.93748
O          2.57701       -0.15387        1.36025
C         -0.08840        2.84276       -0.18987
H         -0.48929        2.80390       -1.20909
H          0.78890        3.48967       -0.18068
H          0.66107        1.51419        1.29523
H          1.39034        1.07611       -1.54160
O          1.67213       -1.56008       -0.46907
O         -1.02159        3.39225        0.71098
H         -1.86088        2.93667        0.58473
H         -3.50718       -2.84983        0.09606
C         -3.93199       -1.85439        0.19991
H         -4.90423       -1.83782       -0.29233
H         -4.04005       -1.60525        1.25712
N         -3.00387       -0.93757       -0.47212
N         -3.22888        0.28190       -0.44144
N         -2.74612        1.31780       -0.37086
HF=-1191.7332383
Sum of electronic and zero-point Energies=          -1191.518979
Sum of electronic and thermal Energies=             -1191.502980
Sum of electronic and thermal Enthalpies=           -1191.502036
Sum of electronic and thermal Free Energies=        -1191.562558
Frequency: -440.06

2 using B97D/6-311+G(d,p) and CPCM solvent model (water) 

C         -0.70046        0.40593        0.14194
C         -0.97533       -0.80710        0.10264
C         -0.58453       -2.22555        0.14583
H         -1.17443       -2.79034        0.88316
H         -0.74493       -2.70350       -0.83075
C          0.35123        1.44419        0.24500
C          0.89300       -2.32947        0.55132
H          1.23047       -3.37167        0.53591
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H          1.06524       -1.90111        1.54449
N          1.55343        1.08012       -0.56356
S          2.51592       -0.21626       -0.08542
O          3.65039       -0.23276       -1.00692
O          2.69041       -0.10745        1.36562
C         -0.06424        2.87261       -0.19307
H         -0.43982        2.84454       -1.22865
H          0.81952        3.51855       -0.14663
H          0.68414        1.51404        1.28877
H          1.34435        0.99101       -1.55940
O          1.74247       -1.64600       -0.43853
O         -1.03209        3.42086        0.69603
H         -1.84852        2.91380        0.55980
H         -3.55108       -2.88234        0.01642
C         -4.04778       -1.91100        0.09868
H         -4.95167       -1.92250       -0.52446
H         -4.31289       -1.71838        1.14760
N         -3.08794       -0.91586       -0.40170
N         -3.34386        0.30434       -0.38082
N         -2.83820        1.35899       -0.34009
HF=-1191.5900034

Sum of electronic and zero-point Energies=          -1191.385711
Sum of electronic and thermal Energies=             -1191.368824
Sum of electronic and thermal Enthalpies=           -1191.367880
Sum of electronic and thermal Free Energies=        -1191.430617
Frequency:-322.77

2 using B97D/6-311+G(d,p) and CPCM solvent model (acetonitrile) 

C         -0.70040        0.40596        0.14223
C         -0.97557       -0.80702        0.10394
C         -0.58463       -2.22541        0.14694
H         -1.17423       -2.79040        0.88439
H         -0.74536       -2.70314       -0.82973
C          0.35151        1.44410        0.24529
C          0.89326       -2.32920        0.55149
H          1.23059       -3.37149        0.53626
H          1.06601       -1.90072        1.54455
N          1.55339        1.08001       -0.56353
S          2.51626       -0.21637       -0.08572
O          3.65001       -0.23313       -1.00780
O          2.69057       -0.10796        1.36528
C         -0.06394        2.87270       -0.19215
H         -0.43937        2.84503       -1.22785
H          0.81990        3.51850       -0.14538
H          0.68460        1.51353        1.28903
H          1.34428        0.99100       -1.55934
O          1.74164       -1.64600       -0.43889
O         -1.03169        3.42057        0.69705
H         -1.84828        2.91395        0.56035
H         -3.55225       -2.88166        0.01912
C         -4.04894       -1.91005        0.09875
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H         -4.95155       -1.92252       -0.52627
H         -4.31643       -1.71592        1.14682
N         -3.08784       -0.91596       -0.40109
N         -3.34378        0.30445       -0.38214
N         -2.83750        1.35886       -0.34247
HF=-1191.5896413

Sum of electronic and zero-point Energies=          -1191.385340
Sum of electronic and thermal Energies=             -1191.368456
Sum of electronic and thermal Enthalpies=           -1191.367511
Sum of electronic and thermal Free Energies=        -1191.430235

Frequency: -322.61

3 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.38568        1.02328        0.05050
C         -0.94879       -0.06578       -0.06683
C         -0.84392       -1.51830       -0.23610
C          0.80885        1.88967        0.17722
C          0.51924       -2.04860        0.18958
H          0.59389       -3.10033       -0.08589
H          0.62770       -1.92684        1.26704
N          2.02089        1.21712       -0.34533
S          2.48305       -0.24335        0.20970
O          3.79393       -0.50593       -0.32084
O          2.20914       -0.28274        1.62571
C          0.70122        3.23002       -0.54371
H         -0.10282        3.81781       -0.10773
H          1.64017        3.77374       -0.44140
H          0.48550        3.07693       -1.60318
H          0.97940        2.06115        1.24261
H          2.16298        1.30553       -1.34878
O          1.54949       -1.35841       -0.51593
F         -1.77252       -2.19185        0.50441
F         -1.08775       -1.86099       -1.53503
H         -4.08000       -1.44103        0.08150
C         -4.09039       -0.44114        0.50267
H         -5.05593        0.02279        0.30362
H         -3.90902       -0.48946        1.57756
N         -3.02735        0.31695       -0.17776
N         -2.89889        1.52369        0.08165
N         -2.13921        2.37516        0.19625
HF: -1315.0011383
Sum of electronic and zero-point Energies=          -1314.808642
Sum of electronic and thermal Energies=             -1314.792090
Sum of electronic and thermal Enthalpies=           -1314.791146
Sum of electronic and thermal Free Energies=        -1314.853668
Frequency: -413.64
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3 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.41424        1.03241        0.08277
C         -0.96674       -0.07788       -0.03470
C         -0.83286       -1.52998       -0.15315
C          0.78721        1.89267        0.20846
C          0.55239       -2.04904        0.27388
H          0.60217       -3.12412        0.06772
H          0.68272       -1.86330        1.34547
N          1.99536        1.24764       -0.39738
S          2.56591       -0.21996        0.15595
O          3.84513       -0.44789       -0.50761
O          2.41663       -0.23244        1.61207
C          0.67378        3.28243       -0.44215
H         -0.13540        3.84145        0.03488
H          1.61929        3.82118       -0.31147
H          0.45240        3.18616       -1.51322
H          1.00348        2.01158        1.27810
H          1.99115        1.26064       -1.41814
O          1.60317       -1.43903       -0.50381
F         -1.74988       -2.20884        0.65034
F         -1.10664       -1.93986       -1.45675
H         -4.09337       -1.49633       -0.10419
C         -4.23482       -0.48869        0.29185
H         -5.17153       -0.07246       -0.10049
H         -4.26416       -0.52209        1.38948
N         -3.09282        0.31282       -0.18422
N         -3.00753        1.52899        0.08037
N         -2.22935        2.39603        0.20514
HF: -1314.834029
Sum of electronic and zero-point Energies=          -1314.650919
Sum of electronic and thermal Energies=             -1314.633512
Sum of electronic and thermal Enthalpies=           -1314.632568
Sum of electronic and thermal Free Energies=        -1314.696614
Frequency: -319.47

3a using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.47233        0.90265       -0.10237
C         -0.98173       -0.19362       -0.34011
C         -0.81599       -1.60340       -0.71057
C          0.67060        1.81549        0.12000
C          0.48791       -2.13699       -0.11623
H          0.65090       -3.16774       -0.42694
H          0.45334       -2.07182        0.97144
N          1.95471        1.19404       -0.28365
S          2.38790       -0.28541        0.25112
O          3.76325       -0.48240       -0.12758
O          1.95545       -0.40286        1.62305
C          0.56220        3.13648       -0.63674
H         -0.31881        3.67854       -0.30022
H          1.44903        3.74235       -0.45004
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H          0.46959        2.95268       -1.70936
H          0.74030        2.01368        1.19192
H          2.20728        1.32887       -1.25964
O          1.59163       -1.38113       -0.63543
F         -1.82687       -2.40757       -0.19310
H         -4.12270       -1.65700       -0.10964
C         -4.08654       -0.73353        0.45785
H         -5.07003       -0.26407        0.45026
H         -3.77876       -0.94326        1.48375
N         -3.11167        0.14153       -0.21477
N         -2.96770        1.29557        0.21714
N         -2.20133        2.13394        0.39021
H         -0.83016       -1.72449       -1.79534
HF=-1215.7512054
Sum of electronic and zero-point Energies=          -1215.550249
Sum of electronic and thermal Energies=             -1215.534425
Sum of electronic and thermal Enthalpies=           -1215.533481
Sum of electronic and thermal Free Energies=        -1215.593874
Frequency: -419.26

3a using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.52676        0.86828        0.05509
C         -1.01087       -0.26745       -0.10797
C         -0.79638       -1.69007       -0.40124
H         -0.90356       -1.89482       -1.47491
C          0.60402        1.81865        0.14727
C          0.58664       -2.14846        0.10774
H          0.73085       -3.21052       -0.11834
H          0.66412       -1.97804        1.18718
N          1.86113        1.25163       -0.44361
S          2.49934       -0.19538        0.10118
O          3.81193       -0.32867       -0.52588
O          2.31631       -0.24214        1.55323
C          0.36988        3.16393       -0.56283
H         -0.49552        3.66154       -0.11668
H          1.25709        3.79828       -0.45070
H          0.17071        3.00084       -1.63055
H          0.81887        2.00182        1.20775
H          1.86309        1.26528       -1.46452
O          1.64214       -1.45331       -0.60876
F         -1.73400       -2.53471        0.26284
H         -3.95648       -1.70824       -0.66398
C         -4.19798       -0.64501       -0.59339
H         -4.20776       -0.19381       -1.59547
H         -5.18126       -0.52906       -0.11855
N         -3.14924       -0.04637        0.25124
N         -3.11572        1.18736        0.44191
N         -2.37874        2.08154        0.61298
HF=-1215.6059007

Sum of electronic and zero-point Energies=          -1215.414439
Sum of electronic and thermal Energies=             -1215.397779
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Sum of electronic and thermal Enthalpies=           -1215.396834
Sum of electronic and thermal Free Energies=        -1215.458970
Frequency: -325.81

4 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.69941        0.63331        0.12925
C         -1.05317       -0.54109        0.00789
C         -0.76077       -1.97310       -0.17979
H         -1.40709       -2.60151        0.43754
H         -0.91970       -2.26004       -1.22279
C          0.33613        1.68915        0.15675
C          0.68403       -2.23689        0.22356
H          0.97883       -3.26072       -0.00097
H          0.83934       -2.03182        1.28212
N          1.60537        1.22651       -0.46154
S          2.34681       -0.13458        0.06069
O          3.63802       -0.17300       -0.58094
O          2.22472       -0.17126        1.49999
C         -0.05719        2.97421       -0.56594
H         -0.92483        3.41579       -0.08096
H          0.77095        3.68267       -0.53733
H         -0.31383        2.76159       -1.60637
H          0.56986        1.91858        1.19874
H          1.62140        1.28742       -1.47716
O          1.57615       -1.40380       -0.55869
H         -3.65513       -2.23894       -0.70897
C         -4.01185       -1.21311       -0.64809
H         -3.94391       -0.74072       -1.62998
H         -5.04761       -1.22496       -0.30793
N         -3.15462       -0.53740        0.33426
N         -3.25502        0.69992        0.44063
N         -2.66074        1.67320        0.55213
HF: -1116.514391
Sum of electronic and zero-point Energies=          -1116.305936
Sum of electronic and thermal Energies=             -1116.290824
Sum of electronic and thermal Enthalpies=           -1116.289880
Sum of electronic and thermal Free Energies=        -1116.348766
Frequency: -446.92

4 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (acetonitrile)

C         -0.69992        0.63318        0.13061
C         -1.05364       -0.54127        0.00990
C         -0.76105       -1.97359       -0.17483
H         -1.40676       -2.60052        0.44466
H         -0.92073       -2.26310       -1.21703
C          0.33641        1.68833        0.15877
C          0.68435       -2.23563        0.22780
H          0.97937       -3.26004        0.00601
H          0.84039       -2.02747        1.28568
N          1.60429        1.22600       -0.46207
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S          2.34788       -0.13461        0.05880
O          3.63656       -0.17330       -0.58737
O          2.22953       -0.17064        1.49828
C         -0.05678        2.97536       -0.56043
H         -0.92358        3.41652       -0.07355
H          0.77200        3.68304       -0.53114
H         -0.31488        2.76539       -1.60106
H          0.57169        1.91513        1.20100
H          1.61860        1.28707       -1.47765
O          1.57477       -1.40429       -0.55763
H         -3.65560       -2.24005       -0.70886
C         -4.01149       -1.21378       -0.65024
H         -3.94116       -0.74304       -1.63281
H         -5.04802       -1.22433       -0.31236
N         -3.15574       -0.53744        0.33282
N         -3.25636        0.70011        0.43757
N         -2.66243        1.67355        0.54891

HF: -1116.5139428
Sum of electronic and zero-point Energies=          -1116.305467
Sum of electronic and thermal Energies=             -1116.290359
Sum of electronic and thermal Enthalpies=           -1116.289415
Sum of electronic and thermal Free Energies=        -1116.348277
Frequency: -446.57

4 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.70509        0.65437        0.08400
C         -1.05415       -0.52985       -0.06683
C         -0.75588       -1.96004       -0.25471
H         -1.44054       -2.60085        0.31852
H         -0.85762       -2.24242       -1.31281
C          0.34387        1.69577        0.14261
C          0.66932       -2.25703        0.23434
H          0.93218       -3.30589        0.05598
H          0.77698       -2.02487        1.29942
N          1.63162        1.22911       -0.47723
S          2.41320       -0.14513        0.08423
O          3.71172       -0.17352       -0.58953
O          2.29920       -0.14766        1.54579
C         -0.01542        3.01210       -0.56890
H         -0.90931        3.43883       -0.10513
H          0.81804        3.71960       -0.48287
H         -0.22679        2.82587       -1.63077
H          0.57500        1.90832        1.19423
H          1.58513        1.19691       -1.49692
O          1.66163       -1.49657       -0.53814
H         -3.82523       -2.28667       -0.57332
C         -4.20563       -1.26182       -0.51999
H         -4.30427       -0.85215       -1.53535
H         -5.18522       -1.27574       -0.02307
N         -3.22879       -0.50207        0.27553
N         -3.34526        0.73669        0.40960
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N         -2.71358        1.71371        0.54872
HF: -1116.3898
Sum of electronic and zero-point Energies=          -1116.190850
Sum of electronic and thermal Energies=             -1116.174908
Sum of electronic and thermal Enthalpies=           -1116.173964
Sum of electronic and thermal Free Energies=        -1116.234471
Frequency: -328.18

4 using B97D/6-311+G(d,p) and CPCM solvent model (acetonitrile)

C         -0.70519        0.65405        0.08375
C         -1.05426       -0.53020       -0.06686
C         -0.75585       -1.96048       -0.25374
H         -1.44033       -2.60085        0.32022
H         -0.85775       -2.24370       -1.31163
C          0.34387        1.69541        0.14274
C          0.66973       -2.25664        0.23502
H          0.93277       -3.30564        0.05755
H          0.77748       -2.02362        1.29993
N          1.63146        1.22910       -0.47725
S          2.41370       -0.14505        0.08396
O          3.71147       -0.17348       -0.59080
O          2.29981       -0.14772        1.54543
C         -0.01550        3.01214       -0.56800
H         -0.90942        3.43864       -0.10409
H          0.81801        3.71955       -0.48159
H         -0.22685        2.82650       -1.62999
H          0.57494        1.90731        1.19451
H          1.58507        1.19708       -1.49692
O          1.66104       -1.49643       -0.53834
H         -3.82703       -2.28631       -0.57331
C         -4.20639       -1.26103       -0.52029
H         -4.30417       -0.85151       -1.53583
H         -5.18633       -1.27396       -0.02400
N         -3.22920       -0.50222        0.27561
N         -3.34527        0.73671        0.40962
N         -2.71309        1.71338        0.54854
HF: -1116.3894926
Sum of electronic and zero-point Energies=          -1116.190536
Sum of electronic and thermal Energies=             -1116.174595
Sum of electronic and thermal Enthalpies=           -1116.173651
Sum of electronic and thermal Free Energies=        -1116.234154
Frequency: -327.98

8 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.66320        0.67239       -0.04233
C         -1.05620       -0.46321       -0.31195
C         -0.79159       -1.87013       -0.65680
H         -1.50937       -2.55351       -0.19818
H         -0.85031       -2.00802       -1.73899
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C          0.39105        1.66852        0.16249
C          0.59210       -2.24680       -0.14227
H          0.89369       -3.23035       -0.49626
H          0.62974       -2.21476        0.94543
O          1.67559        1.14322       -0.35816
S          2.27842       -0.20658        0.20915
O          3.65858       -0.18782       -0.18337
O          1.90067       -0.37176        1.59072
C          0.20045        2.97274       -0.58586
H         -0.69254        3.46967       -0.20941
H          1.06435        3.61815       -0.42986
H          0.07710        2.77735       -1.65158
H          0.53769        1.84327        1.23022
O          1.59353       -1.33610       -0.67662
H         -3.82950       -2.27060       -0.15911
C         -3.98848       -1.34282        0.38443
H         -5.04659       -1.08767        0.32883
H         -3.68714       -1.46498        1.42701
N         -3.17961       -0.31743       -0.28698
N         -3.20818        0.84273        0.16140
N         -2.57985        1.77502        0.37968
HF: -1136.3789719
Sum of electronic and zero-point Energies=          -1136.183015
Sum of electronic and thermal Energies=             -1136.168151
Sum of electronic and thermal Enthalpies=           -1136.167207
Sum of electronic and thermal Free Energies=        -1136.225261
Frequency: -428.82

8 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.67754        0.69194       -0.05457
C         -1.06084       -0.45921       -0.32520
C         -0.78311       -1.86645       -0.65584
H         -1.52102       -2.55265       -0.21759
H         -0.80563       -2.01782       -1.74452
C          0.37025        1.68810        0.14098
C          0.58832       -2.26502       -0.09008
H          0.85843       -3.27882       -0.40318
H          0.60203       -2.19406        1.00204
O          1.69422        1.15330       -0.40711
S          2.34459       -0.20203        0.21614
O          3.73028       -0.17217       -0.23400
O          2.00087       -0.33226        1.63388
C          0.18940        3.00216       -0.61317
H         -0.71266        3.49367       -0.23195
H          1.05587        3.65255       -0.44664
H          0.06612        2.81204       -1.68612
H          0.54211        1.86586        1.20969
O          1.66418       -1.42373       -0.64930
H         -3.82447       -2.30358       -0.22920
C         -4.10850       -1.38511        0.29321
H         -5.16215       -1.16923        0.07235
H         -3.96818       -1.51426        1.37571
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N         -3.24120       -0.32151       -0.23766
N         -3.30328        0.83843        0.22543
N         -2.66525        1.79726        0.42959
HF:  -1136.2515528
Sum of electronic and zero-point Energies=          -1136.065246
Sum of electronic and thermal Energies=             -1136.049451
Sum of electronic and thermal Enthalpies=           -1136.048507
Sum of electronic and thermal Free Energies=        -1136.108542
Frequency: -322.39

9 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.32778        0.90352        0.16652
C         -1.11933       -0.03209        0.05450
C         -1.33872       -1.48126       -0.00410
C          1.05064        1.40942        0.32932
C         -0.07246       -2.26003        0.33246
H         -0.24236       -3.31943        0.14200
H          0.18207       -2.09655        1.37951
N          2.00950        0.57614       -0.42962
S          2.25171       -0.98509        0.01400
O          3.35354       -1.47887       -0.76433
O          2.24321       -1.03456        1.45464
C          1.26815        2.85780       -0.11126
H          1.02894        2.95953       -1.17705
H          1.32999        1.33025        1.38305
H          1.91511        0.65139       -1.44222
O          0.98753       -1.84272       -0.53059
F         -2.29849       -1.88327        0.88086
F         -1.79305       -1.84815       -1.23605
H         -4.36938       -0.74751       -0.01185
C         -4.25805        0.29712        0.26267
H         -5.10193        0.86263       -0.13116
H         -4.21016        0.39236        1.34848
N         -3.01133        0.76168       -0.36578
N         -2.65949        1.94087       -0.20699
N         -1.77383        2.65273       -0.07829
H          0.58860        3.49390        0.45210
O          2.57925        3.28558        0.17547
H          3.19876        2.69541       -0.26760
HF: -1390.220133
Sum of electronic and zero-point Energies=          -1390.022135
Sum of electronic and thermal Energies=             -1390.004546
Sum of electronic and thermal Enthalpies=           -1390.003602
Sum of electronic and thermal Free Energies=        -1390.068214
Frequency: -398.27

9 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.36285        0.90213        0.16507
C         -1.13564       -0.06715        0.05890
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C         -1.29446       -1.52147        0.03050
C          1.00443        1.43887        0.32111
C          0.00009       -2.27306        0.39615
H         -0.16906       -3.34817        0.27030
H          0.25927       -2.05075        1.43678
N          1.99104        0.63641       -0.46405
S          2.34292       -0.94024       -0.00447
O          3.43508       -1.38717       -0.85986
O          2.41432       -0.96608        1.45625
C          1.19394        2.91327       -0.10708
H          0.97123        3.01405       -1.18224
H          1.29809        1.35657        1.37589
H          1.81306        0.66412       -1.47015
O          1.07191       -1.92121       -0.50851
F         -2.25926       -1.95254        0.94243
F         -1.74383       -1.94572       -1.21615
H         -4.40332       -0.86737       -0.10157
C         -4.38905        0.19483        0.15176
H         -5.21802        0.70080       -0.35936
H         -4.47850        0.31965        1.23929
N         -3.10177        0.72079       -0.33874
N         -2.79561        1.91895       -0.18075
N         -1.89413        2.65353       -0.06519
H          0.48254        3.52331        0.45522
O          2.49804        3.39229        0.20968
H          3.13555        2.84089       -0.26701
HF: -1390.0339451
Sum of electronic and zero-point Energies=          -1389.845753
Sum of electronic and thermal Energies=             -1389.827273
Sum of electronic and thermal Enthalpies=           -1389.826329
Sum of electronic and thermal Free Energies=        -1389.892641

Frequency: -311.34

10 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.27466        0.88367        0.06736
C         -1.09387       -0.01911       -0.10128
C         -1.32043       -1.44378       -0.37739
C          1.08153        1.42019        0.19413
C         -0.14336       -2.30363        0.07027
H         -0.28564       -3.32002       -0.29387
H         -0.08164       -2.28795        1.15768
O          2.05956        0.44910       -0.31220
S          2.15121       -0.99725        0.32291
O          3.42575       -1.50809       -0.07791
O          1.74557       -0.95781        1.70310
C          1.33490        2.67639       -0.63613
H          0.58675        3.42001       -0.35655
H          1.20778        2.42732       -1.69064
H          1.31162        1.59907        1.24782
O          1.06766       -1.82347       -0.52400
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F         -2.41957       -1.92884        0.26454
F         -1.55030       -1.63120       -1.70788
O          2.64749        3.15641       -0.47080
H          2.70977        3.62374        0.36807
H         -4.45988       -0.59666        0.07843
C         -4.19145        0.32053        0.59133
H         -5.00853        1.03547        0.50451
H         -3.97955        0.11316        1.64117
N         -2.99732        0.85565       -0.08811
N         -2.57911        1.97499        0.24255
N         -1.65436        2.63333        0.38435
HF: -1410.0809259
Sum of electronic and zero-point Energies=          -1409.895713
Sum of electronic and thermal Energies=             -1409.878214
Sum of electronic and thermal Enthalpies=           -1409.877270
Sum of electronic and thermal Free Energies=        -1409.942135
Frequency: -386.00

10 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.31681        0.87920       -0.07840
C          1.11258       -0.06345        0.08927
C          1.27011       -1.50066        0.33600
C         -1.01690        1.46519       -0.18343
C          0.05661       -2.33052       -0.12899
H          0.20006       -3.36749        0.19178
H         -0.01472       -2.27298       -1.21962
O         -2.04761        0.51971        0.37105
S         -2.25944       -0.94332       -0.30887
O         -3.55302       -1.38993        0.17778
O         -1.92289       -0.90674       -1.73086
C         -1.22139        2.75285        0.64454
H         -0.42602        3.45163        0.35677
H         -1.11740        2.50946        1.70815
H         -1.27289        1.64258       -1.23645
O         -1.16715       -1.89034        0.50801
F          2.36096       -2.03966       -0.33736
F          1.50904       -1.73227        1.68687
O         -2.51485        3.31945        0.46630
H         -2.53705        3.74486       -0.40191
H          4.47668       -0.73132        0.09848
C          4.34488        0.21544       -0.42818
H          5.17622        0.88819       -0.18390
H          4.30273        0.03868       -1.51116
N          3.07893        0.79718        0.05985
N          2.71522        1.93277       -0.30108
N          1.77749        2.61455       -0.45149
HF: -1409.890866
Sum of electronic and zero-point Energies=          -1409.715338
Sum of electronic and thermal Energies=             -1409.696942
Sum of electronic and thermal Enthalpies=           -1409.695998
Sum of electronic and thermal Free Energies=        -1409.762608
Frequency: -304.31
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Coupling with D4 (syn TS)

2 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.81581       -0.19482       -0.25205
C         -0.66141       -1.38412       -0.53086
C          0.20629       -2.54006       -0.80786
H         -0.24147       -3.47637       -0.46790
H          0.37785       -2.62869       -1.88349
C         -0.32742        1.17888       -0.02168
C          1.53194       -2.34323       -0.08252
H          2.24398       -3.12734       -0.33447
H          1.38866       -2.30735        0.99680
N          1.12722        1.28890       -0.25345
S          2.18573        0.22168        0.37995
O          3.50103        0.76652        0.14878
O          1.73180       -0.10589        1.71182
C         -1.01155        2.18772       -0.95539
H         -2.08856        2.14351       -0.78333
H         -0.82222        1.89437       -1.99046
H         -0.51101        1.46727        1.01827
H          1.40226        1.60181       -1.18061
O          2.15935       -1.11114       -0.51999
O         -0.50251        3.49340       -0.80215
H         -0.77903        3.84113        0.05178
H         -4.49679        0.63861        1.42934
C         -3.40747        0.63027        1.38437
H         -3.05574        1.65976        1.36180
H         -2.99948        0.12178        2.26035
N         -2.94768        0.00101        0.13831
N         -3.15598       -1.21987        0.00087
N         -2.67997       -2.20236       -0.35273
HF: -1191.7321801
Sum of electronic and zero-point Energies=          -1191.518585
Sum of electronic and thermal Energies=             -1191.502266
Sum of electronic and thermal Enthalpies=           -1191.501322
Sum of electronic and thermal Free Energies=        -1191.562835
Frequency: -446.02

2 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (acetonitrile)

C         -0.81659       -0.19344       -0.25207
C         -0.66364       -1.38317       -0.52973
C          0.20223       -2.54073       -0.80538
H         -0.24695       -3.47581       -0.46385
H          0.37304       -2.63123       -1.88098
C         -0.32570        1.17931       -0.02127
C          1.52852       -2.34464       -0.08087
H          2.23927       -3.13026       -0.33193
H          1.38555       -2.30722        0.99846
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N          1.12864        1.28713       -0.25392
S          2.18664        0.21932        0.37925
O          3.50211        0.76231        0.14607
O          1.73288       -0.10728        1.71133
C         -1.00905        2.19037       -0.95303
H         -2.08579        2.14944       -0.77822
H         -0.82347        1.89681       -1.98870
H         -0.50800        1.46699        1.01915
H          1.40441        1.60275       -1.17985
O          2.15730       -1.11424       -0.52008
O         -0.49545        3.49432       -0.80123
H         -0.75770        3.83826        0.05871
H         -4.49726        0.64001        1.43099
C         -3.40799        0.63164        1.38458
H         -3.05626        1.66115        1.36348
H         -2.99895        0.12171        2.25927
N         -2.94943        0.00479        0.13689
N         -3.15855       -1.21599       -0.00161
N         -2.68289       -2.19862       -0.35514
HF: -1191.7316097
Sum of electronic and zero-point Energies=          -1191.518103
Sum of electronic and thermal Energies=             -1191.501729
Sum of electronic and thermal Enthalpies=           -1191.500785
Sum of electronic and thermal Free Energies=        -1191.562499
Frequency: -445.73 

2 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.79972       -0.21544       -0.27741
C         -0.63802       -1.42058       -0.53678
C          0.26199       -2.56614       -0.75808
H         -0.18692       -3.51089       -0.42058
H          0.48805       -2.67741       -1.82867
C         -0.31253        1.15880       -0.05766
C          1.56384       -2.35722        0.03006
H          2.25946       -3.18684       -0.13881
H          1.36586       -2.25192        1.10236
N          1.14465        1.28464       -0.36475
S          2.27144        0.27536        0.36383
O          3.58141        0.83781        0.03728
O          1.84077        0.06246        1.74822
C         -1.05380        2.20080       -0.93868
H         -2.13105        2.05943       -0.78659
H         -0.82620        2.00378       -1.99419
H         -0.43913        1.43597        0.99771
H          1.33737        1.34048       -1.36566
O          2.29353       -1.17493       -0.45276
O         -0.65464        3.54439       -0.67862
H         -0.98852        3.78846        0.19549
H         -4.77104        0.62118        1.13274
C         -3.67895        0.65240        1.24649
H         -3.34902        1.69267        1.16683
H         -3.39235        0.25018        2.22872
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N         -3.02060       -0.08366        0.15366
N         -3.20698       -1.31575        0.03327
N         -2.66780       -2.29155       -0.33520
HF: -1191.5882326
Sum of electronic and zero-point Energies=          -1191.384128
Sum of electronic and thermal Energies=             -1191.367109
Sum of electronic and thermal Enthalpies=           -1191.366165
Sum of electronic and thermal Free Energies=        -1191.429007
Frequency: -334.64

2 using B97D/6-311+G(d,p) and CPCM solvent model (acetonitrile)

C         -0.79953       -0.21501       -0.27737
C         -0.63853       -1.42012       -0.53724
C          0.26093       -2.56602       -0.75899
H         -0.18834       -3.51058       -0.42141
H          0.48644       -2.67723       -1.82971
C         -0.31218        1.15912       -0.05717
C          1.56326       -2.35737        0.02857
H          2.25878       -3.18699       -0.14102
H          1.36570       -2.25274        1.10103
N          1.14502        1.28508       -0.36312
S          2.27144        0.27465        0.36459
O          3.58147        0.83673        0.03852
O          1.83993        0.06011        1.74841
C         -1.05329        2.20092       -0.93859
H         -2.13055        2.06066       -0.78522
H         -0.82703        2.00228       -1.99409
H         -0.43942        1.43600        0.99824
H          1.33887        1.34373       -1.36358
O          2.29227       -1.17494       -0.45402
O         -0.65252        3.54444       -0.68114
H         -0.98194        3.78930        0.19441
H         -4.77048        0.62235        1.13433
C         -3.67830        0.65257        1.24775
H         -3.34768        1.69273        1.16916
H         -3.39183        0.24920        2.22959
N         -3.02068       -0.08258        0.15398
N         -3.20730       -1.31474        0.03327
N         -2.66830       -2.29039       -0.33571
HF: -1191.5878365
Sum of electronic and zero-point Energies=          -1191.383744
Sum of electronic and thermal Energies=             -1191.366717
Sum of electronic and thermal Enthalpies=           -1191.365773
Sum of electronic and thermal Free Energies=        -1191.428652
Frequency: -334.35

3 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.83358       -0.38586       -0.28730
C          0.80058        0.84508       -0.24914
C         -0.02231        2.05484       -0.21700
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C          0.22808       -1.73393       -0.38852
C         -1.36061        1.82071        0.47475
H         -1.96350        2.72568        0.40400
H         -1.18714        1.55592        1.51761
N         -1.23314       -1.64999       -0.59684
S         -2.17840       -0.72264        0.35611
O         -3.54267       -1.09198        0.09005
O         -1.62542       -0.75058        1.68818
C          0.79770       -2.56571       -1.53532
H          1.86895       -2.70252       -1.40144
H          0.30986       -3.53999       -1.55901
H          0.63559       -2.05531       -2.48694
H          0.38140       -2.25334        0.56075
H         -1.53338       -1.62872       -1.56833
O         -2.08284        0.79614       -0.20826
F          0.58272        3.08494        0.44224
F         -0.24319        2.50806       -1.48807
H          2.76994       -2.78342        0.78482
C          3.20869       -1.83467        1.08506
H          2.80418       -1.52665        2.05122
H          4.28937       -1.95763        1.15064
N          2.87129       -0.86153        0.03286
N          3.23003        0.31848        0.20805
N          2.91991        1.41588        0.12826
HF: -1315.0015915
Sum of electronic and zero-point Energies=          -1314.809193
Sum of electronic and thermal Energies=             -1314.792660
Sum of electronic and thermal Enthalpies=           -1314.791716
Sum of electronic and thermal Free Energies=        -1314.853262
Frequency: -414.71

3 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.83950       -0.37958        0.26331
C         -0.80859        0.86537        0.23790
C          0.03302        2.05983        0.20366
C         -0.23467       -1.72805        0.35593
C          1.38537        1.82983       -0.49953
H          1.96747        2.75712       -0.45707
H          1.20003        1.54411       -1.54071
N          1.23457       -1.65966        0.62260
S          2.25239       -0.75484       -0.35039
O          3.61496       -1.13412        0.00732
O          1.74686       -0.82940       -1.72158
C         -0.83485       -2.60376        1.47230
H         -1.90973       -2.72308        1.31179
H         -0.35131       -3.58714        1.46426
H         -0.68173       -2.12772        2.44955
H         -0.35315       -2.23238       -0.61142
H          1.46024       -1.49466        1.60460
O          2.17696        0.83906        0.19018
F         -0.56371        3.12106       -0.47470
F          0.25650        2.52855        1.50024
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H         -2.93968       -2.79493       -0.71141
C         -3.42237       -1.85939       -1.00686
H         -3.14683       -1.60768       -2.04014
H         -4.50983       -1.98164       -0.92330
N         -2.95127       -0.82785       -0.06270
N         -3.31738        0.35928       -0.20848
N         -2.96443        1.46667       -0.08532
HF: -1314.8343449
Sum of electronic and zero-point Energies=          -1314.651411
Sum of electronic and thermal Energies=             -1314.633930
Sum of electronic and thermal Enthalpies=           -1314.632986
Sum of electronic and thermal Free Energies=        -1314.696790
Frequency: -324.07

3a using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.81632       -0.29874       -0.35109
C          0.80487        0.92951       -0.45747
C          0.02808        2.16220       -0.59917
C          0.16500       -1.62851       -0.29276
C         -1.27930        2.04127        0.18432
H         -1.87107        2.94932        0.08027
H         -1.07235        1.84334        1.23627
N         -1.29013       -1.51766       -0.53653
S         -2.21746       -0.46784        0.30604
O         -3.58908       -0.82017        0.04588
O         -1.69448       -0.39958        1.64928
C          0.71278       -2.62264       -1.31325
H          1.77843       -2.77361       -1.15117
H          0.19411       -3.57636       -1.21610
H          0.57498       -2.23708       -2.32563
H          0.28145       -2.03159        0.71632
H         -1.56434       -1.55923       -1.51519
O         -2.06997        0.98603       -0.38480
F          0.68815        3.27157       -0.07557
H          2.66759       -2.60597        1.02751
C          3.13570       -1.64218        1.21468
H          2.73740       -1.20915        2.13455
H          4.21157       -1.79101        1.30432
N          2.83256       -0.79299        0.05172
N          3.22880        0.38869        0.08949
N          2.95017        1.47674       -0.12627
H         -0.17408        2.37363       -1.65110
HF=-1215.7518409
Sum of electronic and zero-point Energies=          -1215.551026
Sum of electronic and thermal Energies=             -1215.535204
Sum of electronic and thermal Enthalpies=           -1215.534260
Sum of electronic and thermal Free Energies=        -1215.594232
Frequency: -425.93
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3a using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.82625       -0.28290       -0.33474
C          0.80722        0.95803       -0.44502
C         -0.00226        2.16777       -0.58718
H         -0.22696        2.37340       -1.64252
C          0.18213       -1.61655       -0.28513
C         -1.30810        2.04924        0.22824
H         -1.87940        2.98077        0.15307
H         -1.08445        1.82522        1.27713
N         -1.28345       -1.52864       -0.57031
S         -2.28271       -0.50810        0.30726
O         -3.65208       -0.88269       -0.03577
O         -1.79836       -0.48966        1.68870
C          0.75591       -2.62509       -1.29748
H          1.82735       -2.75522       -1.12049
H          0.24637       -3.58944       -1.18809
H          0.61793       -2.25161       -2.32084
H          0.27592       -2.02164        0.73023
H         -1.49229       -1.43985       -1.56560
O         -2.16898        1.03011       -0.35085
F          0.64902        3.33445       -0.08280
H          2.80245       -2.63155        0.94336
C          3.32359       -1.69064        1.14079
H          3.05075       -1.31687        2.13745
H          4.40537       -1.86880        1.08653
N          2.90427       -0.75053        0.08419
N          3.31431        0.43229        0.11115
N          3.00575        1.53172       -0.13856
HF=-1215.6064093

Sum of electronic and zero-point Energies=          -1215.415033
Sum of electronic and thermal Energies=             -1215.398340
Sum of electronic and thermal Enthalpies=           -1215.397396
Sum of electronic and thermal Free Energies=        -1215.459411
Frequency: -329.13

4 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.84979       -0.03800       -0.33014
C          0.75097        1.18288       -0.45764
C         -0.06315        2.40385       -0.57028
H          0.43631        3.26962       -0.12989
H         -0.25324        2.63370       -1.62166
C          0.29613       -1.40671       -0.24354
C         -1.38179        2.18132        0.15993
H         -2.05558        3.02722        0.03386
H         -1.21883        1.99393        1.22080
N         -1.16418       -1.40855       -0.50170
S         -2.16860       -0.38697        0.29148
O         -3.51107       -0.83066        0.00696
O         -1.69037       -0.27200        1.64981
C          0.91745       -2.38400       -1.23794
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H          1.98836       -2.46412       -1.06176
H          0.45897       -3.36709       -1.12923
H          0.76821       -2.02648       -2.25913
H          0.43119       -1.78193        0.77404
H         -1.41730       -1.48354       -1.48417
O         -2.08565        1.05289       -0.41928
H          4.46175       -1.26673        1.22832
C          3.37553       -1.18115        1.18743
H          2.95584       -2.17496        1.04630
H          2.99810       -0.75205        2.11803
N          2.96330       -0.38260        0.02451
N          3.23720        0.83337        0.04102
N          2.81666        1.87678       -0.18469
HF: -1116.5140827
Sum of electronic and zero-point Energies=          -1116.305602
Sum of electronic and thermal Energies=             -1116.290567
Sum of electronic and thermal Enthalpies=           -1116.289623
Sum of electronic and thermal Free Energies=        -1116.347605
Frequency: -450.71

4 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.84257       -0.03492       -0.31894
C          0.74734        1.19654       -0.46011
C         -0.08398        2.40846       -0.56518
H          0.41760        3.28855       -0.13835
H         -0.30102        2.63789       -1.61881
C          0.28811       -1.40044       -0.22124
C         -1.39745        2.19976        0.20318
H         -2.04632        3.07846        0.11502
H         -1.20827        1.98365        1.26036
N         -1.18073       -1.41429       -0.53070
S         -2.24890       -0.40993        0.29261
O         -3.58906       -0.86523       -0.07726
O         -1.80990       -0.35017        1.68965
C          0.93497       -2.41483       -1.18170
H          2.00844       -2.47480       -0.98063
H          0.47950       -3.40236       -1.04224
H          0.79594       -2.09165       -2.22212
H          0.38687       -1.76102        0.81044
H         -1.36951       -1.35120       -1.53237
O         -2.18995        1.10965       -0.38591
H          4.74844       -1.27667        0.92816
C          3.66106       -1.21636        1.07288
H          3.23225       -2.21145        0.92106
H          3.43693       -0.87202        2.09269
N          3.04809       -0.33736        0.06268
N          3.31526        0.88591        0.06052
N          2.83982        1.92691       -0.20111
HF: -1116.3898282
Sum of electronic and zero-point Energies=          -1116.190701
Sum of electronic and thermal Energies=             -1116.174849
Sum of electronic and thermal Enthalpies=           -1116.173905
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Sum of electronic and thermal Free Energies=        -1116.233783
Frequency: -335.82

8 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C          0.84053       -0.03026       -0.30146
C          0.74657        1.19108       -0.41824
C         -0.06447        2.41199       -0.54195
H          0.42021        3.27408       -0.07885
H         -0.22240        2.64974       -1.59665
C          0.26837       -1.38249       -0.25742
C         -1.40218        2.18282        0.15026
H         -2.08766        3.01116       -0.01581
H         -1.27275        2.01399        1.21828
O         -1.16974       -1.30003       -0.57455
S         -2.13752       -0.38466        0.28932
O         -3.45223       -0.89565        0.02621
O         -1.63687       -0.27467        1.63637
C          0.82177       -2.34225       -1.29234
H          1.88573       -2.49388       -1.11487
H          0.30433       -3.29852       -1.22266
H          0.68913       -1.92527       -2.29102
H          0.34187       -1.79587        0.75126
O         -2.07439        1.02915       -0.43229
H          2.91720       -2.20525        1.02903
C          3.35699       -1.22005        1.16918
H          2.99585       -0.78433        2.10282
H          4.44163       -1.32537        1.19841
N          2.95031       -0.41194        0.00960
N          3.23113        0.80095        0.03259
N          2.82537        1.85364       -0.17122
HF: -1136.3784769
Sum of electronic and zero-point Energies=          -1136.182424
Sum of electronic and thermal Energies=             -1136.167654
Sum of electronic and thermal Enthalpies=           -1136.166710
Sum of electronic and thermal Free Energies=        -1136.224188
Frequency: -436.83

8 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.83953       -0.02843       -0.28460
C          0.74483        1.20361       -0.41577
C         -0.08513        2.41277       -0.54558
H          0.39628        3.29296       -0.09677
H         -0.26060        2.64357       -1.60632
C          0.27868       -1.37876       -0.22988
C         -1.42477        2.20136        0.17459
H         -2.08956        3.05870        0.02712
H         -1.27876        2.01921        1.24403
O         -1.19125       -1.31457       -0.59711
S         -2.21862       -0.40706        0.29268
O         -3.53394       -0.93153       -0.04938
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O         -1.75934       -0.32488        1.68038
C          0.85137       -2.37142       -1.23852
H          1.91593       -2.51491       -1.02432
H          0.33194       -3.33265       -1.15237
H          0.74599       -1.97908       -2.25685
H          0.31858       -1.78041        0.79027
O         -2.17684        1.07354       -0.41450
H          3.20446       -2.24335        0.89409
C          3.63409       -1.25112        1.06039
H          3.39410       -0.90991        2.07725
H          4.72292       -1.31260        0.93078
N          3.04181       -0.36349        0.04384
N          3.30805        0.85812        0.05434
N          2.84385        1.90863       -0.18227
HF: -1136.2507745
Sum of electronic and zero-point Energies=          -1136.064226
Sum of electronic and thermal Energies=             -1136.048545
Sum of electronic and thermal Enthalpies=           -1136.047600
Sum of electronic and thermal Free Energies=        -1136.107098
Frequency: -333.32

9 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.85182        0.12299       -0.19796
C         -0.72292       -1.09885       -0.28668
C          0.19296       -2.23971       -0.34486
C         -0.31508        1.49865       -0.13891
C          1.49807       -1.96429        0.39552
H          2.15989       -2.82279        0.28491
H          1.28698       -1.77589        1.44815
N          1.12934        1.52637       -0.44572
S          2.17393        0.62563        0.44741
O          3.49824        1.10902        0.17103
O          1.65254        0.54708        1.78890
C         -0.98731        2.47284       -1.11423
H         -0.77124        2.16243       -2.14330
H         -0.43510        1.88782        0.87573
H          1.34373        1.43791       -1.43860
O          2.16938       -0.85616       -0.20691
F         -0.33985       -3.36566        0.21018
F          0.46837       -2.55948       -1.64407
H         -2.06511        2.43058       -0.97272
O         -0.58372        3.79941       -0.87147
H          0.36117        3.87801       -1.04090
H         -2.92671        2.22091        1.15679
C         -3.31741        1.21881        1.31952
H         -2.90608        0.80443        2.24167
H         -4.40365        1.27607        1.38242
N         -2.91984        0.41410        0.15073
N         -3.18853       -0.80219        0.18210
N         -2.80011       -1.85838       -0.01490
HF: -1390.2193579
Sum of electronic and zero-point Energies=          -1390.021503
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Sum of electronic and thermal Energies=             -1390.003917
Sum of electronic and thermal Enthalpies=           -1390.002973
Sum of electronic and thermal Free Energies=        -1390.067273
Frequency: -409.50

9 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C         -0.85225        0.11609       -0.17294
C         -0.73059       -1.11914       -0.27461
C          0.19879       -2.24624       -0.33480
C         -0.31605        1.49048       -0.12239
C          1.52227       -1.98095        0.41241
H          2.16251       -2.86492        0.31859
H          1.30305       -1.77953        1.46658
N          1.13604        1.53271       -0.45986
S          2.24371        0.65320        0.45166
O          3.56650        1.15130        0.09581
O          1.75911        0.61210        1.83081
C         -1.00642        2.47288       -1.10672
H         -0.78839        2.15489       -2.13982
H         -0.42348        1.88935        0.89406
H          1.31360        1.36022       -1.45152
O          2.26458       -0.89867       -0.19250
F         -0.32450       -3.40402        0.23597
F          0.47181       -2.57636       -1.66258
H         -2.08670        2.42302       -0.95306
O         -0.61304        3.82064       -0.87502
H          0.33666        3.88730       -1.05039
H         -3.08298        2.25559        1.07728
C         -3.51012        1.26454        1.25388
H         -3.21177        0.90124        2.24655
H         -4.60328        1.33417        1.18682
N         -2.98998        0.38644        0.18636
N         -3.26991       -0.83259        0.19970
N         -2.84692       -1.89486       -0.03819
HF: -1390.0332557
Sum of electronic and zero-point Energies=          -1389.844817
Sum of electronic and thermal Energies=             -1389.826438
Sum of electronic and thermal Enthalpies=           -1389.825494
Sum of electronic and thermal Free Energies=        -1389.891364
Frequency: -321.02

10 using M06-2X/6-311++G(d,p) and IEFPCM solvent model (water)

C         -0.82835        0.12966       -0.16005
C         -0.71201       -1.09065       -0.26274
C          0.19611       -2.23334       -0.38476
C         -0.29393        1.49842       -0.13447
C          1.53032       -1.97562        0.30866
H          2.20905       -2.80205        0.10334
H          1.36826       -1.86423        1.38009
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O          1.13918        1.46555       -0.41218
S          2.11853        0.60987        0.49892
O          3.41498        1.17654        0.29084
O          1.55584        0.45095        1.81337
C         -0.87677        2.39373       -1.22719
H         -1.96582        2.37141       -1.14480
H         -0.59448        1.97722       -2.19514
H         -0.42756        1.94521        0.85484
O          2.14535       -0.80652       -0.24768
F         -0.31507       -3.37037        0.16270
F          0.41703       -2.51580       -1.70154
O         -0.36136        3.70062       -1.16122
H         -0.81716        4.18821       -0.46808
H         -4.36957        1.31248        1.43562
C         -3.28388        1.27259        1.35508
H         -2.91395        2.27730        1.16337
H         -2.84908        0.88280        2.27706
N         -2.89441        0.45158        0.19508
N         -3.16643       -0.76177        0.23148
N         -2.79555       -1.82362        0.03465
HF: -1410.0805688
Sum of electronic and zero-point Energies=          -1409.895403
Sum of electronic and thermal Energies=             -1409.877947
Sum of electronic and thermal Enthalpies=           -1409.877003
Sum of electronic and thermal Free Energies=        -1409.941242
Frequency: -390.33

10 using B97D/6-311+G(d,p) and CPCM solvent model (water)

C          0.82899       -0.09818       -0.13759
C          0.68263        1.13277       -0.24201
C         -0.27127        2.23504       -0.36671
C          0.34355       -1.48024       -0.12107
C         -1.62046        1.94661        0.32286
H         -2.30385        2.77886        0.12589
H         -1.45591        1.82885        1.39854
O         -1.11246       -1.50877       -0.44909
S         -2.17887       -0.70081        0.49129
O         -3.45884       -1.32080        0.19849
O         -1.66306       -0.55740        1.85084
C          0.99060       -2.37886       -1.19956
H          2.07993       -2.28689       -1.09524
H          0.69903       -2.00290       -2.18683
H          0.46273       -1.92472        0.87572
O         -2.26762        0.78002       -0.24637
F          0.19223        3.41519        0.20205
F         -0.48991        2.52534       -1.71209
O          0.55856       -3.73074       -1.11783
H          0.99929       -4.14257       -0.36194
H          4.62258       -1.21423        1.22650
C          3.52632       -1.20916        1.27118
H          3.16055       -2.21624        1.05295
H          3.18613       -0.89253        2.26624
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N          2.98174       -0.32874        0.21813
N          3.21614        0.89736        0.24633
N          2.76720        1.95055        0.01800
HF: -1409.8905771
Sum of electronic and zero-point Energies=          -1409.715154
Sum of electronic and thermal Energies=             -1409.696759
Sum of electronic and thermal Enthalpies=           -1409.695814
Sum of electronic and thermal Free Energies=        -1409.761971
Frequency: -310.93
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I. General information

All glassware was either oven-dried overnight at 130 ºC or flame dried under a stream of dry nitrogen prior to

use. Reagents were used as obtained from the vendor without further purification unless otherwise specified.

Dichloromethane, acetonitrile, dimethylformamide were dried over CaH2 and freshly distilled prior to use. All

other solvents and reagents were purified in accordance with “Purification of Laboratory Chemicals”.1a Air-

and  moisture  sensitive  reactions  were  performed under  an atmosphere  of  nitrogen.  Analytical  thin layer

chromatography  (TLC)  was  performed  utilizing  pre-coated  silica  gel  60  F254  plates  containing  a

fluorescent indicator, while preparative chromatography was performed using SilicaFlash P60 silica gel

(230-400 mesh) via Still’s method.1b The mobile phases for column chromatography varied depending on

substrate  as  hexanes/ether,  pentane/ether,  hexanes/ethyl  acetate,  or  benzene/ethyl  acetate  were  used.

Columns were typically run using a gradient method, beginning with 100% of the less polar eluent and

gradually increasing the polarity with the other solvent. For reactions producing products without a UV

signature, potassium permanganate was employed to visualize the reaction progress. 
1H NMR and  13C NMR spectra were obtained using Bruker Avance III 500, Bruker Avance III 400,

Bruker Avance III 600, and Varian Mercury-300 NMR spectrometers. For 1H NMR, chemical shifts are

reported  relative  to  residual  protiated  solvent  peaks  ( 7.26,  2.49,  7.15  and  4.80  ppm for  CDCl3,

(CD3)2SO, C6D6 and CD3OD respectively).  13C NMR spectra were measured at either 125 MHz or 150

MHz on the same instruments noted above for recording 1H NMR spectra. Chemical shifts were again

reported in accordance with residual protiated solvent peaks ( 77.1, 39.5, 128.0 and 49.0 ppm for CDCl3,

(CD3)2SO, C6D6, and CD3OD, respectively). UPLC/LC-MS data were collected on an Acquity UPLC I-

Class PLUS with an Acquity QDA MS detector (Waters) using an ACQUITY UPLC BEH C18 1.7 μm 2.1

X 50 mm column (Waters). Plate reader kinetics were performed on a Perkin-Elmer Envision plate reader

with a 531 nm filter. Accurate mass measurements were acquired at the University of Wisconsin, Madison

using a Thermo Q Exactive™ Plus (electrospray ionization or atmospheric solids analysis probe (ASAP-

MS)  methods).  The  NMR  facilities  are  funded  by  the  NSF  (CHE-1048642,  CHE-0342998),  the

University of Wisconsin, the NIH (S10 OD012245), and a generous gift from Paul J. and Margaret M.

Bender.  The  purchase  of  the  Thermo  Q  Exactive™ Plus  in  2015  was  funded  by  NIH Award 1S10

OD020022-1 to the University of Wisconsin-Madison Department of Chemistry. 
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II. Additional reaction schemes and figures

Scheme S2-1. Synthesis of difluorinated SNO-OCT 5 (DF-SNO-OCT).

Scheme S2-2. Competition experiments and extrapolation of chemoselectivity. (a) The competition between benzyl
diazoacetamide  and  benzyl  azide  showed  slight  chemoselectivity  favoring  1a,  while  formation  of  5c is  more
favorable. Overall, the selectivity between the two dipoles for 1 and 5 do not reach the ideal >20:1 selectivity. (b)
The competition between two competing SNO-OCTs and a Type I or Type III dipole. Benzyl diazoacetamide prefers
reaction with  5, with excellent chemoselectivity of dipyridyl tetrazine for  1. (c) Competition between two SNO-
OCTs and two dipoles amplifies the poor selectivity when all four are combined in one pot, showing the non-
orthogonality of Type I and Types II dipoles (for more details, see Figure S2-10B).
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Scheme S2-3. The synthesis of bioorthogonal labeling agents: (a) C343-SNO (b) Rho-DF-SNO (c) BE-NHS 
(d) C343-DBCO.
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III. Preparation of DF-SNO-OCT

Propargylic  alcohol  precursor to  5. This  compound  was  prepared  based  on  a  previously reported

procedure with a comparable yield of 94%.2 

Chlorodifluoro ester precursor to 5. The ester was prepared from the corresponding propargylic alcohol

(3.6  mL,  19.85  mmol)  in  a  dry  50  mL round  bottom flask.  The  alcohol  was  dissolved  in  20  mL

dichloromethane under a nitrogen atmosphere. Chlorodifluoroacetic acid (3.4 mL, 40.1 mmol) was added

to the mixture, followed by the addition of DMAP (0.13 g, 1.10 mmol). The mixture was cooled to 0 ºC.

EDC•HCl (8.30 g, 43.30 mmol) was added in small portions at 0 ºC and the reaction mixture was stirred

for an additional 5 min at 0 ºC. The mixture was stirred at room temperature overnight, then quenched

with saturated NaHCO3. The aqueous phase was extracted with three portions of dichloromethane, the

combined organics washed with brine, dried over Na2SO4, filtered through cotton and concentrated  in

vacuo. The crude material was purified using Kugelrohr distillation resulting a clear colorless liquid (5.06

g, 18.81 mmol) with a yield of 95%. 1H NMR (500 MHz, CDCl3) δ 5.43 (t, J = 7.1, 6.4 Hz, 1H), 1.915 (p,

J = 7.3 Hz, 2H), 1.05 (t, J = 7.4 Hz, 3H), 0.18 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 158.28 (t, J = 34.6

Hz), 116.77 (t,  J = 300.8 Hz), 99.44, 93.24, 70.11, 27.82, 9.08, -0.40.  19F NMR (377 MHz, CDCl3) δ

-64.07. HRMS (ESI) m/z calculated for C10H15ClF2O2Si [M + H]+ 269.0571, found 269.0566.

Homoallenic methyl ester precursor to 5.  The following reactions were adapted from a previously

reported procedure.3,4 The corresponding chlorodifluoro ester (2.00 g, 7.44 mmol) was added to a 50 mL

round bottom containing ~5 g activated zinc. Trimethylsilylchloride (1.7 mL, 13.39 mmol) was added,

followed by the addition of  20 mL acetonitrile.  The  reaction was  refluxed overnight  at  100 ºC.  All

volatiles were  in vacuo and the residue was diluted with EtOAc. The organic phase was washed with

brine,  dried over  Na2SO4,  and filtered through cotton.  The crude material  was  re-concentrated under
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reduced pressure and was used directly in the methylation. The crude material was dissolved in 28 mL

methanol and 42 mL toluene in a 250 mL round bottom flask. Trimethylsilyldiazomethane (4.5 mL, 2.0 M

in diethyl ether) was added to the reaction mixture at room temperature in a slow and steady stream with

vigorous stirring. The mixture was stirred at room temperature for 30 min, then quenched with acetic acid

(0.04 mL, 0.702 mmol). The crude mixture was concentrated under reduced pressure and was purified via

column chromatography (0% EtOAc/hexanes to 5% EtOAc/hexanes, gradient) resulting a clear yellow oil

(1.45 g, 5.84 mmol) in a yield of 78%. 1H NMR (500 MHz, CDCl3) δ 5.32 (p, J = 6.2 Hz, 1H), 3.84 (s,

3H), 2.03 – 1.98 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H), 0.21 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 208.58 (t,

J = 13.3 Hz), 164.26 (t, J = 43.9 Hz), 116.18 (t, J = 248.0 Hz), 96.34 (t, J = 36.1 Hz), 92.29, 52.68, 20.20,

12.84, -0.99. 19F NMR (377 MHz, CDCl3) δ -93.59 (d, J = 256.5 Hz), -93.75 (d, J = 257.2 Hz). HRMS

(ESI) m/z calculated for C11H18F2O2Si [M + NH4]+ 266.1382, found 266.1378.

Homoallenic  alcohol  precursor  to  5.  The  homoallenic  alcohol  precursor  was  prepared  from  the

corresponding methyl ester. In a 50 mL round bottom flask, the homoallenic methyl ester (1.45 g, 5.82

mmol) was dissolved in 12 mL methanol. The mixture was cooled to 0 ºC before the addition of NaBH4

(0.35 g,  9.25 mmol).  The reaction was stirred at  0 ºC for 30 min,  warmed to room temperature and

reaction progression monitored by TLC. The mixture was quenched with 1.0 M HCl and diluted with

diethyl  ether.  The organic  layer  was washed with 10% Na2CO3,  then washed with brine,  dried over

Na2SO4, and filtered through cotton. The volatiles were removed in vacuo, and the residue purified via

column  chromatography  (0%  EtOAc/hexanes  to  20%  EtOAc/hexanes,  gradient)  resulting  a  clear,

champagne-color liquid (1.04 g, 4.72 mmol) with a yield of 81%. 1H NMR (400 MHz, CDCl3) δ 5.26 (p,

J = 6.1 Hz, 1H), 3.85 (td, J = 13.3, 7.2 Hz, 2H), 2.05 (p, J = 7.3 Hz, 2H), 1.81 (t, J = 7.0 Hz 1H), 1.02 (t,

J = 7.5 Hz, 3H), 0.19 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 207.70 (t, J = 13.7 Hz), 122.09 (t, J = 240.0

Hz), 96.86 (t, J = 36.7 Hz), 91.40, 65.13 (t, J = 30.9 Hz), 20.61, 13.25, -0.74. 19F NMR (376 MHz, CDCl3)

δ -95.89 (d, J = 254.5 Hz), -97.35 (d, J = 254.4 Hz). HRMS (ESI) m/z calculated for C10H18F2OSi [M − F]
− 201.1106, found 201.1105.
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Homoallenic  sulfamate precursor to 5.  The following procedure was  adapted  from our  previously

reported synthesis of SNO-OCT analogues.5 In a 250 mL three-neck round bottom flask, chlorosulfonyl

isocyanate (4.5 mL, 51.70 mmol) in 38 mL acetonitrile was cooled to 0 ºC. Formic acid (2.0 mL, 53.15

mmol) was added dropwise at 0 ºC under a nitrogen atmosphere. The mixture was then allowed to warm

up to room temperature and stirred overnight.  The reaction was cooled to 0 ºC, and the homoallenic

alcohol (4.69 g, 21.26 mmol) was added as a solution in N,N-dimethylacetamide (35.0 mL, 0.6 M) in a

dropwise fashion. The reaction was stirred for 1 h at room temperature and quenched by the addition of

an  equal  volume  of  H2O.  The  aqueous  phase  was  extracted  with  three  portions  of  EtOAc  and  the

combined organic phases were washed with five portions of H2O. The combined organics were dried over

Na2SO4, filtered through cotton, and concentrated in vacuo. The crude material was purified via column

chromatography (0% EtOAc/hexanes to  20% EtOAc/hexanes,  gradient)  resulting a  waxy white  solid

(5.34 g, 17.83 mmol) with a yield of 84%. 1H NMR (500 MHz, CDCl3) δ 5.33 (p, J = 6.1 Hz, 1H), 4.99 (s,

1H), 4.46 – 4.37 (m, 2H), 2.07 (dtd, J = 13.7, 7.4, 3.3 Hz, 2H), 1.03 (t, J = 7.4 Hz, 3H), 0.19 (s, 9H).13C

NMR (126 MHz, CDCl3) δ 208.07 (t,  J = 13.6 Hz), 120.01 (t,  J = 241.17 Hz), 96.28 (t,  J = 36.27 Hz),

92.44, 69.97 (t,  J = 31.44 Hz), 20.51, 13.18, -0.79. 19F NMR (377 MHz, CDCl3) δ -93.24 (d, J = 257.8

Hz), -93.68 (d, J = 257.2 Hz). HRMS (ESI) m/z calculated for C10H19F2NO3SSi [M − H]− 298.0750, found

298.0748.

Compound 5. The following procedure was adapted from our previously reported synthesis of SNO-OCT

analogues.5  In  a  100  mL round  bottom flask,  the  homoallenic  sulfamate  (2.67  g,  7.04  mmol)  was

dissolved in 36 mL of dichloromethane. Rh2(OAc)4 (156.0 mg, 0.35 mmol) was added to the mixture and

then stirred for 5 min at room temperature. PhIO (3.19 mg, 14.50 mmol) was added in one portion and the

reaction mixture was stirred for 30 min with monitoring by TLC. When the TLC indicated the complete

consumption of starting material, the crude mixture was filtered through a layer of Celite, diluted with

dichloromethane, and concentrated under reduced pressure. The resulting residue was quickly purified via

column chromatography (0% EtOAc/hexanes to 10% EtOAc/hexanes, gradient) to yield an oil  as the

endocyclic methyleneaziridine intermediate. Due to concerns with decomposition, the purified product

was quickly transferred to a round bottom flask and diluted with 36 mL of dichloromethane, followed by

the addition of a steady stream of TBAF (35.2 mL, 1.0 M in THF). After stirring at room temperature for

30  min,  an  equal  volume  of  water  was  added.  The  phases  were  extracted  with  three  portions  of
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dichloromethane.  The  combined  organics  were  dried  with  Na2SO4,  filtered  through  cotton,  and

concentrated  under  reduced  pressure.  The  resulting  crude  was  quickly  purified  via  column

chromatography (0% EtOAc/hexanes to 20% EtOAc/hexanes, gradient) resulting a white solid (1.14 g,

5.06 mmol) with a yield of 72% over two steps. 1H NMR (500 MHz, CDCl3) δ 5.62 (d, J = 7.0 Hz, 1H),

4.92 (m, 1H), 4.67 (dt, J = 12.2, 6.0 Hz, 1H), 4.24 (tt, J = 7.2, 3.3 Hz, 1H), 1.91 – 1.72 (m, 2H), 1.04 (t, J

= 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 112.55 (d, J = 241.4 Hz), 111.15 (t, J = 10.8 Hz), 88.37 (t,

J = 42.9 Hz), 79.04 (m), 50.08 (t, J = 1.7 Hz), 25.03, 10.11. 19F NMR (376 MHz, CDCl3) δ -96.48 (d, J =

277.8 Hz), -101.07 (d, J = 277.2 Hz). HRMS (ESI) m/z calculated for C7H9F2NO3S [M − H]− 224.0198,

found 224.0200.

IV. Reactions of SNO-OCTs with dipoles

General procedure. The cyclic alkyne (1.0 equiv) was dissolved in CH3CN (0.1 M). The corresponding

dipole (1.0 equiv) was added to the alkyne solution and the mixture was stirred for 1 h to ensure full

conversion. The solvent was then removed under reduced pressure and transferred using dichloromethane.

Diazoles 5a major and 5a minor from reaction of 5 with benzyl diazo acetamide.  The diazoles  5a

major and 5a minor  were prepared from alkyne  5 (50.0 mg,  0.222 mmol) according to the general

procedure.  The crude material  was purified via column chromatography (0% EtOAc/hexanes to 60%

EtOAc/hexanes, gradient) to yield two regioisomers as white solids (major 70.3 mg, 0.176 mmol; minor

13.0 mg, 0.032 mmol; ratio = 5.4:1) with a total yield of 94%.  1H NMR (major, 500 MHz, CDCl3) δ

12.42 (s, 1H), 7.42 – 7.23 (m, 5H), 7.06 (p, J = 5.2 Hz, 1H), 5.76 (s, 1H), 4.90 – 4.73 (m, 1H), 4.68 – 4.45

(m, 4H), 2.12 – 2.00 (m, 1H), 1.97 – 1.86 (m, 1H), 1.04 (t, J = 7.3 Hz, 3H). 13C NMR (major, 126 MHz,

CDCl3) δ 159.35, 148.54, 139.65, 136.72, 128.88, 127.92, 127.67, 118.81 (t, J = 238.4 Hz), 110.43 (t, J =

29.9 Hz), 70.69 (t, J = 40.4 Hz), 52.34, 44.26, 26.83, 10.66. 19F NMR (major, 376 MHz, CDCl3) δ -77.28

(d, J = 274.7 Hz), -84.20. 1H NMR (minor, 500 MHz, CDCl3) δ 10.36 (s, 1H), 7.40 – 7.27 (m, 8H), 5.31

– 5.21 (m, 1H), 4.95 – 4.81 (m, 2H), 4.65 (dd, J = 14.8, 6.1 Hz, 1H), 4.56 (dd, J = 14.8, 5.8 Hz, 1H), 4.30

(ddd, J = 23.7, 14.2, 12.4 Hz, 1H), 2.22 (dqd, J = 14.9, 7.5, 3.3 Hz, 1H), 1.69 (ddq, J = 14.5, 8.7, 7.3 Hz,

S2-8



1H), 1.07 (t,  J = 7.4 Hz, 3H). 13C NMR (minor, 126 MHz, CDCl3)  δ 160.85, 144.26, 137.80, 131.62,

128.78, 127.79, 127.63, 124.80 (d, J = 6.1 Hz), 118.83 (dd, J = 249.6, 239.0 Hz), 71.30 (dd, J = 46.4, 36.2

Hz), 51.89 (d,  J = 1.2 Hz), 43.09, 30.11, 10.18.  19F NMR (minor, 376 MHz, CDCl3)  δ -70.51 (d,  J =

268.5 Hz), -101.71 (d, J = 269.5 Hz). HRMS (ESI) m/z calculated for C16H18F2N4O4S (major) [M + H]+

401.1090, found 401.1088. HRMS (ESI) m/z calculated for C16H18F2N4O4S (minor) [M + H]+ 401.1090,

found 401.1090.

Pyridazine 5b from reaction of 5 with 3,6-di-2-pyridyl-1,2,4,5-tetrazine. The reaction was performed

under the general procedure. No reaction of these two components to yield 5b was observed.

 

Triazoles 5c major and 5c minor from reaction of 5 with benzyl azide. The triazoles 5c major and 5c

minor  were prepared from alkyne  5 (40.0 mg, 0.178 mmol) according to the general procedure. The

crude was purified via column chromatography (0% EtOAc/hexanes to 45% EtOAc/hexanes, gradient) to

yield a clear viscous oil (61.0 mg, 0.171 mmol) as a mixture of regioisomers ( 5c major:5c minor 1.8:1)

in 96% yield. 1H NMR (major, 500 MHz, CDCl3) δ 7.42 – 7.30 (m, 3H), 7.19 (dd, J = 7.0, 2.6 Hz, 2H),

5.78 (d, J = 15.1 Hz, 1H), 5.68 (d, J = 15.1 Hz, 1H), 4.94 (d, J = 9.9 Hz, 1H), 4.62 (q, J = 8.7 Hz, 1H),

4.48 – 4.38 (m, 1H), 4.39 – 4.26 (m, 1H), 2.33 (dqd, J = 14.7, 7.4, 5.0 Hz, 1H), 2.07 (dqd, J = 15.9, 7.3,

5.8 Hz, 1H), 1.12 (t,  J = 7.4 Hz, 3H).  13C NMR (major, 126 MHz, , CDCl3)  δ 147.19 (t,  J = 3.8 Hz),

134.22, 128.93, 128.80, 127.55, 125.96 (t,  J = 29.5 Hz), 116.39 (t,  J = 242.6 Hz), 69.96 – 69.10 (m),

54.74 (t, J = 3.9 Hz), 52.23, 27.07, 10.23. 19F NMR (major, 376 MHz, CDCl3) δ -83.51 (d, J = 288.1 Hz),

-93.18 (d, J = 286.4 Hz). 1H NMR (minor, 500 MHz, CDCl3) δ 7.43 – 7.35 (m, 3H), 7.17 (dd, J = 8.0, 1.9

Hz, 2H), 5.61 (d, J = 15.8 Hz, 1H), 5.57 (d, J = 15.9 Hz, 1H), 5.05 (s, 1H), 4.84 (dd, J = 13.9, 12.1 Hz,

1H), 4.47 (m, 3H), 4.33 (ddd, J = 26.5, 13.9, 9.9 Hz, 1H), 1.63 (dqd, J = 15.0, 7.5, 3.3 Hz, 1H), 1.52 (ddq,
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J = 14.7, 9.1, 7.4 Hz, 1H), 0.92 (t, J = 7.4 Hz, 3H). 13C NMR (minor, 126 MHz, CDCl3) δ 137.47 (d, J =

7.4 Hz), 136.69 (dd, J = 34.4, 25.5 Hz), 132.99, 129.49, 129.21, 126.94, 118.76 (dd, J = 248.3, 239.3 Hz),

71.87 (dd,  J = 47.1, 35.8 Hz), 53.21, 50.84 (d,  J = 1.4 Hz), 28.05, 9.69.  19F NMR (minor, 376 MHz,

CDCl3)  δ -71.62  (d,  J =  270.2  Hz),  -104.51  (d,  J =  269.7  Hz).  HRMS  (ESI)  m/z  calculated  for

C14H16F2N4O3S  (major)  [M  +  H]+ 359.0984,  found  359.0982.  HRMS  (ESI)  m/z  calculated  for

C14H16F2N4O3S (minor) [M + H]+ 359.0984, found 359.0984.

Diazoles 2a from reaction of 2 with benzyl  diazo acetamide.  The diazoles  2a  were prepared from

alkyne  2 (9.6 mg, 0.05 mmol) according to the general procedure, with the exception that deuterated

acetonitrile was used and the reaction mixture was stirred at room temperature overnight. Product 2a was

obtained as a single regioisomer in 80% yield in the form of a white solid (13.6 mg, 0.04 mmol) without

further purification. Due to the product’s low solubility in acetonitrile, dichloromethane, and chloroform,

the NMR spectra were taken in DMSO-d6. 1H NMR (600 MHz, DMSO-d6) δ 13.06 (s, 1H), 8.67 (t, J = 6.4

Hz, 1H), 8.40 (d, J = 9.0 Hz, 1H), 7.31 – 7.27 (m, 4H), 7.24 – 7.20 (d, J = 6.7 Hz, 1H), 5.18 (t, J = 5.8

Hz, 1H), 4.48 (q, J = 7.1 Hz, 1H), 4.41 (d, J = 6.0 Hz, 2H), 4.40 (d, J = 6.0 Hz, 2H), 4.35 (ddd, J = 11.2,

5.1, 3.4 Hz, 1H), 4.02 (td, J = 10.9, 5.6 Hz, 1H), 3.79 (dt, J = 10.9, 5.3 Hz, 1H), 3.69 (dt, J = 11.8, 6.1 Hz,

1H), 3.59 – 3.46 (m, 2H).  13C NMR (151 MHz, DMSO-d6) δ 162.77, 142.54, 141.08, 139.90, 128.13,

127.10, 126.52, 113.71, 70.10, 62.54, 52.44, 41.59, 20.47. HRMS (ESI) m/z calculated for C15H18N4O5S

[M + Na]+ 389.0890, found 389.0086.

Pyridazine  2b  from  reaction  of  2  with  3,6-di-2-pyridyl-1,2,4,5-tetrazine. The  pyrazine  2b was

prepared from alkyne 2 (9.6 mg, 0.05 mmol) and dipyridyl tetrazine (11.8 mg, 0.05 mmol) according to
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the  general  procedure,  except  deuterated  acetonitrile  was  used  and the  reaction  was  stirred  at  room

temperature  overnight.  The  products  were  obtained  without  further  purification  as  white  solids  with

pinkish tints (19.2 mg). Due to the products’ low solubility in acetonitrile and chloroform, the NMR

spectra were taken in DMSO-d6. The yield was calculated based on the 1H NMR peak ratio between the

cycloaddition product and the tetrazine starting material (δproduct = 8.78-8.72 ppm, int. = 2.00. 2H; δtetrazine =

8.95 ppm, int. = 0.43, 1H). 1H NMR (600 MHz, DMSO-d6) δ 9.14 (dd, J = 6.2, 1.4 Hz, 1H), 9.11 (dd, J =

8.1, 1.4 Hz, 1H), 8.78 – 8.72 (m, 2H), 8.23 (ddd, J = 7.7, 6.0, 1.5 Hz, 1H), 8.09 (td, J = 7.7, 1.8 Hz, 1H),

7.94 (dt, J = 7.8, 1.2 Hz, 1H), 7.61 (ddd, J = 7.7, 4.9, 1.2 Hz, 1H), 5.12 (d, J = 6.1 Hz, 1H), 5.00 (s, 1H),

4.95 (ddd, J = 12.6, 6.9, 5.1 Hz, 1H), 4.87 (ddd, J = 13.9, 9.9, 4.6 Hz, 1H), 4.68 (td, J = 6.9, 3.3 Hz, 1H),

4.06 – 3.96 (m, 1H), 3.88 – 3.81 (m, 1H), 3.72 – 3.66 (m, 1H), 3.60 (s, 1H). 13C NMR (151 MHz, DMSO-

d6) δ 160.82, 155.77, 148.39, 147.52, 146.22, 145.77, 145.70, 138.72, 137.78, 137.40, 127.83, 125.35,

124.65,  124.15,  62.50,  55.39,  52.80,  23.13.  HRMS (ESI) m/z calculated for C18H17N5O4S [M + Na]+

422.0894, found 422.0892.

V. Preparation of bioorthogonal conjugates

Boc-protected aryl precursor to SNO-C343 (S6). A 50 mL round bottom flask equipped with a stir bar

was charged with SNO-OCT 1 (148.0 mg, 0.64 mmol) dissolved in dichloromethane (9.0 mL, 0.07 M).

BocBnBr (212.7 mg, 0.70 mmol) was added, followed by tetrabutylammonium bromide (20.6 mg, 0.06

mmol).  A solution  of  4.5  mL 1.0  M  aqueous  NaOH  was  added  and  the  mixture  stirred  at  room

temperature for 5 h. Upon completion of the reaction as indicated by an NMR aliquot, an equal amount of

water was added and the layers extracted with three portions of dichloromethane. The combined organics

were dried with sodium sulfate, filtered through cotton, and concentrated under reduced pressure. The

crude product was purified by silica gel chromatography using a 0 to 30% gradient of ethyl acetate in

hexane with 5% increments. The product was obtained 82% yield (237.2 mg, 0.53 mmol) as a white

foam. 1H NMR (500 MHz, CDCl3) δ 7.33 – 7.25 (d, 3H), 7.25 – 7.20 (d, J = 7.4 Hz, 1H), 5.01 – 4.92 (m,

1H), 4.81 – 4.71 (d, J = 14.8 Hz, 1H), 4.67 – 4.57 (m, 1H), 4.35 – 4.25 (t, J = 5.4 Hz, 2H), 4.23 – 4.17 (d,

J = 14.7 Hz, 1H), 3.69 – 3.55 (t, J = 7.8 Hz, 1H), 2.87 – 2.72 (dddd, J = 16.9, 11.4, 5.6, 2.5 Hz, 1H), 2.36

– 2.23 (dd, J = 17.1, 3.8 Hz, 1H), 1.87 – 1.69 (td, J = 8.4, 3.9 Hz, 2H), 1.49 – 1.41 (s, 9H), 1.19 – 0.95 (m,

4H), 0.82 – 0.72 (t,  J  = 7.2 Hz, 3H).  13C NMR (126 MHz, CDCl3) δ 155.90, 139.60, 136.35, 128.92,
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127.54, 127.22, 96.45, 93.75, 79.51, 75.96, 54.92, 54.53, 44.43, 33.82, 30.83, 28.39, 25.79, 22.35, 21.73,

13.86. HRMS (ESI) m/z calculated for C23H34N2O5S [M + NH4]+ 468.2527, found 468.2522.

Compound SNO-C343. A 25 mL round bottom flask equipped with a stir bar was charged with Boc-

protected aryl  precursor  (118.9 mg,  0.26 mmol)  dissolved in dichloromethane (2.6 mL,  0.1 M).  The

solution was cooled to 0 ºC and trifluoroacetic acid added dropwise at 0 ºC. The mixture was stirred for 5

min before warming it to room temperature. After 8 h, the reaction mixture was quenched with an equal

amount of saturated NaHCO3. The layers were extracted with three portions of dichloromethane, filtered

through cotton, and concentrated under reduced pressure. The crude product was directly carried forward

into  the  next  reaction.  A  10  mL  round  bottom  flask  was  charged  with  the  crude  product  in

dichloromethane  (2.2  mL,  0.1  M).  Coumarin  343  (61.7  mg,  0.22  mmol,  1.0  equiv)  and  4-

dimethylaminopyridine (DMAP; 8.0 mg, 0.07 mmol, 0.2 equiv) were added, followed by EDC•HCl (91.3

mg, 0.48 mmol, 2.2 equiv). The reaction mixture was stirred at room temperature for 15 h, stopped by

addition of an equal volume of water and diluted with dichloromethane. The layers were extracted with

three portions of dichloromethane, the combined organics were dried with sodium sulfate, filtered through

cotton,  and  concentrated  under  reduced  pressure.  The  crude  product  was  purified  by  silica  gel

chromatography using a 40 to 80% gradient of ethylacetate in hexane with 10% increments. The product

was obtained 37% yield (60.7 mg, 0.098 mmol) over two steps as a dark yellow solid. 1H NMR (500

MHz, CDCl3) δ 9.25 (t, J = 6.0 Hz, 1H), 8,63 (s, 1H), 7.41 – 7.28 (m, 4H), 7.01 (s, 1H), 4.97 (td, J = 11.2,

4.0 Hz, 1H), 4.76 (d, J = 14.7 Hz, 1H), 4.71 – 4.57 (m, 3H), 4.22 (d, J = 14.8 Hz, 1H), 3.65 (t, J = 8.2 Hz,

1H), 3.33 (q, J = 5.7 Hz, 4H), 2.93 – 2.71 (m, 5H), 2.29 (dd, J = 17.0, 3.9 Hz, 1H), 1.97 (h, J = 6.3, 5.5

Hz, 4H), 1.80 (dh, J = 20.4, 7.7, 7.3 Hz, 2H), 1.20 – 0.94 (m, 6H), 0.76 (t, J = 7.2 Hz, 3H). HRMS (ESI)

m/z calculated for C34H39N3O6S [M + H]+ 618.2632, found 618.2639. 
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Benzoic acid precursor to SNO-DF-Rho (S7). A 10 mL round bottom flask equipped with a stir bar was

charged with SNO-OCT 5 (128.5 mg, 0.57 mmol) dissolved in 2.2 mL dimethylformamide. The solution

was cooled to 0 ºC, followed by the addition of NaH 60% in mineral oil (43.3 mg, 1.08 mmol). The

mixture  was  stirred  at  0  ºC  for  5  min,  removed  from  the  ice  bath  and  a  solution  of  4-

(bromomethyl)benzoic  acid (97.7 mg,  0.45 mmol)  in  2.2  mL dimethylformamide  (DMF)  was  added

dropwise over 10 min. Solid formation was observed during the course of the addition. The reaction

mixture  was  stirred  at  room  temperature  for  3  h.  Upon  the  full  consumption  of  the  4-

(bromomethyl)benzoic acid, the reaction mixture was cooled to 0 ºC, and 4 mL 1.0 M HCl was added

dropwise at 0 ºC under an inert atmosphere. The crude mixture was quickly transferred to a separatory

funnel and diluted with ethyl acetate. The mixture was was extracted with three portions of ethyl acetate

and the combined organics dried with sodium sulfate, filtered through cotton, and concentrated under

reduced pressure. The crude product was purified by silica gel chromatography using a 0 to 30% gradient

of ethyl acetate in hexane with 10% increments containing a consistent 1% acetic acid. After two rounds

of purification, the product was obtained in 40% yield (64.7mg, 0.18 mmol) as a white solid.  1H NMR

(400 MHz, CDCl3) δ 8.24 – 8.06 (d, J = 8.2 Hz, 2H), 7.61 – 7.45 (d, J = 8.0 Hz, 2H), 5.11 – 4.97 (dd, J =

26.4, 12.4 Hz, 1H), 4.95 – 4.83 (d, J = 15.3 Hz, 1H), 4.73 – 4.60 (dd, J = 12.4, 8.6 Hz, 1H), 4.48 – 4.34

(d, J = 15.3 Hz, 1H), 3.80 – 3.61 (s, 1H), 2.02 – 1.90 (dt, J = 15.0, 7.7 Hz, 1H), 1.90 – 1.78 (dt, J = 14.0,

7.3 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 170.89, 140.92, 130.82, 129.52, 128.64, 112.50 (t, J = 241.3

Hz), 111.06 (t, J = 10.9 Hz), 85.79 (t, J = 43.4 Hz), 78.77 (m), 56.03, 54.81, 26.19, 10.66. 19F NMR (376

MHz, CDCl3)  δ -94.47 (d,  J = 277.0 Hz), -103.11 (d,  J = 276.9 Hz).  HRMS (ESI) m/z calculated for

C15H15F2NO5S [M − H]− 358.0566, found 358.0569. 

Compound SNO-DF-Rho. The following reaction work-up was adopted from a previously reported

procedure.6 A 25 ml  round bottom flask was charged with ArCOOH-DF-SNO-OCT (5.2 mg,  0.0145

mmol) and dissolved in 4.0 mL dichloromethane. Rhodamine-piperazine (13.2 mg, 0.0258 mmol) and 4-

dimethylaminopyridine (0.8 mg, 0.0065 mmol) were added,  followed by EDC•HCl (15.3 mg, 0.0798
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mmol). The reaction mixture was stirred at room temperature overnight and quenched by the addition of

saturated NaHCO3.  The aqueous phase was saturated with NaCl and extracted with three portions of

dichloromethane. The combined organic layers were dried with sodium sulfate, filtered through cotton,

and concentrated under reduced pressure. The crude product was purified by silica gel chromatography

using a 0 to 10% gradient of MeOH in dichloromethane with 5% increments containing a consistent 1%

NH4OH. After two rounds of purification, the product was obtained 60 % yield (7.7 mg, 0.0087 mmol) as

a purple solid. 1H NMR (400 MHz, CDCl3) δ 7.75 – 7.31 (m, 10H), 7.27 – 7.15 (m, 2H), 6.91 – 6.74 (m,

2H), 5.02 (ddd, J = 23.7, 12.5, 3.1 Hz, 1H), 4.79 (d, J = 15.2 Hz, 1H), 4.61 (dd, J = 11.4, 7.4 Hz, 1H),

4.41 (d, J = 15.2 Hz, 1H), 3.85 – 3.77 (m, 1H), 3.76 – 3.63 (q, J = 7.2 Hz, 8H), 3.62 – 3.41 (m, 8H), 1.95

(dq, J = 15.4, 7.5 Hz, 1H), 1.84 (dq, J = 13.8, 7.3 Hz, 1H), 1.35 (t, J = 7.1 Hz, 13H), 0.77 (t, J = 7.4 Hz,

3H).  13C NMR (126 MHz, CDCl3) δ 170.21, 167.72, 159.10, 157.74, 155.70, 137.09, 134.97, 134.97,

132.05 (broad singlet), 130.44 (broad singlet), 130.34, 130.20, 128.96, 128.89, 128.67, 128.44, 128.11

(broad singlet), 127.87, 127.63, 113.80, 112.58 (t, J = 239.6 Hz, 1C), 96.31(m, 1C), 78.65 (dd, J = 46.3,

34.5 Hz, 1C), 55.88, 54.94, 46.24, 26.20, 12.72, 10.67.  19F NMR (376 MHz, CDCl3) δ -94.16 (d,  J =

275.8 Hz), -103.08 (d,  J = 275.8 Hz). HRMS (ESI) m/z calculated for C47H52F2N5O6S+ [M]+ 852.3601,

found 852.3602. 

Compound S8. This compound was prepared based on a previously published procedure.7
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Compound BE-NHS (Boronic ester-NHS). The following reactions were based on previously published

procedures.7,8 In a glass vial equipped with a stir bar, Compound S6 (118.1 mg, 0.29 mmol) was dissolved

in dichloromethane (3.0 mL). The solution homogeneous solution was cooled to 0 ºC and trifluoroacetic

acid  (0.4  mL,  5.80  mmol)  was  added  dropwise.  The  mixture  was  stirred  at  0  °C  under  a  nitrogen

atmosphere for 30 min. All volatiles were removed under reduced pressure to give a viscous yellow oil.

The crude material was carried forward without any purification. In a vial equipped with a stir bar, the

crude material was diluted with DMF (0.64 mL). The mixture was cooled to 0 ºC in an ice bath and

followed by the dropwise addition of disuccinimidyl carbonate (DSC; 148.6 mg, 0.58 mmol) in DMF

(0.58 mL). Diisopropylethylamine (DIPEA; 0.1 mL, 0.58 mmol) was then added at 0 ºC. The mixture was

warmed to room temperature and stirred under a nitrogen atmosphere for 20 h. The mixture was diluted

with 50 mL ethyl acetate and washed with 50 mL of 1M HCl. The organic phase was then washed with 3

x  50  mL of  water.  The  combined  organics  were  dried  with  Na2SO4,  filtered  through  cotton,  and

concentrated  under  reduced pressure.  A brown viscous  oil  (152.7  mg)  was  obtained  without  further

purification. Due to the presence of DMF as the only impurity, we determined a nearly quantitative yield

based on 1H-NMR integration between the desired product and DMF (ratio = 1 : 0.8; DMF = 0.24 mmol;

Product = 0.30 mmol). 1H NMR (400 MHz, CDCl3) δ 10.64 (s, 1H), 7.86 (d, J = 8.2 Hz, 1H), 7.47 (d, J =

2.6 Hz, 1H), 7.13 (dd, J = 8.2, 2.6 Hz, 1H), 6.03 (s, 1H), 4.13 (t, J = 6.0 Hz, 2H), 3.49 (td, J = 6.7, 6.0 Hz,

2H), 2.81 (s, 4H), 2.09 (m, 3H), 1.37 (s, 12H).  13C NMR (101 MHz, CDCl3) δ 195.03, 170.18, 160.98,

151.63, 143.53, 138.08, 120.36, 111.23, 84.32, 65.75, 39.58, 37.46, 25.55, 24.95.  11B NMR (128 MHz,

CDCl3) δ 30.97. HRMS (ESI) m/z calculated for C21H27BN2O8 [M + Na]+ 469.1753, found 469.1757.

(Note:  13C signal of the  13CAryl-B at 124.53 ppm was missing from the  13C- NMR spectra, due to the

quadrupolar effect of  11B, thus the shift of  13CAryl-B was determined by HSQC and HMBC correlations;

see NMR spectra section for more details).
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Compound TR-Hyd. This compound was prepared from a series of previously published procedures.7

Compound C343-DBCO.  In a dried vial equipped with a stir bar, dibenzocyclooctyne-amine (DBCO;

10.0 mg, 0.036 mmol) and coumarin 343 (13.0 mg, 0.045 mmol) were dissolved in dichloromethane.

EDC•HCl (9.3 mg, 0.049 mmol) was added to the mixture, followed by DMAP (0.6 mg, 0.005 mmol).

The reaction was stirred at room temperature overnight, diluted with dichloromethane, then washed with

brine. The organics were then dried over Na2SO4, filtered through cotton, and concentrated under reduced

pressure. The crude product was purified by silica gel chromatography using a 0 to 100% gradient of

ethyl  acetate  in  hexane with 20% increments.  The product  was obtained 98% yield (19.2 mg,  0.035

mmol) as a brown solid. 1H NMR (500 MHz, CDCl3) δ 8,86 (t, J = 6.1 Hz, 1H), 8.50 (s, 1H), 7.71 (d, J =

7.5 Hz, 1H), 7.39 – 7.31 (m, 5H), 7.29 (dd, J = 7.5, 1.3 Hz, 1H), 7.19 (dd, J = 7.5, 1.4 Hz, 1H), 6.97 (s,

1H), 5.18 (d, J = 13.8 Hz, 1H), 3.64 (d, J = 13.8 Hz, 1H), 3.53 (qd, J = 6.7, 3.5 Hz, 2H), 3.32 (q, J = 5.4

Hz, 4H), 2.87 (t, J = 6.5 Hz, 2H), 2.76 (t, J = 6.3 Hz, 2H), 2.62 (dt, J = 16.2, 7.1 Hz, 1H), 2.11 (dt, J =

16.2, 6.4 Hz, 1H), 1.97 (h,  J = 6.0 Hz, 4H).  13C NMR (126 MHz, CDCl3) δ 171.52, 163.44, 162.63,

152.62, 151.40, 148.01, 147.99, 147.79, 132.27, 129.12, 128.47, 128.27, 128.03, 127.67, 127.05, 126.92,

125.46,  123.11,  122.58,  119.47,  115.00,  109.22,  108.18,  107.73,  105.67,  55.30,  50.20,  49.79,  35.77,

34.74, 27.45, 21.16, 20.23, 20.12. HRMS (ESI) m/z calculated for C34H29N3O4 [M + H]+ 544.2231, found

544.2231.
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Compound Diaz-NHS. The compound was prepared from a series of previously published procedures.9

Compound Ac4ManDiaz. The compound was prepared from previously published procedures.10

VI. NMR kinetics for SNO-OCT/dipole cyclization

General procedure for NMR kinetics.  We employed previous published procedures for studying the

NMR kinetics of SNO-OCT analogues.5
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Figure S2-7. Reaction of 5 and benzyl diazoacetamide after 1 min and 45 s at 24 ºC gave ~93% conversion. 
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Figure S2-8. Reaction of 5 and benzyl diazoacetamide after 2 min and 15 s at 0 ºC gave ~89% conversion. 

Figure S2-9. Reaction of 5 and benzyl diazoacetamide after 2 min and 13 s at -25 ºC gave ~81% conversion.

Figure S2-10. Reaction of 5 and benzyl diazoacetamide after 2 min and 4 s at -32 ºC gave ~80% conversion.
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Figure S2-11.  Reaction of  5  and benzyl  azide in  CD3CN : D2O (1 :  2  ratio)  for  1 min and 37 s gave ~77%
conversion. Kinetics were too fast to measure by NMR at 23ºC in this more aqueous environment. The rate increase
is likely due to the stabilization effect of a more polar transition state previously observed in other cycloaddition
reactions.11

Note: VT-NMR kinetics on the OH-SNO-OCT 2 were performed using the same method as 5 + benzyl

diazoacetamide. This information was not described in the manuscript, but is included for completeness.
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VII. Plate reader kinetics for SNO-OCT/tetrazine cyclization
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General  procedure.  Individual  stock  solutions  of  SNO-OCT (0.02  M)  and  3,6-di-2-pyridyl-1,2,4,5-

tetrazine  (0.002 M) in  methanol  were  prepared.  The kinetics  between SNO-OCTs and tetrazine was

monitored using a Perkin-Elmer Envision plate reader in clear flat-bottomed 96-well plates. A 100  μL

aliquot of the tetrazine solution was first added to a well and the initial absorption was measured (Aint).

After  the  addition  of  SNO-OCT solution  to  the  tetrazine-containing  well,  the  decrease  of  tetrazine

absorbance was measured at 531 nm over a period of 9,000 s at intervals of 300 s. All experiments were

performed in triplicate. The second-order kinetic rate (k2) was derived from the equations below:

(1) ε·l = Aint / 0.002 M
(2) ln[tetrazine] = ln(A1–300/(ε·l × 2))
(3) kobs = slope of ln[tetrazine] vs time
(4) k2 = kobs / 0.01 M
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Well No. Abs 1 Abs 2 Abs 3 Average

A int 0.171 0.199 0.181 0.184

εl 85.5 99.5 90.5 91.83
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Well No. Abs 1 Abs 2 Abs 3 Average

kobs 1.7621E-04 1.6219E-04 1.7387E-04 1.7076E-04

k2 1.7621E-02 1.6219E-02 1.7387E-02 1.7076E-02

k2 = 0.0171 ± 0.0004 M−1s−1

*********

Well No. Abs 1 Abs 2 Abs 3 Average

Aint 0.132 0.149 0.136 0.139

ε·l 66.0 74.5 68.0 69.5
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Well No. Abs 1 Abs 2 Abs 3 Average

kobs 6.8066E-05 6.2859E-05 6.7843E-05 6.6256E-05

k2 6.8066E-03 6.2859E-03 6.7843E-03 6.6256E-03

k2 = 0.0066 ± 0.0002 M−1s−1
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VIII. Reactions of one SNO-OCT with two competing dipoles

General procedure.  This procedure was adopted from a previously published SNO-OCT competition

experiment.11 Stock solutions (0.02 M in acetonitrile-d3) of the SNO-OCTs and the dipoles were prepared.

One equivalent of each of the two SNO-OCTs were combined in a vial equipped with a stir bar, followed

by the addition of one equivalent of the dipole solution. The reaction was stirred at room temperature for

1 h to ensure full conversion. All volatiles were removed under reduced pressure and the selectivity was

determined based on NMR integrations of the product peaks.

Figure S2-12. Competition between benzyl diazoacetamide and benzyl azide for 1. Ratio of cycloaddition products
was calculated based on the product formation ratio between 1 and diazoacetamide. Calculations indicate 4.27 equiv
of 1a vs. 2.00 equiv of 1c to give a ratio of 2 : 1.
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********

Figure S2-13. Competition between benzyl diazoacetamide and benzyl azide for 5. Ratio of cycloaddition products
calculated from the product formation ratio between 5 and diazoacetamide. Calculations indicate 1.16 equiv of 5a
vs. 0.09 equiv of 5c, resulting in a 13 : 1 ratio.
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IX. Reactions of two SNO-OCTs for one dipole

General procedure.  This procedure was adopted from a previously published SNO-OCT competition

study.12 Stock solutions (0.02 M in acetonitrile-d3) of the SNO-OCTs and the dipoles were prepared. One

equivalent of the dipole solution was added to a vial equipped with a stir bar, followed by the addition of

one equivalent of each of the SNO-OCT solutions. The reaction was stirred at room temperature for 1 h to

ensure full conversion. All volatiles were removed under reduced pressure and the selectivity determined

based on NMR integrations of the product peaks.

Figure S2-14. Competition between 1 and 5 for benzyl diazoacetamide. The amount of ycloaddition product was 
calculated based on integration of 1a major’s 2Hs at the benzylic position. Calculations indicate 1.16 equiv of 5a vs.
0.08 equiv of 1a to give a ratio of 14 : 1.

Figure S2-15. Competition between 1 and 5 for dipyridyl tetrazine showed only product resulting from the reaction 
of 1 and dipyridyl tetrazine 1b. The NMR spectra match previously reported values.12
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X. Reactions of two SNO-OCTs competing for two dipoles

General procedure.  This procedure was adopted from a previously published SNO-OCT competition

study.12  Stock solutions  (0.1 M in  methanol)  of  the  SNO-OCTs and the  dipoles  were  prepared.  One

equivalent of each of the dipole solutions were combined in a vial equipped with a stir bar, followed by

the addition of one equivalent  of  each of the SNO-OCT solutions.  The reaction was stirred at  room

temperature for 1 h to ensure full conversion. All volatiles were removed under reduced pressure and the

orthogonality analyzed using either an NMR or UPLC/LC-SM calibration curve.

Figure S2-16A. Competition between 1 and 5 for dipyridyl tetrazine and benzyl diazoacetamide; only products 1b
and 5a (two regioisomers) were observed. The NMR spectra match previously reported values.5,13
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Method 1 RT (min) Area (V·s)*

Peak 1 5c maj 1.63066667 0.48869333

Peak 2 1c min 1.76766667 0.969846

Peak 3 1a maj 1.86366667 1.25377233

Peak 4 1c maj 1.96966667 2.307522
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Method 2 RT (min) Area (V·s)*

Peak 1 5a maj 2.086 4.89384233

Peak 2 5c min 2.607 0.15620833

Peak 3 5a min 2.751 0.48344133
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Ratio Calculation
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1a
1.3955488

1
1.9

1c
4.2957829

5
5.8

5a
4.6092965

9
6.3

5c
0.7372923

6
1.0

S2-32



Figure S2-16B.  In  the competition between  1 and  5  for  benzyl  diazoacetamide and benzyl  azide,  all  possible
products were observed. Due to the difficulties of analyzing the mixture by NMR, LC-MS was used to assess ratios.
Two LC-MS method were used to analyze these mixtures, with concentrations based on the calibration curves in
Section XII. 
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XI. Triple ligation results

General  procedure.  Stock  solutions  (0.1  M  in  methanol)  of  the  SNO-OCTs  and  the  dipoles  were

prepared. One equivalent of each dipole was combined in a vial equipped with a stir bar, followed by the

addition  of  one  equivalent  of  each  of  the  SNO-OCT  solutions.  The  reaction  was  stirred  at  room

temperature for 1 h to ensure full conversion. All volatiles were removed under reduced pressure, and the

selectivity determined based on UPLC/LC-MS analysis using Method 1.
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Note:  Peak 1 is  an  unknown that  has  been observed from the  cycloaddition  between  1 and

dipyridyl tetrazine. We suspect this is a by-product from loss of one of the pyridine moieties,

based on HRMS. Peak 6 is an undesired cross product. The cross-product:desired product ratio

was not calculated, as the amount of cross product is below the limits of the calibration curve,

while the desired products exceed the limits at the other end of the calibration curve. Similar

minor  cross reactivity products are observed in dual  ligation systems when the mixture was

injected into UPLC/LC-MS; however, the cross product is not observable by NMR, indicating a

selectivity of > 20:1.

Figure S2-17. The triple ligation of three pairs of bioorthogonal reagents. Mutual orthogonality was observed, based
on UPLC/LC-MS analysis.
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XII. UPLC-MS methods and calibration curves

General procedure for calibration. Response factor curves were created for each compound, which

were synthesized and purified based on the method reported above or on previously reported methods.5

Serial dilutions were performed in a 96-well plates to create a series of concentrations (5.0 mΜ – 0.4

mM). The UV absorption at  215 nm was measured,  based on 1  μL injections of samples at  various

concentrations.  The  calibration  curves  were  generated  based  on  the  peak  area  of  the  corresponding

compound vs. concentration. Each curve was generated in triplicate to furnish the following calibration

curves.  Error  bars  were  also  incorporated  into each  averaged point.  Note:  Due  to  the  difficulties  in

separating all components in the competition mixture using a single method, two methods were developed

to achieve optimal separation and efficiency. 

UPLC-MS methods:

Method 1
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Solvent gradient: Method 1

Time (min)

%
B

 

Solvents A2 H2O + 0.1%
 formic acid

B2 MeCN +
0.1%

formic acid
1 μL per
injection

Time (min) Flow speed
(mL/min)

%A %B

1 0.00 0.700 80.0 20.0

2 0.40 0.700 80.0 20.0

3 0.50 0.700 60.0 40.0

4 3.00 0.700 58.0 42.0

5 3.50 0.700 5.0 95.0

6 3.80 0.700 80.0 20.0

7 4.00 0.700 80.0 20.0

The following compounds were calibrated using Method 1:
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Method 2
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Solvents A2 H2O + 0.1%
formic acid

B2 MeCN +
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formic acid
1 μL per
injection

Time (min) Flow speed
(mL/min)

%A %B

1 0.00 0.700 80.0 20.0

2 0.40 0.700 80.0 20.0

3 0.50 0.700 75.0 25.0

4 3.00 0.700 70.0 30.0

5 3.50 0.700 5.0 95.0

6 3.80 0.700 80.0 20.0

7 4.00 0.700 80.0 20.0

The following compounds were calibrated using Method 2:
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Compound 4a major calibration curve. 
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Note: Due to the difficulties in purification, the compound was calibrated as a mixture. The area was 

determined by the total combined integrated value. 
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Compound 5a major calibration curve. 
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Compound 5c minor calibration curve. 
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XIII. In cellulo assays

Mammalian cell culture

Chinese Hamster Ovary cells (CHO-K1, American Tissue Culture Catalog CCL-61™) were cultured in

sterile T-75 flasks containing 20 mL of F12-K medium supplemented with 10% v/v fetal bovine serum

(FBS), 100 units/mL penicillin, 100 µg/mL streptomycin, and 2 mM glutamine. Unless otherwise stated,

supplemented F12-K medium contains 10% FBS 100 units/mL penicillin, 100 µg/mL streptomycin, and 2

mM glutamine. Cells were cultured at 37 °C with 5% v/v CO2 in an incubator. Cells were counted to

determine seeding density using a Countess™ II Automated Cell Counter, employing trypan blue and

disposable countess chamber slides according to manufacturer recommendation.

 

Microscopy

Chinese hamster ovary cells (CHO-K1) were plated at 50,000–75,000 cells/well in an 8-well glass bottom

microscopy dish (µ-Slide 8 well) in supplemented F-12K medium. These cells were incubated overnight

at 37 °C. Prior to treatment, the cells were washed twice with 200 µL of Dulbecco’s phosphate-buffered
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saline  (DPBS)  supplemented  with  calcium  and  magnesium  (DPBS,  0.9  mM  CaCl2,  0.49  mM

MgCl2·6H2O,  2.67  mM  KCl,  1.467  mM  KH2PO4,  138  mM  NaCl,  and  8.059  mM  Na2HPO4·7H2O),

followed  by  the  addition  of  200  µL of  supplemented  F-12K  medium.  Probe  solutions  prepared  in

supplemented F-12K were added to achieve the appropriate concentration of the molecule and allowed to

incubate for 2 h at 37 °C. CHO-K1 cells were then washed twice with 200 µL of DPBS, and 160-200 µL

DPBS was added to each well prior to counterstaining or addition of 200 µL of Invitrogen Live-Cell

Imaging solution (140 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, and 1.0 mM MgCl2 in 20 mM HEPES, pH

7.4). Counterstaining involved treatment of cells with Hoechst 33342 at 2 µg/mL or Invitrogen Wheat-

Germ Agglutinin-AlexaFluor-647™ at 5 µg/mL for 15 min on ice, then washing twice with 200 µL of

Invitrogen Live-Cell Imaging Solution before addition to a final 200 µL of Invitrogen Live-Cell Imaging

solution to each well. 

Images were recorded with an Andor Spinning Disk Confocal Microscope using a 1.4 NA, 60x Plan Apo

objective. Sample excitation was performed with a 50 mW, 405 nm; 50 mW, 488 nm; 50 mW, 561 nm; or

100 mW, 640 nm laser. Images were recorded with an Andor Zyla sCMOS or Andor iXion+ EMCCD

camera and MetaMorph acquisition software. Further background subtraction and analysis was performed

using Fiji software. Inspection of these images abated concerns of bleed-over from SNO-C343 into the

488 nm channel used to observe DCF, as bright, high-intensity objects found in SNO-C343 micrographs

are not observed in the 488 nm channel. 

Metabolic labeling 

A sterile-stock solution of Ac4ManDiaz was prepared in absolute ethanol at a concentration of 10 mM.

One hour prior to seeding CHO-K1 cells, 0–15 µL of the 10 mM Ac 4ManDiaz stock solution was added

to either a sterile 8-well Ibidi glass bottom slide or a sterile 12-well plate and allowed to evaporate prior

to seeding. CHO-K1 cells were seeded at 50,000 cells/well at a volume of 200 or 500 µL in supplemented

F-12K medium and allowed to incubate at 37 °C with 5% v/v CO2 in a tissue culture cabinet for 24 h.

Prior to labeling, cells were washed twice with DPBS, followed by the addition of 200 or 500 µL of fresh

supplemented F-12K medium to each well. Cells were then treated with DIFO-SNO–Rho at 1 µM for 2 h,

before being washed twice with DPBS and analyzed with flow cytometry or confocal microscopy.

Flow cytometry

Cells were released from 12-well culture dishes by incubation with 200 µL of 0.25% v/v trypsin–EDTA

mix for 5 min at 37 °C with 5% v/v CO2 in a tissue culture cabinet, and trypsinolysis was quenched with

500 µL of supplemented F-12K medium. Cells were then subjected to centrifugation at 200g for 5 min
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and resuspended in 1 mL of DPBS supplemented with 1% w/v bovine serum albumin (BSA). To these

cells was added 1 µL of 30 µM of SYTOX® Green solution to obtain a stain concentration of 30 nM; cells

were then lightly vortexed and allowed to incubate for 20 min. Cells were centrifuged again at 200g for 5

min and resuspended in 1 mL of DPBS supplemented with 1% w/v BSA, and the process was repeated to

remove excess dye before final resuspension in 1 mL of DPBS supplemented with 1% w/v BSA. Cells

were then analyzed with an Attune NxT Flow Cytometer, and fluorescence intensity was quantified on

20,000 live, single cell events at the experimental conditions. Data were analyzed with FlowJo version

10.7.

Protein labeling 

Preparation of RNase A–BA, RNase A–Tet, and Cyto  c  –AcDz.

Bovine pancreatic ribonuclease A (RNase A) and horse heart cytochrome c (Cytoc) were obtained from

Sigma–Aldrich. Solutions of 10 mg/mL of RNase A and Cytoc were prepared in DPBS. Solutions of 10

mM tetrazine-NHS, diaz-NHS, and BE-NHS in DMSO were prepared immediately before use and stored

at −20 °C. In a typical reaction, 1 equiv of tetrazine-NHS, or BE-NHS was added to a 1-mg (100 µL)

solution  of  RNase  A on ice,  and  the  resulting  solution  was  mixed gently for  2  h.  In  an  equivalent

transformation, 1 mg of Cytoc was functionalized with 1 equiv of Diaz-NHS. Protein conjugates were

then diluted to a volume of 250 µL with DPBS, eluted from a PD-25 column equilibrated with DPBS

elution  that  was  monitored  by  absorption  measurements  at  A280.  Functionalized  proteins  were

concentrated with a 3.5-kDa molecular weight cut-off spin concentrator at 10,000g for 10 min. The mass

of  protein  conjugates  was  measured  with  matrix-assisted  laser-desorption  ionization  (MALDI)  mass

spectrometry.

Assessing mutual orthogonality

Protein-conjugates and small molecule mixtures were prepared to assay the extent of orthogonality among

reactive species. The corresponding lane number presented in Figure 4a and Figure S2-12a–d imaged

with in situ gel fluorescence is indicated in parenthetheses. To demonstrate the mutual orthogonality of

reactive pairs, an aliquot of Cytoc–AcDz (7), RNase A–BA (6), or RNase A–Tet (5) was mixed with 5

equiv of  SNO-DF–Rho,  SNO–C343,  and TR–Hyd and allowed to react  shielded from light  at  room

temperature overnight with gentle mixing. In a similar experiment, 1 equiv of Cytoc–AcDz, RNase A–

BA, and RNase A–Tet were mixed with 5 equiv of SNO-DF–Rho (4), SNO–C343 (2), and TR–Hyd (3)

allowed to react shielded from light at room temperature overnight with gentle mixing. Finally, the mutual

orthogonality of all three pairs was tested by mixing 0.34 equiv (each) of Cytoc–AcDz, RNase A–BA,

and  RNase  A–Tet  and  with  1.5  equiv  (each)  of  SNO-DF–Rho,  SNO–C343,  and  TR–Hyd  (8).  The
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compounds were allowed to react while shielded from light at room temperature overnight with gentle

mixing. A 20-µL aliquot was then drawn from each reaction mixture and diluted 10-fold to 200 µL. From

the diluted stock, a 10-µL portion was added to 10 µL of 5% v/v β-mercaptoethanol in Laemmli sample

buffer, and the resulting solution was heated to 95 °C for 20 min. Samples were then cooled and separated

by gel electrophoresis. Fluorescent imaging of the gel was recorded with an Amersham Imager 680 blot

and gel imager. Some bleed-through between blue and green channels was apparent. Excitation at 460

nm,  520 nm,  and 630  nm with  corresponding  filter  sets  of  525/20  nm,  605/40  nm and 705/40 nm

intrinsically lead to bleed-through between SNO-DF-Rho and Hyd-TR conjugates, which show excitation

maxima at 570 nm and 600 nm, respectively. 

Figure S2-18.  In situ  gel  fluorescence validation of  tripartite  biorthogonal set  with protein labeling with a GE
Amersham  Imager  680.  (a)  460  excitation  525/20  nm  filter  set  (b)  520  nm  excitation,  605/40  nm  filter  set.
(c) 630 nm excitation and 705/40 nm filter set. (d) Combination of images in Figure S12a–c with false-color.
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Figure S2-19.  Uptake of SNO-DF–Rho by
CHO-K1  cells.  Images:  60%  laser  power,
200  ms  exposure  time  with  an  sCMOS
camera. Scale bar: 10 µm.
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Figure  S2-20.  Uptake  of  SNO–C343  by
CHO-K1  cells.  Images:  45%  laser  power,
150  ms  exposure  time  with  an  sCMOS
camera. Scale bar: 10 µm.

S2-46



Figure S2-21.  Mitochondrial labeling colocalization experiments of SNO-DF–Rho. (a) Comparison of CHO-K1
cells treated with MitoTracker® Green (500 nM) and with and without SNO-DF–Rho (1 µM). (b) Two-dimensional
intensity  histogram of  SNO-DF–Rho  (561 nm channel)  and  MitoTracker® Green  (488  nm channel).  Pearson’s
coefficient for colocalization of MitoTracker® Green and SNO-DF–Rho was R = 0.90 ± 0.01 (n = 3). Images were
recorded with an sCMOS camera. Scale: 10 μm.
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Figure S2-22. Uptake of DBCO-PEG4–Rho into CHO K-1 cells. Images: 60% laser power, 200 ms exposure time 
with an sCMOS camera. Scale bar: 7.5 µm. 
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Figure S2-23. Uptake of DBCO-C343 into CHO-K1 cells. Images: 45% laser power, 200 ms exposure time with an
sCMOS camera. Scale bar: 7.5 µm.

Figure S2-24.  Titration of CHO-K1 cells with Ac4ManDiaz after labeling with SNO-DF–Rho (1 µM). Images:
561 nm, gain 10, exposure time 100 ms with an EMCCD camera. Scale Bar: 10 µm.
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Figure S2-25. Analysis of CHO-K1 cells metabolically labeled with Ac4ManDiaz (20 µM) after
incubation with SNO-DF-Rho (1 µM) for 1 h, cells were the incubated with SYTOX green for 15
min (see in vitro methods for more information). (a) Scatter plot of metabolically labeled
CHO-K1 cells, (b) Scatter plot of SYTOX Green-treated CHO-K1 cells with 488 nm excitation.
(c)  Scatter  plot  of  metabolically  labeled  CHO-K1  cells  with  561  nm  excitation.
(d) Fluorescence  intensity  histogram of  metabolically  labeled  CHO-K1 cells  with  561 nm
excitation. (e) Scatter plot of metabolically labeled CHO-K1 cells incubated with 1 µM SNO-
DF–Rho. (f) Scatter plot of CHO-K1 cells incubated with 1 µM SNO-DF–Rho with excitation
488 nm. (g) Scatter plot of CHO-K1 cells incubated with 1 µM SNO-DF–Rho with excitation
561 nm. (h) Fluorescence intensity histogram of metabolically labeled cells treated with 1
µM SNO-DF–Rho.
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XV. NMR spectra
1H NMR for Compound S2.
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13C NMR for Compound S2.
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19F NMR for Compound S2.

S2-54



 1H NMR for Compound S3.
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13C NMR for Compound S3.
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19F NMR for Compound S3.
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 1H NMR for Compound S4.
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13C NMR for Compound S4.
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19F NMR for Compound S4.
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1H NMR for Compound S5.
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13C NMR for Compound S5.
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19F NMR for Compound S5.
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1H NMR for Compound 5.
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13C NMR for Compound 5.
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19F NMR for Compound 5 (24ºC, setpoint).

S2-66



19F NMR for Compound 5 (55ºC, setpoint).
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1H NMR for Compound 5a major.
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13C NMR for Compound 5a major.
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19F NMR for Compound 5a major (at 24ºC).

S2-70



19F NMR for Compound 5a major (at 55ºC, setpoint).
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1H NMR for Compound 5a minor.
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 13C NMR for Compound 5a minor.
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19F NMR for Compound 5a minor.
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1H NMR for Compound 5c major.
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13C NMR for Compound 5c major.
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19F NMR for Compound 5c major (at 24ºC).
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19F NMR for Compound 5c major (at 55ºC, setpoint).

S2-78



1H NMR for Compound 5c minor.
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13C NMR for Compound 5c minor.
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19F NMR for Compound 5c minor.
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1H NMR for Compound 2a. 
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13C NMR for Compound 2a. 
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1H NMR for Compound 2b. 
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13C NMR for Compound 2b.
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13C NMR for Compound 2b HMBC (Full). 
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13C NMR for Compound 2b HMBC (Zoom: Tetrazine and 2b overlap). 
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1H NMR for Compound 2b’s remaining tetrazine starting material. 
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13C NMR for Compound 2b’s remaining tetrazine starting material. 
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1H NMR for Compound S6.
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13C NMR for Compound S6.
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 1H NMR for Compound SNO-C343.
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13C NMR for Compound SNO-C343.
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1H NMR for Compound S7
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13C NMR for Compound S7
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19F NMR for Compound S7 (24ºC) 
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19F NMR for Compound S7 (50ºC setpoint) 
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 1H NMR for Compound SNO-DF-Rho (24ºC). 
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 1H NMR for Compound SNO-DF-Rho (55ºC) 
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13C NMR for Compound SNO-DF-Rho (24ºC). 

19F NMR for Compound SNO-DF-Rho (24ºC) 
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19F NMR for Compound SNO-DF-Rho (55ºC setpoint) 
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1H NMR for Compound BE-NHS 
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13C NMR for Compound BE-NHS
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11B NMR for Compound BE-NHS 
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HSQC for Compound BE-NHS 
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HSQC for Compound BE-NHS (Zoom) 
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HMBC for Compound BE-NHS 

S2-107

124.53 ppm 

6

5

4

3

2

1



HMBC for Compound BE-NHS (Zoom) 
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1H NMR for Compound C343-DBCO 
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13C NMR for Compound C343-DBCO
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