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stepwise reaction between CAK and UI18 yielding lactam$3-24 andd-20.
Study of nucleophilic attack of W8 on DMK 26.

Figure Sb. TS-rot2-18 involved in theenddexostereoisomeric conversion in the
zwitterionic intermediat&W-st-18.

Table S5. MPWB1K/6-311G(d,p) enthalpies (H, in au), entrgp(&, in cal/mol

K) and free energies (G, in au), computed at 25.8rfd 1 atm in DEE, of the
stationary structures involved in the reaction€6K 17 with Uls 18 and19.

Table S6. MPWB1K/6-31G(d) electronic chemical potentiglchemical hardness
1, global electrophilicityo, and global nucleophilicitil indices, in eV, of ketenes
17 and26, and Uls18 and19.

MPWB1K/6-311G(d,p) computed total energies, unigpaginary frequency, and
cartesian coordinates of the optimised structundSEE of the reactions of CCK
17 with Uls 18 and19.
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ELF topological analysis of the two competitive mhels associated with the stepwise
reaction between CCK7 and U118 yielding lactamg3-24 and o-20.

Recent theoretical works have emphasised that the tBpological analysis along a
reaction path is a valuable tool to understandbitveding changes along the reaction
path! After an analysis of the electron density, the Ftévides basins, which are the
domains in which the probability of finding an dlen pair is maximal. The basins are
classified as core basins and valence basins.aktez hre characterised by the synaptic
order, i.e. the number of atomic valence shells/itich they participaté.Thus, there
are monosynaptic, disynaptic, trisynaptic basingl @ on. Monosynaptic basins,
labelled V(A), correspond to lone pairs or non-biagdegions, while disynaptic basins,
labelled V(A,B), connect the core of two nuclei AdaB and, thus, correspond to a
bonding region between A and B. This descripticcovers the Lewis bonding model,
providing a very suggestive graphical representaticthe molecular system.

A great deal of work characterising the mechanisrhssignificant organic
reactions involving the formation of new C single bonds have shown that it begins in
the short CC distance range of 1.9 - 2.0 A by merging two nsymaptic basins,
V(Cx) and V(Cy), into a new disynaptic basin V(Cy)@&ssociated with the formation
of the new CxCy single bond.The Cx and Cy carbons characterised by the presenc
of the monosynaptic basins, V(Cx) and V(Cy), haweerb called pseudoradical
centres.’

In the present section, an ELF topological analgdithe most relevant points
associated with the formation of lacta®4 andd-20 has been performed in order to
characterise the molecular mechanisms. This ELFysisahas been divided into three
parts: i) analysis along the nucleophilic attackJbfl8 on CCK17; ii) analysis of the
ring closure aZW-st-18 with formation off3-lactam-24; and iii) analysis of the ring
closure atZW-sc-18 with formation ofd-lactamd-20. The N populations of the most
significant ELF valence basins at specific poiritsig the IRC are displayed ifables
S1, S2andS3 The attractor positions for the most relevannigassociated with the

formation of lactam§-24 andd-20 are shown irFigures S1S2andS3.
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I) ELF topological analysis along the nucleophidittack of UI18 on CCK17.

As commented above, the nucleophilic attack of18lon CCK 17 does not
present an activation enthalpy. In order to perfohe ELF topological analysis along
the NX C6 bond formation, a relaxed PES calculation watopaed taking the N1C6
distance as the only variable, being modified fra1® A to 1.5 A (a N1-C6 distance
corresponding to intermediaZa/\V -st-18).

Table S1. Valence basin populatioé calculated from the ELF at some selected points
of the relaxed PES scan along the nucleophiliclkttd Ul 18 on CCK17, and afT S

36, associated with the nucleophilic attack of18lon DMK 26. d(N1- C6) distance is
given in Angstroms. The GEDT obtained by NBO analisgiven in e.
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P1 P2 P3 P4 ZW-+-18 TS26
d(N1-C6) 2.620 2.220 2.020 1.920 1.489 2.056

GEDT 008 0.22 033 0.39 0.63 0.21
V(N1,C2) 151 157 153 1.73 3.77 1.69
V'(N1,C2) 1.48 152 153 153 1.44
V(C2,C3) 224 231 229 232 2.39 2.31
V(C3,C4) 172 169 164 164 1.64 1.68
V(C3,Cc4) 166 168 166 1.66 1.56 1.65
V(C5,C6) 212 211 210  2.10 3.30 2.14
V(C5,C6) 211 155 148  1.44 2.12
V(C6,07) 159 296 278  2.62 2.20 2.50
V'(C6,07) 1.46

V(07) 468 477 494 509 2.81 2.70
V'(07) 2.77 2.52
V(N1) 275 246  2.39 2.47
V(C6) 0.13

V(N1,C6) 2.41 1.96

V(C5) 059 0.61 0.64 0.61

At P1, d(N1- C6) = 2.620 A, the ELF topological analysis is $#mito that
expected at the separated reagents. In this wasmsao be highlighted are those
corresponding to the NC and G C double bonds in both W8 and CCK17. The Ul
framework presents two pairs of disynaptic basm@\J1,C2) and V'(N1,C2), and
V(C3,C4) and V'(C3,C4), integrating a total of 2%nd 3.38e, respectively, which are
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associated with the NIC2 and C3C4 double bonds. On the other hand, one V(N1)
monosynaptic basin, integrating 2.75e, associatitd tke N1 lone pair can be also
observed. The CCK framework presents two disynaiasins, V(C5,C6) and
V'(C5,C6), integrating a total of 4.23e, associaweth the C5 C6 double bond; two
disynaptic basins, V(C6,07) and V'(C6,07), inteigigata total of 3.05e, associated with
the C6 O7 double bond; and one monosynaptic basin, V(@wggrating 4.68e,
associated with the O7 lone pairs.

At P2, d(N1- C6) = 2.220 A, the V(N1) monosynaptic basin hasresed its
population to 2.46e, while the two V(C6,07) andGB(0O7) disynaptic basins merge
into the V(C6,07) disynaptic basin, integrating 629 Interestingly, a new V(C5)
monosynaptic basin, integrating 0.59e, appearss hwnosynaptic basin is kept all
along this first step and along the greatest platih@ channels associated with the ring
closures. The electron density of the new V(C5) asynaptic basin comes mainly
from one of the two disynaptic basins of the C& bond region.

At P3, d(N1-C6) = 2.020 A, one remarkable change takes pladb the
appearance of a V(C6) monosynaptic basin at thea@§on, integrating 0.13e, together
with a slight depopulation of the V(N1) monosynagdiasin to 2.39e. This new V(C6)
monosynaptic basin will participate in the subsedjél- C6 bond formation. At this
point the GEDT is 0.33e.

Interestingly, on going from the separated reagetdsP3, the V(N1)
monosynaptic basin experiences a depopulationlphtalthe GEDT observed along
the nucleophilic attack, while the population oétN1- C2- C3- C4 aza-dienic system
remains almost unchanged. Consequently, the GER&reed along the NIC6 bond
formation comes mainly from the N1 nitrogen loneirpdNote that in polar
cycloaddition reactions involving nucleophilic dem) the GEDT comes mainly from
the depopulation of the diene system involved endicloaddition.

At P4, d(N1- C6) = 1.920 A, the most relevant changes alongthae take place.
Both V(N1) and V(C6) monosynaptic basins merge iatoew V(N1,C6) disynaptic
basin, which integrates 2.41e. At this point, therfation of the first NAC6 bond has
begun. From this structure to intermediZi/-st-18, no more significant changes take
place in the ELF topology; only basin populatioraicges are observed. In this way, the

electronic integration at both V(N1,C6) and V(C6)Qifsynaptic basins decreases by



S5

0.49 and 0.35e, respectively, while that of the Y,0R) disynaptic basin increases by
0.56e.

At ZW-st-18, d(N1- C6) = 1.489 A, the two pairs of disynaptic basmM@\1,C2)
and V'(N1,C2), and V(C5,C6) and V(C5,C6), mergeoirmtvo disynaptic basins,
V(N1,C2) and V(C5,C6), integrating 3.77 and 3.3@spectively. On the other hand,
while the V(N1,C6) and V(C6,07) disynaptic basins depopulated to 1.96 and 2.20e,
respectively, the O2 lone pairs appear as two V@id) V’'(O7) monosynaptic basins,

integrating a total of 5.58e.

o
)
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Figure S1. ELF attractor positions for the most relevant ppiassociated with the N1
C7 single bond formatiof®3 andZW-st-18, and those iff S-26.



S6

Finally, the ELF valence basin populations of th& &ssociated with the
nucleophilic attack of UL8 onDMK 26, TS-26, are given infable S1(see above)l S-
26 shows two pairs of disynaptic basins, V(N1,C2) &N1,C2), and V(C3,C4) and
V'(C3,C4), integrating a total of 3.13 and 3.33&spectively, associated with the N1
C2 and C3C4 double bond regions of UB; one pair of disynaptic basins, V(C5,C6)
and V'(C5,C6), integrating a total of 4.26e, assi®ad with the C5C6 double bond; and
one V(C6,07) disynaptic basin, integrating 2.5Gsoaiated with the C6-O7 bonding
region of DMK 26. TS-26 shows also one V(N1) monosynaptic basin, integgati
2.47e, associated with the N1 lone pair, and tw@®@®&(and V'(O7) monosynaptic
basins, with a total population of 5.22e, assodiatgh the O7 lone pairs. No V(N1,C6)
disynaptic basin is found at this TS, indicatingttthe N1 C6 bond formation has not
started yet. AT S-26 the GEDT, 0.21e, is lower than that?® 0.33e, as a consequence
of the lower electrophilic character of DM26 compared with CCKL7.

Topologically, TS-26 resembled”3 of the attack of UIl8 on CCK 17, with a
similar N1- C6 distance (sekigure S). The main ELF topologic differences are: i) the
absence of the V(C5) monosynaptic basin prese3jnand ii) the presence of two
V(O7) and V'(O7) monosynaptic basinsTi®-26 with a larger population than that at
the V(O7) monosynaptic basin presentFB These behaviours can be related to the
presence of the cyano group and the chlorine atatmel C5 carbon of CCK7, that not
only increases the electrophilicity of CCR, but also polarises the ketene-C%- O7

system.

i) ELF topological analysis of the ring closure A¢V-st-18 with formation of3-lactam

B24.

TheN populations of the most significant ELF valencsibsa at specific points of
the IRC associated with the ring closureZ8-st-18 with formation ofp3-lactamf3-24
are displayed imableS2 In this cyclisation channel, the first changeetsblace aP5,
d(C2-C5)=2.770 A, consisting of the appearancensf ¥(N1) monosynaptic basin at
the N1 nitrogen, with a population of 0.70e. THisc&on density comes directly from
the V(N1,C2) disynaptic basin, which decreasemtegration to 3.02e.

As the cyclisation proceeds, @6, d(C2-C5)=2.582 A, a second V'(N1)
monosynaptic basin appears at N1 nitrogen, whasgration is 0.37e. It also comes
from the depopulation of the V(N1,C2) disynaptisibawhich still gathers 2.60e. This
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new V'(N1) monosynaptic basin is located at theosgp position of the V(N1)
monosynaptic basin. The populations of the V(N1J &Y{N1) monosynaptic basins
increase along the ring closure at the expensbeopopulations of the V(N1,C2) and
V(C5,C6) disynaptic basins to reach finally 1.07el ®.87e af3-lactam3-24. At P6,
the population of the V(C5) monosynaptic basin@ases to 0.85e.

At TS-2-18, no relevant changes with respectR6 are observed. While the
population of the V'(N1) monosynaptic basin incemaso 0.79e, that in the V(C5)
monosynaptic basin rises to 0.91e. At this TS, plopulation of the V(N1,C6)
disynaptic basin created along the first step ef baction remains at 2.09e, a basin
population that corresponds to a-Nd6 single bond. ELF topology makes it possible to
rule out an electrocyclic mechanism for these mihmsure processes such has been
proposed:® Note that the ELF population of the correspondiigC bond in the TS

associated with the ring aperture of cyclobuteneelactrocyclic reaction, is 3.17e.

Table S2. Valence basin populatiom$ calculated from the ELF at some selected points
of the IRC associated with the ring closureZ§l-st-18 with formation off3-lactamf3-

24. d(N1- C6) and d(C2C5) distances are given in Angstroms. The GEDTinbthby
NBO analysis is given in e.

PS5 P TS218 P7 P8 P24
d(N1-C6) 1.478 1.447 1.390 1.371 1.363 1.343
d(C2C5) 2.770 25582 2.275 2.103 2.009 1.563
GEDT 060 055 036 026 021 0.8
V(NI,C2) 3.02 260 208 196 1.88 1.69
V(C2,C3) 244 244 260 235 228 2.07
V(C3,c4) 1.65 324 329 178 175 1.79
V(C3,C4) 1.60 159 165 1.70
V(C5,C6) 318 291 249 233 230 2.13
V(C6,07) 224 232 237 242 245 239

V(07) 285 277 274 275 270 277
V(07) 266 268 271 266 266 261
V(N1) 070 076 099 1.02 1.06 1.07
V'(N1) 037 079 093 1.04 087
V(N1,C6) 204 210 209 214 207 2.28
V(C5) 070 085 091 0.99

V(C2) 0.27

V(C2,C5) 1.38  1.91

At P7, d(C2 C5)=2.103 A, a new V(C2) monosynaptic basin appaaihe C2
carbon, with a population of 0.27e. This electrangity comes from the V(C2,C3)
disynaptic basin. The V(C2) and V(C5) monosynaptsins are responsible for the
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subsequent GZC5 single bond formation (sdegure S2. Interestingly, the GEDT at
P7 has decreased to 0.26e as a consequence of doreitimn process taking place

along the ring closure.

Figure S2. ELF attractor positions for the most relevant ppssociated with the €2
C5 single bond formatiofM;S-2-18, P7 and-24.

At P8, d(C2 C5)=2.009 A, the most relevant change along thanobl takes
place. The V(C2) and V(C5) monosynaptic basins mdrgo the new V(C2,C5)
disynaptic basin, with an initial population of &€ indicating that the formation of the
new C2 C5 single bond has already begun. Fré® d(C2 C5)=2.009 A to the
complete formation o-lactam B-24, d(C2 C5) = 1.563 A, scarce but interesting
electron density changes take place. Among theenintiegration of the V(C2,C5) and
V(N1,C6) disynaptic basins increases until reactirgfl and 2.28e, at the expenses of
the V(C5,C6) and V(N1,C2) disynaptic basins, ilke thewly formed bonds gain
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electron density right after their formation at teepense of the double bond regions
yielding B-lactamB-24. Along this cyclisation reaction there is a deseeaf the GEDT

to reach a value of 0.08e&flactamp-24 as a consequence of a retrodonation process.

iii) ELF Topological analysis of the ring closurég ZW-sc-18 with formation of &
lactam&-20.

The N populations of the most significant ELF valencsiba at specific points of
the IRC associated with the ring closurez§y-sc-18 with formation oféd-lactamé-20
are displayed iffable S3 Considering the formation @lactamd-20 through the C4
C5 single bond formation &W-sc-18, one can state a clear parallelism between this
channel and that associated with the formatiof-tzéfictam3-24 from ZW-st-18 with
some exceptions. The ELF topology £#/-sc-18 is very similar to that oZW-st-18
(seeTables S1landS2). At P9, d(C4 C5) = 2.421 A, two appealing changes take place.
Two monosynaptic basins at the N1 nitrogen atonNIy(and V'(N1), integrating 0.78
and 0.70e, are formed. Again, these monosynaptimbare formed at the expense of
V(N1,C2) and V(C5,C6) disynaptic basins. At thismpa new V(C3) monosynaptic
basin is also created at the C3 carbon, with @alingopulation of 0.31e, while the
population of the V(C5) monosynaptic basin createthe first step of the reaction has
increased to 0.72e.

At TS-4-18, d(C4 C5) = 2.317 A, while the V(C3) monosynaptic bagieated at
P9 disappears, the population of the V(C2,C3) distiodpasin increases to 3.28ES-
4-18 topologically resemble§S-2-18. The population of the V(N1,C6) disynaptic basin
at these TSs, 1.884 $-4-18) and 2.09e [S-2-18), makes it possible to rule out an
electrocyclic mechanism for these ring closure psses.

In addition, a recent ELF topological analysis ttoe electrocyclic ring closure of
octa-1,3,5,7-tetraene to cycloocta-1,3,5-trienewstb that the €C bond formation
takes place without any rotation of the terminat bgbridised methylenes of octa-
1,3,5,7-tetraene since the spiral geometry of ¢oimpound favours the position of a
terminal sp carbon above the plain of the other termindl cgbon'® This behaviour,
which is similar to that foundW-sc-18, allows establishing that the stereochemistry in
o-lactamd-20 is not determined by any rotation.

At P10, d(C4 C5) = 2.159 A, a new V(C4) monosynaptic basin at@4 carbon,

integrating 0.08e, appears, while the V(C5) monaptic basin reaches a population of
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0.99e. The V(C4) and V(C5) monosynaptic basinsrasponsible for the subsequent
C4- C5 single bond formation (séegure S3. Interestingly, just as &7, the GEDT at
P10 decreases to 0.24e as a consequence of a rettimhopeocess that takes place
along the ring closure.

At P11, d(C4 C5) = 1.941 A, the most relevant changes alongdhénel take
place. The two V(C4) and V(C5) monosynaptic basiresge into the new V(C4,C5)
disynaptic basin, with an initial population of e} indicating that the formation of
C4- C5 single bond has already begun. On the other,hiedV(C2,C3) disynaptic
basin splits into two V(C2,C3) and V’(C2,C3) disptia basins, integrating 1.89 and
1.73e, respectively, a fact that evidences the &ion of the C2C3 double bond
present im-lactamé-20.

Table S3. Valence basin populatiom$calculated from the ELF at some selected points
of the IRC associated with the ring closureZ8¥-sc-18 with formation ofd-lactamé-

20. d(N1-C6) and d(C4-C5) distances are given in Aogss. The GEDT obtained by
NBO analysis is given in e.

Z\W-sc-18 P9 1S54-18 P10 P11 6-20
d(N1-Co6) 1.489 1.463 1.452 1433 1411 1.358
d(C4-C5) 3.045 2.421 2.317 2.159 1.941 1.537

GEDT 0.63 0.47 039 024 009 0.05
V(N1,C2)  3.77 2.48 224 201 1.91 192
V(C2,C3)  2.39 2.79 328 349 1.89 1.83
V'(C2,C3) 1.73

V(C3,C4)  1.64 2.63 251 229 212  2.00
V'C3,C4) 1.56

V(C5,C6)  3.89 2.97 2.80 256 231  2.09
V(C6,07)  2.20 2.33 237 237 127 239
V'C6,07) 1.24

V(0O7) 2.81 2.69 260 269 265 268
V'O7) 2.77 2.69 264 264 259 264
V(N1) 0.78 093  1.07 116 1.02

V'(N1) 0.70 088  1.04 1.12 081

V(N1,C6)  1.96 1.90 1.88 190 1.90 2.25
V(C3) 0.31

V(C5) 0.61 0.72 0.82  0.99

V(C4) 0.08

V(C4,C5) 1.45  1.92

From P11 to the complete formation @lactam&-20, d(C4 C5) = 1.537 A, the
same electron population changes than those forord P8 to (-lactam B-24 are
observed: the V(N1,C6) and V(C4,C5) disynaptic sissociated with the new single



S11

bonds increase their population at the expensetheofC3 C4 and C5C6 bonding
regions. In this particular case, the V'(N1) momagtic basin also loses some electron
density in favour of these basins associated vighntew bonds. Along the cyclisation
reaction there is a decrease of the GEDT untilhisgca value of 0.05e &lactamé-

20 as a consequence of a retrodonation process.

;ﬁ*‘ J"i/ P

V(C5)

®
XKoo
<’
R
V(C4,C5) f
T A R
>

6-20

Figure S3. ELF attractor positions for the most relevant pp@ssociated with the €4
C5 single bond formatiof,S-4-18, P10 andé-20.

From the ELF topological analysis of the two contpet channels associated
with the stepwise reactions betweenl8land CCK17, yielding lactam$3-24 andd-20,
some interesting conclusions can be drawn: i) atbeghucleophilic attack of UlI8 on
CCK 17, the formation of NAC6 single bond begins at a N6 distance of 1.92 A, by
merging the electron density of two monosynaptisitslocated at the N1 and the C6
atoms. The electron density of the new 6 single bond comes mainly from the N1
lone pair present at U; ii) at this Nt C6 distance, while the formation of the N16

single bond has already begun, the electronic tstreicof the double bond regions
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remain similar to those in the two separated reisgemly the region of the carbonyl
C6- O7 double bond is depopulated in order to facditdie formation of the new N1
C6 single bond; iii) this depopulation of the carpb C6- O7 double bond is
accompanied by an increase of the electron dewns$ithe O7 lone pairs; iv) a large
GEDT takes place along the nucleophilic attack #f18 on CCK 17. A significant
portion of the electron density transferred to CQK is placed at the V(C5)
monosynaptic basin created at the C5 carbon dfetene framework as a consequence
of the polarisation of the disubstituted CAK. The electron density gathered in this
V(C5) monosynaptic basin will participate in thebsequent C2C5 or C4 C5 bond
formation in the second step of these competiteactions; v) al S-24, associated to
the nucleophilic attack of U18 on DMK 24, with a N% C6 distance of 2.056 A, no
significant feature is observed; the IN16 bond formation has not started yet; vi) the
two competitive cyclisation processes are topokaltycvery similar; vii) bothT S-2-18
and TS4-18 present only one V(C5) monosynaptic basin assetiavith the
pseudoradicalcenter involved in the subsequent @ single bond formation; vii)
formation of the C2C5 or C4 C5 single bonds take place at adistance of 2.009
and 1.941 A, respectively, by merging the electdensity of the corresponding two
pseudoradicalcenters, with an initial population of 1.38 and 1.45e; i)e main
difference along the two competitive channels isnfib in the formation of the CE4

or C2 C3 double bonds; x) along the cyclisation stepseti®a decrease of the GEDT
as a consequence of a retrodonation process. dtiteyly, a great deal of this
retrodonation takes place before formation of the I C singe bonds; and xi) the
population of the V(N1,C6) disynaptic basinTes-4-18 andTS-2-18, 2.09 and 1.90e,
respectively, which correspond to a singleQNbond, makes it possible to rule out an

electrocyclic mechanism along these ring closucegsse&:?®

Conclusions

An ELF topological analysis along the reaction ctels associated with the
formation - and &-lactams provides interesting conclusions about iti@ecular
mechanisms of these reactions:
i)  along the nucleophilic attack of these Uls oe ttetene, formation of the-IC

single bond begins at a distance of 1.92 A, by ingrthe electron density of two
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monosynaptic basins located at the N and the Csatdire electron density of the
new N C single bond comes mainly from the nitrogen loae present in Uls;

i) along this nucleophilic attack, the € and G N double bonds remain unchanged,;
only the G O double bond of ketene is depopulated, thus farguhe N C bond
formation;

lii) a large GEDT takes place along the formatiohtlee N- C single bond. A
significant portion of the electron density tramséd to ketene is placed at the
V(C5) monosynaptic basin created at the C5 carlbdheoketene framework as a
consequence of the polarisation of the disubstitetectrophilic ketene;

iv) the electron density gathered in this V(C5) msynaptic basin will participate in
the further C2C5 or C4 C5 bond formation in the second step of these
competitive reactions;

v) the two competitive cyclisation processes apokogically very similar;

vi) both TSs present only one V(C5) monosynaptisibaassociated with the
pseudoradicatenter involved in the subsequent@single bond formation. This
monosynaptic basin was created in the first stepefeaction;

vii) formation of the C2C5 or C4 C5 single bonds take place at a@distance of
2.009 and 1.941 A, respectively, with an initiapptation of 1.38 and 1.45¢;

viii) the population of the V(N1,C6) disynaptic lrasat the TSs associated with the
ring closure processes corresponds to that of @ Bingle bond. This behaviour
makes it possible to rule out an electrocyclic nagtdm along these ring closure
processes.

ix) finally, due to the favourable disposition dietdouble bond in ZW intermediates
no specific bond rotation is required along the ssginent €C single bond

formation.
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Study of nucleophilic attack of U8 on DMK 26.

Given that the nucleophilic attack of Ul8 and19 on the C6 carbon &CK 17 did not
present an activation enthalpy as a consequentteeadtrong electrophilic character of
CCK 17, the nucleophilic attack of Ul8 on dimethylketene (DMK}R6 was studied in
order to perform an ELF topological analysis of Tt&s involved in the formation of the
N1- C6 single bond in Staudinger reactions (see ScHeheAnalysis of the reaction
path associated with this nucleophilic attack addwhe localisation of one T$S-26,
and the corresponding ZW intermedi&®y-26. Relative enthalpies, entropies and free
energies are given ihable S4.

Ph
Ph )
H3C; _CH; W TS-26 £Hs )/
3 —_ —
L e
oNl
70 * MBu g \tBu
26 18 ZW-26

Scheme S1. Reaction channel associated with the nucleophilic
attack of U118 on DMK 26.

Table 4. MPWB1K/6-311G(d,p) total enthalpies (H, in auptrepies (S, in
cal/mol K) and free energies (G, in au), and reddtenthalpies &H, in kcal/mol),
entropies AS, in cal/mol K) and free energie&@, in kcal/mol), computed at 25.0
°C and 1 atm in DEE of the stationary structureslved in the nucleophilic attack
of Ul 18 onthe C6 carbon of DMK6.

H AH S AS G AG
26 -231.066262 75.7 -231.102209
TS26 -790.945480 5.9 1525 -36.5 -791.01792716.8

Z\W-26 -790.954698 0.1 1459 -43.1 -791.024017 13.0
(a) Relative tdl8 + 26.

The activation enthalpy associated with the nudidmpattack of the N1 nitrogen
atom of Ul18 on the C6 carbon of DMK6 is very low, 5.9 kcal/mol, formation of
ZW-26 being slightly endergonic by only.1 kcal/mol. When comparing the reaction
enthalpy associated with the formationZiV-26, with that associated with formation
of ZW-st-18, AAH = 25.5 kcal/mol, the barrierless character ofribeleophilic attack
of Ul 18 on CCK17 can be easily understood as a consequence oighelectrophilic
character of CCKL7, w = 2.20 eV, when compared to that of DN2§, w = 0.66 eV.
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Note that while CCKL7, is classified as a strong electrophile within éhectrophilicity
scale, DMK26 is classified as a moderate electrophile. Inclugibentropy to enthalpy
rises the activation free energy associated wihnticleophilic attack of U18 on DMK
26 to 16.8 kcal/mol, the formation @W-26 being endergonic by 13.0 kcal/mol.

The structure off S-26 andZW-26 associated with the nucleophilic attack of Ul
18 on DMK 26 are given in Figure S4. AtS-26, the distance between the N1 and C6
carbon atoms is 2.031 A, while the C2-N1-C6-C5 dihkangle is- 87.0 degrees. At
ZW-26, the length of the new N6 single bond is 1.491 A, while the Q21- C6- C5
dihedral angle is 66.8 degrees. Note that this dihedral angl&\WM-26 is lower than
those at the other three out of the four ZW intatiaiies as a consequence of the high
steric repulsion between thendo methyl group of DMK26 and the bulkyt-butyl
substituent present at N1 nitrogen of18lin ZW-26.

Figure $4. Structures ofTS-26 and the correspondingW-26 associated with the
nucleophilic attack of UL8 on DMK 26. The distances are given in Angstroms, while
the dihedral angles are given in degrees.

Finally, the polar nature of these reactions wasysed by computing the global
electron density transfer (GEDT) &5-26 and at the ZW intermedia@W-26. The
natural atomic charges at these species, obtaimedgh a natural population analysis
(NPA), were shared between the ketene and the d&hdworks. The values of the
GEDT that fluxes from the Ul framework to the kedeare 0.21eT(S-26), 0.49e ZW-
26). The high GEDT found afW-26 points to the high zwitterionic character of this
intermediate. The lower GEDT found &@W-26 than atZW-st-18, which is a
consequence of the lower electrophilic charactddMK 26 than CCK17, accounts for
the lower exothermic character associated withfonmation of the ZW intermediate
Z\W-26.



S17

TS-rot2-18

Figure S5. TSrot2-18 involved in theenddexo stereoisomeric conversion in the
zwitterionic intermediat@W-st-18. The CI-C5-C6-N1 dihedral angle is 87.9 degrees.
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Table S5. MPWB1K/6-311G(d,p) enthalpies (H, in au), entesp(S, in cal/mol K) and
free energies (G, in au), computed at 25.0 °C aradni in DEE, of the stationary
structures involved in the reactions of CEKwith Uls 18 and19.

H S G
CCK 17 -704.411282 76.8 -704.447795
s-trans18 -559.888626 113.4 -559.942490
s-cis18 -559.883610 122.1 -559.941612
Z\W-st-18 -1264.340644 149.4 -1264.411626
TSrot-18 -1264.323763 148.3 -1264.394226
ZW-sc-18 -1264.332690 148.2 -1264.403084
TS2-18 -1264.306914 146.3 -1264.376436
TS4-18 -1264.318096 141.2 -1264.385190
B-24 -1264.364555 148.8 -1264.435241
020 -1264.379532 139.1 -1264.445627
s-trans19 -790.788579 141.9 -790.856007
s-cis19 -790.780010 141.0 -790.846987
ZW-st-19 -1495.245502 168.5 -1495.325572
TSrot-19 -1495.227406 160.5 -1495.305460
ZW-st-19 -1495.232789 161.0 -1495.309271
TS2-19 -1495.215186 163.1 -1495.292684
TS4-19 -1495.213664 158.8 -1495.289122
B-21 -1495.267510 169.6 -1495.348072
025 -1495.272130 157.2 -1495.346843
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Table S6. MPWB1K/6-31G(d) electronic chemical potentjgl chemical hardness,
global electrophilicityw, and global nucleophiliciti indices, in eV, of ketenek/ and

26, and Uls18 and109.

M n W N
CCK 17 -5.25 6.27 2.20 2.01
DMK 26 -3.13 7.38 0.66 3.58
s-trans18 -3.70 6.18 1.11 3.61
s-trans19 -3.64 6.05 1.09 3.74
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MPWB1K/6-311G(d,p) computed total energies, uniqoeginary frequency, and

cartesian coordinates of the optimised structuneBEE of the reactions of CCK7
with Uls 18 and19.

CCK17

E(RmPW+HF-B95) = -704.442297 au

ZO00OO0OO

s-trans18

1.31825100
0.00000000
2.45008800
-0.91961400
-0.62918200
-1.15738400

-0.02100000
0.06761200

00amo00
000mO00

-0.11180900 00amO00

-1.39075900
1.31843900
2.33529400

E(RmPW+HF-B95) = -560.176215 au

ITITOIOIOOOOIIITOIIIOIIIOIZIIOOOIOZ

2.36388800
1.39891400
1.52827400
3.74103000
0.03240900
-1.01501100
-0.08212400
-0.82411500
4.38721100
5.45163100
4.25117200
3.93609200
4.38711400
4.25106200
5.45153500
3.93593400
3.92755300
3.48805900
3.48803300
4.98845300
-2.42112200
-3.38961700
-2.84190000
-4.73429100
-3.07833300
-4.18243700
-2.11673300
-5.13568200
-5.46806800
-4.48891000
-6.18420200

-0.52678100
0.28543300
1.36767300

-0.06389600

-0.19322900
0.62997200

-1.26609100
1.69552600

-0.66182600

-0.44279400

-1.73880100

-0.25298900

-0.66122700

-1.73819500

-0.44219800

-0.25194300
1.44223100
1.90093700
1.90136200
1.67412600
0.25183500
1.24929600

-1.07529000
0.93620400
2.28237900

-1.38843000

-1.87180900

-0.38450500
1.72548400

-2.42164400

-0.63296400

00@n000
00am0O00
00a»o00

00a»900
0003200
0021000
00a000
00a1.800
00X1000
0018600
6026000
4098300
5822800
S024300
4214000
4140300
5117900
581700
4232600
6031500
8037100
8R1600
0035200
00aB100
00a®200
001100
001700
6015100
00ab500
00@P500
00ae700
60@7100
0010700
00@s000
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E(RmPW+HF-B95) = -560.172237 au

ITTOIOITOOOOIIIIOIIIOIIIOITZOOOITOZ

ZW-st-18

2.07962200
1.47271400
1.99676600
3.53019400
0.01363500
-0.77765600
-0.39633200
-0.28800800
3.93330400
5.00529500
3.41879100
3.67260600
3.90237100
3.39245600
4.97478300
3.61316100
4.25104300
4.02331200
3.99546800
5.32329300
-2.23144300
-2.86199100
-3.02663900
-4.23804100
-2.25687900
-4.39993800
-2.56828400
-5.01274100
-4.70510500
-4.99964900
-6.08788700

0.12587200
-0.97630100
-1.92848000

0.19546000
-1.06814200

0.00186100
-2.06597100

0.96559000

0.90012000

1.07910500

1.85250300

0.29520100

1.06824200

2.02455000

1.24396500

0.58839100
-1.13671500
-1.78129700
-1.66507400
-0.96494000

0.03346400

1.27266200
-1.10999200

1.37380400

2.16558400
-1.01035400
-2.08513500

0.23124900

2.34485300
-1.90577300

0.30368800

E(RmPW+HF-B95) = -1264.664596 au

ZOOIOZO0OO0OOD

-1.62211700
-1.81099000
-2.09215600
-1.65193300
-0.47434400
-0.40885900
-1.79150500
-1.37073300
-1.16569300

1.58463000
0.65153200
0.78160000
-0.74056100
-1.21515000
-2.23864700
3.25979900
1.26006500
0.98173600

104500
3691100
94112100
0062100
3031000
0049600
6097400
16849100
9447800
0265600
7@&43.000
5870300
8186800
1814400
0315900
121100
9038800
587000
GI@700
9640300
0R9ID500
1838700
2025900
1898600
2030100
2030700
4397800
0821800
2069600
4090900
0885000

8057100
16271100
868800
1345400
1868400
2011600
2237300
1129900
1233300
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TS-rot-18

-2.89590700
0.74179500
1.89437000
0.70934800
1.83657300

-3.21161800

-4.11960800

-3.35352300

-2.40472500

-4.01175400

-4.20047300

-4.91785200

-3.77921300

-2.69230900

-2.01565300

-2.33355100

-3.65177100
3.22793200
4.30039600
3.48245700
5.59478600
4.10854000
4.77459200
2.66938600
5.83270600
6.41613500
4.96276100
6.84314300

-1.56211900
-0.51071200
-1.13115100

0.49718000
-2.14221900
-2.11489400
-2.70807000
-1.30776200
-2.75206300
-0.65346000

0.14796500
-1.24284900
-0.22375400
-2.68506700
-3.45284600
-2.30687200
-3.16293000
-0.59392200
-1.40254500

0.69667300
-0.93873100
-2.40106800

1.15703300

1.34333900

0.34149700
-1.57342900

2.15581500

0.70853000

E(RmPW+HF-B95) = -1264.645947 au
1 imaginary frequency: -119.2501 ¢m

TOITOONO0OZO0OIOZ0O0O0

0.00000000

0.00000000

0.89607969
-1.39802167
-2.09446750
-3.08921127

1.52381325
-1.15585322
-2.12787963
-1.83744921
-1.65834792
-0.98706483
-2.02072339
-0.68898747
-1.22757258
-1.53421094

0667800
98756900
0086l7600
7841300
8628500
828R300
2734900
9234900
3381300
76631400
2020900
6035100
4631400
9838700
303200
4662300
5818700
1P8D500
5831800
#814.000
6055300
1285300
654300
5812700
9867700
4869100
20300
032600

0.00000000 000WOOO0

0.00000000
0.00000000
0.03070017
1.02949796
0.98068268
0.02657860
0.02502852
0.03081975
1.30529082
2.27425920
3.20799401
2.40861917
3.00514386
-1.34531580
-2.26741941

7145383
8@411913
3636310
0280541
30231537
1643051
082570
9137379
9238562
8357937
4433989
76079415
6347824
83169
6423950
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TS-rot2-18

-0.14698668
-1.57917618
-1.32113234
-0.23712103
-1.64444242
-1.71451026
-3.34854145
-3.75761876
-3.80434535
-3.62681862
-0.57954102

0.11507634
-0.85290188

0.52608970

0.33666533
-0.44312713
-1.38388102

0.24737264

1.06568604
-0.65991593

0.56767862

-1.31122177
-0.50983045
-2.45110673
-2.45411934
-3.38272340
-2.40143879
-1.35744323
-0.63902033
-1.21138309
-2.34283673
4.50848947
5.36592455
4.92623736
6.60909258
5.04981158
6.16605433
4.28060403
7.01261674
7.26038881
6.47483712
7.98153069

3336341
8448151
4360631
0154260
9343897
3083654
7438607
7348/205
9b@6272
234P472
21¥ 493
7202980
2894835
3348824
7325439
0633430
50936
48088993
0061138
1618217
U139

E(RmMPW+HF-B95) = -1264.60884852 au
1 imaginary frequency: -129.1732 ¢m

TOIIITOIIIOIIOOOZOO0OIOZ000

-2.15623600
-1.66941600
-1.27088100
-1.50486000
-0.32348400
-0.26095000
-0.85562700
-3.44839100
-4.55459900
-2.72239000

0.89330400

2.03733200

0.88127500

1.97232500
-2.37433800
-3.29915300
-1.88858500
-1.74983800
-3.77606200
-3.41973000
-4.65533500
-4.08693500
-3.19604000
-2.39603000

-1.61021200
-0.56264000
-0.62384300
0.77373100
1.15149400
2.07054300
-2.43302600
-1.84004100
-2.02758000
1.59181700
0.47625700
1.00442600
-0.43449700
1.92831200
3.06452700
3.63003800
3.27351200
3.42420000
1.24345000
1.45112100
1.85091300
0.20560600
1.29187300
1.46657500

669000
387500
5243600
783000
BB700
3060200
6831600
9882800
9US1500
3618700
9834300
810800
6614800
3831000
9832400
5626400
4311600
1637000
9031500
0220400
1298 300
383700
4656300
6P31300
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Z\W-sc-18

-3.54820200
-4.01593400
3.36900300
4.43147500
3.63326700
5.72383600
4.23336300
4.92345700
2.82863600
5.97125700
6.53671300
5.11774800
6.98012100

0.27267000
1.96200900
0.47225100
1.18363400
-0.72253100
0.71923500
2.10702800
-1.18451400
-1.29450200
-0.46576700
1.27903200
-2.10952200
-0.83346100

E(RmPW+HF-B95) = -1264.656799 au

TOIOOOOIIITOIIIOIIIOIIOOOZOOIOZ000

-1.09579600
-1.27302100
-1.12874900
-1.70233400
-0.84607000
-1.26257700
-0.55061600
-1.36486300
-1.60251600
-3.14479500
0.56832700
1.36452100
0.99867900
0.92945700
-3.25549100
-4.29243700
-2.90925500
-2.66128200
-3.96880600
-3.66995900
-5.00627000
-3.89403300
-3.60579700
-3.19253900
-3.36547400
-4.68362300
2.80286300
3.47829200
3.53770500
4.85067900
2.91319700
4.90584300
3.04005300

1.52875500
0.61386300
0.70883100
-0.70925700
-1.55196400
-2.48116500
3.11740200
1.24986400
0.99722600
-1.07294500
-1.42843900
-0.60799300
-2.14098100
0.02689600
-1.76544300
-2.02920400
-1.10882500
-2.67535900
0.19981700
0.87705700
-0.07204400
0.71125300
-1.97487500
-2.97699900
-1.53893600
-2.07490500
-0.52698900
0.30001100
-1.22703200
0.41917000
0.85062400
-1.10577200
-1.86135900

4748500
8¥#400
2011100
#23H000
4015500
5065800
931300
50631400
7@3D000
084B800
902300
7403900
9839100

607300
48083400
459200
2617800
30233000
803#H1300
45401600
0458600
0297700
1638900
504700
5015600
4091100
083¥700
60200
42131500
5P3B500
#B&1500
0212200
9518900
66017500
50¥2500
1641300
5682700
8116800
4635200
4864100
3691900
1269200
8641500
191600
62a9400
2665800
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TS-2-18

5.56575400
5.36089400
5.46507900
6.63844400

-0.28494400

1.06204500
-1.64782000
-0.19303600

E(RmMPW+HF-B95) = -1264.628549 au
1 imaginary frequency: -150.7812 ¢m

TTTOTOTIOOOOTITITITIITTIITITIOOONZOO0000Z000

1.69443200
0.58453400
-0.69773900
-1.86322000
-2.82920400
-2.60930200
-1.98694300
-2.43493500
-1.38212100
-1.86903400
-2.24899800
-0.69508500
-4.22985200
-2.58650100
-0.71649400
0.62457400
1.56609200
-4.41633500
-4.37493400
-4.95314400
-1.59595900
-3.31226400
-2.71375900
-3.31988900
-1.60451300
-2.75016100
3.06530300
4.07849200
3.41945500
5.40386200
3.81572400
4.74240100
2.65907800
5.73935600
6.17464900
5.00195500
6.77400500

-0.59640200

-0.33797700
-0.53067300
-0.54641100
-1.65940500
-2.36289100
0.67737100
0.89046800
1.59419200
1.65963100
1.73698300
3.05237800
-1.08457300
-2.60799300
-0.97530600
0.01237400
-0.94674600
-0.39815500
-0.56046900
-1.89138900
-3.05376800
-3.41199900
-2.11116900
-3.17796800
-2.77238300
-1.66625500
-0.46872000
-0.86734400
0.03664900
-0.77102700
-1.25547800
0.13154000
0.36532900
-0.27165100
-1.08326500
0.52650500
-0.19239900

3062400
833400
0665300
0631200

P62B00
10231600
9025400

1088300
96118200
2181900
56071200
498300
9806000
132100
93651900
0695500
1023500
601100
7T51400
0I8¥600
37196000
2092400
20@200
7223800
10®1.800
0a80400
1898700
2681200
#¥46000
4211400
8R(.800
49617700
681%700
8800600
2216800
3285200
568800
60147100
6148200
02082200
5016500
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E(RmPW+HF-B95) = -1264.639865 au
1 imaginary frequency: -312.0593 ¢m

IIIIIIIIIIIIIIIIIOOQZOOOOOOZOOOOOOOOO

B-24

497176500 -0.46974400 B3#600

4.48359500
3.14071600
2.27987500
2.78154500
4.11916200
0.88308900
0.07349400
-1.27621400
-1.94066100
-3.39703400
-3.91517300
-1.23077100
-1.48751400
-0.16953400
-0.15744000
-0.13385500
0.79707000
-4.12722800
-3.59465000
-1.85730000
0.52552400
0.59472900
-5.19230900
-3.76919200
-3.97421800
-3.27245200
-4.64997400
-3.04793000
-3.90998700
-3.34897800
-4.94624000
2.74846400
2.10991600
5.14849400
4.50174000
6.02007800

0.45242100
0.46946600
-0.46683600
-1.39029000
-1.38606900
-0.45126300
-1.59693300
-1.51563500
-0.40251800
-0.34844200
-1.72263100
0.86142500
1.72565000
0.88329500
0.02728600
-0.73599700
2.30960800
0.17238400
0.59031300
-2.42053600
-2.57102400
0.35770800
0.22593600
1.15867000
-0.49557800
1.60049600
0.63097800
0.23868900
-2.40912300
-2.15520900
-1.61717900
1.19374700
-2.08894400
1.16695700
-2.09336300
-0.47363600

E(RMPW+HF-B95) = -1264.688782 au

Z000

1.80384800
2.67491200
3.66170500
1.86864600

-1.39739100
-0.26524700
-0.26484500

0.66921600

6300
6@6B500
00%/800
1683500
3808400
5828400
885700
808400
96483200
084700
6027700
542700
43295300
901000
9963300
593700
7832800
3475600
7120600
7044800
20381200
1243800
2635100
0220200
#4.10800
3688300
19631200
418600
7931200
8246800
8240200
6218100
8009800
1749000
5365400
962100

9802700
006e9400
63297400
2089900

S26



ITTITOIOIOOOOIIIOIIIOIIIOIIOOOZOO0OIO

6-20

0.87795200
0.83634800
1.13932900
2.44129700
2.95194200
1.89717600
-0.48041600
-1.56491500
-0.54132100
-1.42736500
1.12314800
1.15802600
1.55536700
0.08167100
3.34191000
3.82145500
3.36744900
3.90715000
1.25562800
0.21710000
1.79439500
1.28015300
-2.95303500
-3.94771200
-3.32812100
-5.27828200
-3.66990600
-4.65533300
-2.58044200
-5.63614600
-6.03471500
-4.92962300
-6.67356200

-0.24458800
-0.20043200
-2.49926400
-2.13993800
-2.69946500
2.13074600
-0.17478500
-0.12312200
-0.16290000
-0.12504800
2.64137100
3.72685900
2.26148600
2.33727200
2.59018100
2.27617600
3.67435900
2.19213100
2.61109200
2.29808200
2.23356300
3.69565700
-0.05451800
0.07359700
-0.11272000
0.14742100
0.11545200
-0.03896300
-0.22299700
0.09213500
0.24654500
-0.08742500
0.14757200

E(RmPW+HF-B95) = -1264.704256 au

0O00ZO0O0IOZ00O0

0.13179000
-1.39812800
-1.94758100
-2.01114200
-1.24128400
-1.76997500

0.83018300

0.28509300

0.37442000
-3.50516400

0.05377700

0.80265800

0.71683600
0.79535700
1.85725900
-0.40978500
-1.56848700
-2.49012900
2.33027200

98200
7181700
0¥98200
5030100
02700
1444100
1255100
78677300
6481600
4943400
8310000
1643700
1P10600
38417600
4845200
688400
0612900
9012800
031700
7012000
6268000
3229500
3885900
9615300
0377400
3692200
32735800
6313500
7184000
9033100
9I&1800
0212500
80:8800

5913300
2845500
8044700
3038100
4096800
1642800
563¥800

0.32595400 4383800

0.02368400
-0.44997700
-1.56957500
-0.29086700

4236000
1275700
16651500
8632700

S27



IITITIOIOIOOOOIITIIOIIIOIIIOII

s-trans19

0.57764800
0.63660600
-3.95523400
-5.03531700
-3.68573900
-3.51137600
-4.09316900
-3.82605400
-5.17566000
-3.75251100
-3.99507700
-3.64983700
-3.71369400
-5.07867000
2.28377200
3.16355100
2.79162000
4.52691900
2.77495100
4.15501800
2.11843600
5.02542800
5.20002700
4.53689700
6.08945300

-2.50514600
0.10306200
0.22218700
0.14209100
1.26959700

-0.27301100
0.23398900
1.28142300
0.15761800

-0.25932900

-1.88574700

-2.43213000

-2.42697200

-1.85759400

-0.41818500
0.27185400

-1.21930500
0.16946700
0.89465100

-1.31887200

-1.76922000

-0.62535300
0.70999200

-1.94329500

-0.70725400

E(RmPW+HF-B95) = -791.164681 au

OIITIITIOIIIOIIITIOIZIOOOTOZ

2.62639100
1.65006500
1.77012900
3.99466300
0.29430400
-0.82272300
0.21771800
4.64328600
5.70226100
4.53208700
4.17527800
4.66196700
4.54101900
5.72325000
4.21460200
4.15558300
3.69683300
3.72110700
5.21269900
-2.14801400

-1.28869000
-0.51226100

0.52630400
-0.82396900
-1.00789000
-0.26850400
-2.07543100
-1.74561700
-1.52032100
-2.78103200
-1.62537500
-1.02369300
-2.05148700
-0.79759700
-0.37237800

0.62013300

0.79849500

1.31129600

0.85377600
-0.91271200

9828700
91%1300
9998100
8438200
15500
5240600
1128800
5612700
6081000
1728300
2821000
01a1700
7061200
6028900
#006900
8695500
4081600
96121600
#23¥000
3681100
7942700
8018800
4105500
2639400
6@3D600

4663600
5099500
50400
0039700
8029000
2035000
1021800
3138200
2817800
20858300
02.:4400
43431200
7129200
8045000
8261200
4942400
191000
6002000
36000
4669300

S28



ITTOITIOITOOOOIIIOITIOIZTOOO

s-cis19

-3.22409000
-2.35262700
-4.45787600
-3.08503900
-3.58750900
-1.54000600
-4.64446200
-5.27654300
-3.72809900
-5.60973700
-0.79108100
-1.54240900
-0.03486300
-1.50932300
-2.14933300
-0.00908300

0.52067000
-0.74132500
-2.08715800

0.57851200
-0.72188100

-0.28273900
-2.16449700
-0.89602700
0.69100500
-2.77522700
-2.65084200
-2.14518600
-0.39670100
-3.74237900
-2.62208500
1.20653700
1.88654700
1.94236400
3.26357200
1.32524100
3.32193300
1.42420100
3.98555500
3.77598800
3.87832500
5.06190300

E(RmPW+HF-B95) = -791.155830 au

TOOOOITIIITIOIIITIOIIITOITIOOOITOZ

-2.09923500
-1.36341000
-1.76630900
-3.54730700
0.09638900
0.87314100
0.58795300
-4.00373000
-5.08817300
-3.57939900
-3.67052700
-4.04459500
-3.65216200
-5.13062400
-3.71675000
-4.10025700
-3.78968800
-3.78808800
-5.18558700
2.33434800
3.20239900
2.87669100
4.56903700
2.79698500

-0.85716300
-1.56052100
-2.29420000
-0.93093600
-1.50191400
-0.44112900
-2.44047600

0.45900700

0.52773300

1.20753600

0.67773300
-1.22453600
-0.48902500
-1.19554200
-2.20918300
-1.96348800
-1.76601900
-2.97062200
-1.93434800
-0.61724900

0.36264900
-1.76526600

0.18636700

1.26459500

601400
2051400
2885700
0265900
6046500
3841200
6840800
2081500
1686200
1462800
30638800
9032600
6072700
5865500
8236700
0018000
2802900
6630200
1036200
12%100
127100

4020500
902700
9535600
58113000
58673800
0281500
66400
6880900
3629000
9631300
FI125400
6082900
S5SB@3700
9451200
8B®1700
103700
3133300
4451900
8a60600
91043000
50%1700
7836200
3065800
8832700

S29



ITTOIOITOOOOIITITOITO

ZW-st-19

4.24327400
2.21784000
5.09505100
5.22586700
4.64454500
6.16261300
0.35908900
0.74455800
-0.47984100
0.27440200
1.41076000
-0.93810900
-0.77678900
-0.56826700
0.57123400
-1.58685300
-0.92939700

-1.93866300
-2.51519600
-0.96517600
0.95223800
-2.83151000
-1.09911800
0.93818600
1.72793800
1.48199100
3.01995700
1.32038100
2.77703200
0.87498300
3.54880400
3.61570900
3.18624500
4.55991000

E(RmPW+HF-B95) = -1495.657056 au

OOO0OIIIOIIIOIIIOIOOOZO0O0IOZ000

2.36809400
2.47761100
2.88929300
2.02363300
0.76558400
0.48168800
2.86309400
1.92610000
1.55576600
3.06968600
-0.26078700
-1.55542800
0.00090300
3.36416800
4.13140200
3.70990700
2.47318700
4.30546100
4.69677900
5.07135400
4.08914200
2.58294900
1.78862300
2.24813700
3.41452600
-2.60784800
-3.75741700
-2.46545100

-1.38837300
-1.08830300
-1.74983000
0.29367100
0.56894200
1.59489100
-2.95805100
-0.48423400
0.27789100
1.27361200
-0.38852000
-0.03640100
-1.42867300
1.04802400
1.74729700
0.03565900
1.21749700
1.01208700
0.01513800
1.72830800
1.12620800
2.68879700
2.97750200
2.82891200
3.36166600
-1.04663500
-0.98115400
-2.09835600

491500
8035800
6208700
70R®200
0022400
2632700
041400
9835000
3&d»700
2641200
42077400
187100
63300
6818000
7428500
FdH/ 700
6027900

9838100
5062400
197100
401200
9821700
6695800
2665/600
53438800
33208700
54138300
1238000
1878700
06800
2238500
4882800
932700
23685900
1832500
80735600
9068900
40869700
1869100
00A000
0858000
9741800
36800
46365000
3547000

S30



ITTOIOITIOOOOIIITIOIOIO

TSrot-19

-4.72708100
-3.87561200
-3.44127900
-1.59784000
-4.57236100
-5.60496300
-3.32354500
-5.33480500
-1.93136800
-3.00643500
-1.21956400
-3.33302700
-3.56835200
-1.56356100
-0.42619000
-2.61279600
-4.15354500
-1.01590900
-2.87910200

-1.95635200
-0.17515000
-3.06336200
-2.14200800
-2.99695700
-1.90419600
-3.86561400
-3.75381000
1.33381600
1.95515500
2.02725900
3.25668900
1.41691000
3.32586200
1.52811300
3.94361200
3.73759000
3.84935500
4.95773300

E(RmPW+HF-B95) = -1495.637548 au
1 imaginary frequency: -18.9291 ¢m

TITOIIIOIIIOIZTIOOOZO00IOZ000

1.82105400
1.62657100
1.29985500
1.85673200
0.92579600
1.06150100
1.53359100
2.26051400
2.61246500
3.06029100
-0.30860800
-1.40864100
-0.25701900
2.65924200
3.49856400
2.37041400
1.81705600
4.18028300
3.92079800
5.05942300
4.42508600
3.46828300
2.76699100
3.59436100
4.42075500

-2.10244800
-0.84841300
-0.46610700
0.22655800
0.46677900
1.29949100
-3.47545700
-2.32744000
-2.49570300
1.10124000
-0.31736300
0.19074400
-1.32187800
2.20656200
2.88094800
1.78839300
2.76814600
0.25139300
-0.14933000
0.87613100
-0.56917100
1.66605100
2.40422400
0.87786300
2.17004800

40831900
5149000
4572300
F2.84800
501600
66®1400
5416800
36153400
4084400
8038700
1608700
F04P900
3335100
3350200
51&1000
8878500
883200
0228800
3332900

1823100
4691800
4433900
8608200

1398700

817R700

2610100
8&91300
72013000
2090800

3396800
80&400
21%1500
3045700
7836700
9170600
360(D300
3009600
114P100
5Q6%5100
3036600
7346700

5018900
1016500
4987400

S31



ITTITOIOITIOOOOIIITOITIOIZOOOO

ZW-st-19

-2.61641500
-3.87079600
-2.52051700
-5.00726900
-3.95245400
-3.65705500
-1.54889300
-4.90352700
-5.97607000
-3.56900300
-5.79124000
-1.38958000
-1.39363200
-1.31589800
-1.31597500
-1.43210600
-1.24347700
-1.32629900
-1.24187200
-1.30959600
-1.19434600
-1.18482400

-0.61822100
-0.02246700
-1.98964500
-0.78841900
1.04376700
-2.75148100
-2.45324100
-2.15395700
-0.31697900
-3.81197700
-2.74979100
1.60066600
1.90602900
2.62694800
3.22146000
1.10810800
3.94285600
2.38858000
4.24101900
3.45126000
4.73336400
5.26633400

E(RmPW+HF-B95) = -1495.642545 au

TOIITIITOIIIOITOOOZ00TOZ000

-0.88209600
-1.52697300
-1.89437200
-1.88142200
-1.00976000
-1.41578600
-0.43996900
-0.56973900
-0.29938500
-3.35376600

0.41874800

1.24514400

0.85143300
-3.77587200
-4.84165900
-3.56339200
-3.25136200
-4.06967300
-3.91667400
-5.13288200
-3.73176400
-3.66138100
-3.29903900

-1.16953000
-0.13930900

0.93675700
-0.48710400
-0.74783800
-1.08343100
-0.90798500
-2.40229700
-3.41845100
-0.47902900
-0.76618200

0.10038100
-1.58732400

0.96434100

0.98831800

1.56364600

1.38744300
-1.08224500
-0.48845400
-1.10724800
-2.09782500
-1.30712500
-0.85237200

7073100
80600
7837300
202900
1099300
0698400
0693600
362200
3686300
6035600
9821200
20983100
3209800
5149500
4317300
5536400
3698900
0383600
1066200
9386800
6761800
3818100

1685900
5010800
693511400
S0¥D900
5189400
992a11500
7386200
6065900
8082100
480100
06P600
5037300
22(B200
6645400
513100
9018000
19230900
5018000
4347200
3699200
3a81.200
838300
9391800
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ITIITOIOIOOOOIIIOIOIOOOOIIIT

TS2-19

-3.26839800
-4.74016300
2.66376500
3.64068500
3.04678900
4.97349700
3.34741700
4.37917600
2.28891100
5.34484300
5.72431200
4.66463400
6.38647100
0.77573000
1.15765900
-0.08056700
0.64006800
1.82412400
-0.57963200
-0.33525900
-0.23154800
0.91142600
-1.24025600
-0.63256800

-2.31657900
-1.37451700
-0.23712100
0.75144700
-1.56060900
0.41856400
1.77925100
-1.88838000
-2.32358700
-0.90064200
1.18974900
-2.91417100
-1.15779300
1.39461800

9216000
632200
0884800
560700
163000
382600
9018500
8857700
3090100
5830800
88X%7400
20832900
5633800
5065800

1.83941800 00AB500

2.17401900
3.01201000
1.23794400
3.35695500
1.85475400
3.76911600
3.33408600
3.95809200
4.68721600

E(RmMPW+HF-B95) = -1495.625046 au
1 imaginary frequency: -150.7812 ¢m

ITTOIITIITOITOOZ000TOOZ00

-2.24098300
-3.05940000
-2.20845700
-0.96510700
-4.19157300
-0.89668400
-2.70757100
-2.69527400
-1.51602600
-0.89032600

0.22050700

1.46197500

0.12622600
-3.79881200
-4.63656200
-3.42397800
-4.14885900
-1.57956700
-0.75352400
-1.98401700

0.01473800

0.05825600
-0.37311900

0.12924400

0.45204800

1.17532200

1.00888000
-0.89731800
-1.13639100
-2.06348800
-0.61315500
-0.06733600
-1.68360200
-1.90134400
-1.43779400
-2.71885200
-2.30912900
-1.57929700
-0.90696500
-1.91511200

18411900
1158800
04249500
1048300
1710500
50838700
0286100
2221800
4865800

5164500
6088600
sQB/700
6035000
40531500
102000
8348900
4988600
8332400
5245900
8843500
5603200
468D800
4000
6740200
635600
1764500
13500
228600
62853400
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ITITTOIOIOOOOIIIOIOIOOOOIIIOI

TS4-19

-1.20366500
-3.22177100
-3.63067800
-2.41922800
-4.00042000
2.61816500
3.85953000
2.49398900
4.94269800
3.96277800
3.58332300
1.54995600
4.80670500
5.89450700
3.48140900
5.65630300
1.68423300
2.52556700
1.07400700
2.71749500
3.00623300
1.28571100
0.45996000
2.09990600
3.35218900
0.81877000
2.26084300

-2.44950400
0.28262600
-0.06840500
0.98421000
0.79613200
-0.93662400
-0.58958700
-2.12773000
-1.42693800
0.33045700
-2.95475400
-2.37575300
-2.61051700
-1.15655100
-3.86557600
-3.26066700
1.37725600
1.99652200
2.15050200
3.35971800
1.40247600
3.51271300
1.67080600
4.11966700
3.83222000
4.09924700
5.18443200

E(RmPW+HF-B95) = -1495.622912 au
1 imaginary frequency: -370.5810 ¢m

ITITITOITOOOZO00ITOZ000

-0.10927300
-1.31123700
-1.77190300
-1.92876300
-1.19080000
-1.70397100
0.68144600
-0.00798200
0.07575500
-3.41683500
0.12132500
0.90308500
0.62652500
-3.98103200
-5.06631900
-3.68119200
-3.62154900

-0.90632300
-0.21557800
0.72111500
-0.69896300
-0.98944700
-1.54225500
-0.37543600
-2.27141200
-3.38760200
-0.77194500
-0.72097500
0.08962300
-1.22498700
0.61771300
0.57033100
1.29871700
1.00390800

8238900
5263800
9830700
6485700
6R19000
5038000
005800
6016500
2049900
2833300
283 800
2172000
7971200
40465700
928600
08388000
2633000
9023500
0249400
5841000
5405400
531%$800
5280100
2080700
8335600
3261800
5840900

7293200
9804700
8135200
60a2r900
936D700
623400
1882100
0295600
381300
1068500
892100
9087300
8240500
6830800
0823400
18412200
1944700
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ITITTOITIOIOOOOIIIOIOIOOOOIIIOIIITO

B-21

-3.89465500
-3.64796000
-4.97372700
-3.45557500
-3.88751800
-3.70784400
-3.42744200
-4.96010100
2.31974000
3.32136100
2.69324100
4.64984100
3.06256200
4.01950700
1.93068100
5.00226300
5.41167800
4.28920200
6.04132200
0.46948000
1.01667000
-0.51419700
0.59426400
1.76056700
-0.92613200
-0.92945500
-0.37578600
1.02043300
-1.67688700
-0.70122500

-1.32545700
-0.66504100
-1.43709600
-2.30240700
-1.71222000
-1.31839400
-2.69275900
-1.83421100
-0.25944400

0.71035000
-1.60320500

0.34501000

1.75228600
-1.96348900
-2.36280300
-0.98984300

1.10650700
-3.00615000
-1.27281600

1.45023300

1881800
3569400
826100
9928800
1308000
025/800
2547000
06313100
603000
45/3900
684300
0RZ2600
1074200
903200
9295600
6680800
084200
7033000
20660600
891500

2.14765200 0865700

2.07604600

3165200

3.42224500 062800

1.67494000
3.35648600
1.56005000
4.03197900
3.94080600
3.83013700
5.03267700

E(RmPW+HF-B95) = -1495.679101 au

TOTOOOZOOIOZO00O

-2.02763600
-3.08122900
-4.14516000
-2.31609700
-1.16529200
-0.98077600
-1.40592900
-2.42942700
-2.74280700
-2.56143900

0.07176500

1.31549100
-0.07834800
-2.52397200
-2.73945500

0.75617800
-0.27824700
-0.60820400
-0.64523500

0.20337800

0.96498500

0.48984300

2.13060300

3.21799400
-1.62523400
-0.53048400
-0.11072000
-1.49260600
-3.01523100
-3.76253200

1960800
40631700
8830000
306r800
4668700
51(3/000
6689100

0&0ar000
5038700
F128500
86(M300
7899600
2011600
3244200
4838300
9287800
4358800
0724400
364200
4650800
302700
8987400

S35



ITTOIOITOOOOIIIOIOIOOOOIIITITOITIITIOITT

6-25

-3.26693800
-1.54440900
-3.92817800
-4.70386000
-4.13450100
-3.95794000
-1.48583600
-0.49743000
-1.49474500
-1.67262900
2.46722300
3.67100200
2.37460700
4.74269400
3.76010300
3.44778100
1.46093200
4.63453900
5.66524500
3.36104900
5.47371600
1.59659000
2.43228300
1.04276800
2.67646000
2.88419600
1.29405700
0.43722200
2.10676000
3.31594900
0.85721500
2.30374100

-3.09920300
-3.22498800
-1.34585200
-1.42118400
-2.06934100
-0.35022500
-1.46867900
-1.66703800
-0.46845600
-2.17605400
-0.99311500
-0.46179800
-2.36734400
-1.28455200
0.60340000
-3.18918400
-2.79143100
-2.65075800
-0.85670400
-4.25194800
-3.29251400
1.23857200
1.40707500
2.36133800
2.66665700
0.54173200
3.62430300
2.24324700
3.77797900
2.78373400
4.48508500
4.76171600

E(RmPW+HF-B95) = -1495.684172 au

TOOOZOOIOZ00OO

0.03110200
-1.50759200
-2.07588000
-2.09728500
-1.30630200
-1.82057300

0.71103400

0.18755600

0.26620300
-3.58577300
-0.00802500

0.73008300

0.52627400

-0.89164700
-0.64668700
-0.55765600
-0.61397300
-0.62205500
-0.84703400
-0.66871100
-2.30568500
-3.42348700
-0.47715500
-0.37270500
-0.02143400
-0.38511700

4387800
109D300
4210600
89.21400
22600
72031700
983%700
9248500
2238300
08131400
G0L500
4630500
1690600
2661300
861900
SQ®700
68622200
5018800
8321600
383800
6339200
8996900
812700
0844000
9237400
4339900
9075600
9661700
96941800
5280900
8661700
901200

3606700
8070500
328400
3643400
86300
9336500
5235000
105¥100
94100
1257600
94%1400
3031900
28(/600

S36



ITTOIOITOOOOIIIOITIOIOOOOIITTIOITITIOIIITITO

-3.98837900
-5.06010000
-3.74910700
-3.48487500
-4.23859000
-3.99445200
-5.31659800
-3.92514700
-4.04341500
-3.62622600
-3.81393000
-5.12215900
2.20260000
3.13369000
2.63634100
4.46659600
2.81107600
3.97202000
1.92965600
4.89076600
5.17621600
4.29079700
5.93286000
0.54032000
1.13760700
-0.22131700
0.97636900
1.74002600
-0.38512500
-0.68818800
0.20911700
1.45094900
-0.97984100
0.08247900

0.85837600
0.99260200
0.90452400
1.67252100
-1.64269800
-1.64796100
-1.56137300
-2.58413200
-0.50084400
0.31808100
-1.44269500
-0.38766200
-0.38601200

9R800
2631300
4680900
20./600
1072600
6221700
0017100
3026300
582000
3242900
4893000
5910200
0867600

0.29896500 5095600

-1.43310300
-0.05380500
1.12051600
-1.78628600
-1.98847000
-1.09754200
0.49029800
-2.60275200
-1.37064200
1.47678200
2.31333500
2.04879700
3.67823800
1.88145700
3.42372500
1.45020600
4.24200900
4.30565900
3.84741600
5.31072200

0365300
2613600
7600000
3899800
0035400
93D100
2041700
658100
6@B5300
2P34500
5395100
8072600
983000
4390900
4082500
4259300
0DS00
3483200
3333400
5098600

S37



DMK 26

E(RmPW+HF-B95) = -231.164760951 au

ITITITITITITOOOOO

TS26

0.33242000
-0.96766500
-2.12514400

1.08773700

1.08752000

1.72600000

0.42855000

1.72640100

1.72586200

1.72608100

0.42818600

-0.00001200
-0.00008900

00@1000
00700

-0.00006400 GO@M300

-1.29373300

00a2600

1.29384500 000B600

-1.35988900
-2.15452000
-1.35969000
1.36003600
1.35998800
2.15451900

7833700
6020600
783800
7889700
860900
00@B900

E(RmPW+HF-B95) = -791.333351031 au
1 imaginary frequency: -200.0542 ¢m

ITIIIITIIIOIIIOIIIOIIOOOOOIIOZ000

-1.67314600
-1.94314600
-2.23461600
-1.80567100
-0.68917100
-0.63611500
-1.69050800
-1.37263100
-3.05822000

0.57260100

1.71835200

0.53682500

1.65898200
-3.24677900
-4.19837400
-3.23159900
-2.45474200
-4.19417800
-4.28490400
-5.12987700
-4.02628900
-3.03153800
-2.28858400
-2.82841700
-3.99974800
-0.72874500
-1.90900600
-2.44181000
-0.35677600
-2.04113800

2.15334600
1.33179200
1.14669100
-0.55537000
-1.15069600
-2.23642500
3.61327800
1.81700700
-1.32601000
-0.45870600
-1.14248500
0.61737300
-2.22158400
-2.00158100
-2.52569500
-1.25815800
-2.72343900
-0.35213600
0.35517500
-0.89634700
0.20179900
-2.35936600
-3.13315000
-1.88595200
-2.84761700
4.07969500
3.77072900
4.14707300
2.10985000
2.36099900

9072200
0855600
3361200
3228700
5039000
0026600
5871300
1368600
6068200
08338000
3018800
5880900
9a8¥200
8465800
0967000
433200
6899400
1873400
9896500
0841200
3848100
8030000
1168000
3221300
4046700
6002800
0630100
20600
82300
8365400
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ITTOITOITOOOOI

ZW-26

-1.48423600
3.06621000
4.13805900
3.33278500
5.43870000
3.94320000
4.63044100
2.52084800
5.68829100
6.25655700
4.82149600
6.70235000

0.76093700
-0.60300900
-1.48510400

0.75922100
-1.02629800
-2.54261600

1.21683900

1.46431100

0.32699100
-1.72516700

2.27345500

0.69033000

2141100
102¥700
6538900
206D300
307438900
5010600
588r000
9066300
8025300
9095100
4012000
0803100

E(RmPW+HF-B95) = -791.345297259 au

OOIITITIIIIIIIOIIIOIIIOIIOOOOOOIIOZ000

-1.47349200
-1.93726400
-2.46163900
-1.86086400
-0.72362900
-0.72202900
-1.55705900
-0.90626100
-3.14432900

0.54177900

1.65913600

0.54836700

1.55289700
-3.47368900
-4.41667300
-3.54496100
-2.70027800
-4.21721700
-4.32953700
-5.15791400
-3.97075800
-3.02464300
-2.39257200
-2.65482900
-4.01450800
-0.57093200
-2.01092000
-2.14796500

0.17943600
-1.32032800
-1.11867100

3.02383400

4.05409900

1.88770700
1.04169100
1.25503900
-0.40340100
-0.98076400
-2.02244400
3.34747600
1.52000600
-1.16027700
-0.36024000
-1.02160200
0.63315300
-2.00381600
-1.60561000
-2.14552900
-0.73812500
-2.26837000
-0.22733300
0.62526000
-0.76709900
0.12405500
-2.36311100
-3.14558800
-2.08210400
-2.78971100
3.81780200
3.51244500
3.87249900
1.64835900
2.17044800
0.49783900
-0.56543200
-1.40215600

90067100
5068200
663000
9U@1600
4019200
262500
0832100
28500
5645100
66822800
6066200
o300
1095400
#08b200
6746400
13113900
51200
7065400
8640300
1659000
702D300
608000
5048200
44381200
8a80000
0815100
6097800
6042000
71400
995800
225300
10838500
2020500

S39



ITITTOITIOIOO

3.35007000
5.37283500
3.81112600
4.66629900
2.57221800
5.68172100
6.15853000
4.90562200
6.71070500

0.66935900
-1.02250000
-2.35973600

1.04661600

1.33694900

0.20323200
-1.68251100

2.00320700

0.50413300

485000
9858600
6045100
8049500
61400
6040400
2060500
1438000
6027400

S40



