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1. Experimental Details
1.1 General Information

All manipulations were carried out in an oxygen- and moisture-free argon atmosphere using
standard Schlenk and drybox techniques. The solvents were purified with the Grubbs-type
column system “Pure Solv MD-5" and dispensed into thick-walled glass Schlenk bombs
equipped with Young-type Teflon valve stopcocks. rac-ethylenebis(4,5,6,7-tetrahydro-1-
indenyl)zirconium(lV) dichloride ([rac-(ebthi)ZrCl,], MCAT), rac-dimethylsilylenebis(4,5,6,7-
tetrahydro-1-indenyl)zirconium(lV) dichloride ([rac-Me,Si(thi),ZrCl,], LANXESS),
bis(tetrahydroindenyl)zirconium(lV) dichloride ([(thi),ZrCl,], MCAT), meso-ethylenebis(4,5,6,7-
tetrahydro-1-indenyl)zirconium(lV) dichloride ([meso-(ebthi)ZrCl,], LANXESS) and
dimethylsilylenebis(cyclopentadienyl)zirconium(lV) dichloride ([Me,Si(CsH,),ZrCl,], MCAT) were
stored under argon and used as received. Benzophenone (99%, Fluka) was dried in vacuo prior
to use and stored under argon. Acetophenone (99%, Sigma-Aldrich) was condensed prior to
use in a Schlenk flask and stored under argon. Acetone (>99.8%, Fisher Chemical) was degassed
by three freeze-pump-thaw cycles, and stored over 3 A molecular sieves. [Li,(Me;SiC;SiMe3)]
was prepared according to literature procedure and isolated as white solid.? The synthesis of
[Ir(pn-Cl)(CO),], was done according to literature.? Preparative chromatography was performed
by elution from columns of slurry-packed Silica Gel 60 (0.04-0.063 mm, Macherey-Nagel
GmbH).

NMR spectra were determined on Bruker AV300 and AV400. 'H and '3C chemical shifts were
referenced to the solvent signal: benzene-ds (& 7.16 ppm, &¢ 128.06 ppm).3

Raman spectra were recorded on a LabRAM HR 800 Raman Horiba spectrometer equipped
with an Olympus BX41 microscope with variable lenses. The samples were excited by different
laser sources: 633 nm (17 mW, air cooled), 784 nm Laser diode (100 mW, air-cooled) or 473
nm Ar+ Laser (20 mW, air-cooled). All measurements were carried out at ambient temperature.

IR spectra were recorded on a Bruker Alpha FT-IR, ATR Spectrometer, spectra are not
corrected.

MS analysis was done using a Finnigan MAT 95-XP instrument (Thermo-Electron) in CI*/CI-
mode (isobutene) and for the air stable compounds in EI mode.

Melting points are uncorrected and were determined in sealed capillaries under Ar
atmosphere using a Mettler-Toledo MP 70.

X-Ray diffraction data were collected on a STOE IPDS Il (2a) and a Bruker Kappa APEX Il Duo
diffractometer (2b, 3a, 3b, 4, 6, 13, 14, 19 and 20), respectively. The structures were solved by
direct methods (SHELXS-97)* and refined by full-matrix least-squares procedures on F?
(SHELXL-2014).> Diamond® was used for graphical representations.

For complex 3b the highest peak (4.58 e- A3) in the final difference Fourier map is located 0.76
A and the deepest hole (-1.82 e- A3) 0.60 A from Zr1, which is due to the overlay of two
orientations of the complex in the solid. The lower occupied position of the molecule is about
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10% and therefore could not be satisfactorily resolved. Nevertheless, the highest residual
electron densities (4.58, 0.81, 0.77 and 0.75 e- A3) coincide with the minor position of the Zr
and the propargyl/allenyl unit, indicating that in the second position the whole molecule is

rotated by approximately 180° around the Zr1-Si1 axis.

All DFT calculations were carried out with the Gaussian 16 package of molecular orbital

programs.
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2. Synthesis of Compounds
2.1 Synthesis of bis-1,3-trimethylsilylpropyne

NEt,
—— \ [Ir(«~CI)(CO)2]2 ~._.

~gj —Si— o Si NV

/S\' P71 TBenzene, 80 °C ﬂ\

[Ir(u-C(CO),]» (25.4 mg, 0.045 mmol, 0.0025 equiv.) was placed in a prepared Schlenk flask,
then benzene (25 mL) and NEt; (2.73g, 27 mmol, 1.5 equiv.) were added. The mixture obtained

was stirred for 30 minutes. The trimethylpropargylsilane (2.02 g, 18 mmol, 1 equiv.) and
iodotrimethylsilane (4.7 g, 23.4 mmol, 1.3 equiv.) were added into the Schlenk flask. The deep
brown solution was cooled to -78 °C, degassed and heated to 80 °C for three days. Then the
reacting solution was cooled to room temperature, [Ir(u-Cl)(CO),]> (25.4 mg, 0.045 mmol,
0.0025 equiv.) was added into the reacting solution under argon atmosphere, then the solution
was cooled to -78 °C, degassed and heated to 80 °C for another three days. After checking the
progress of the reaction by NMR spectroscopy the characteristic peak of
trimethylpropargylsilane had disappeared. Water (5 mL) was added to quench the reaction.
The mixture was washed using brine (3 x 10 mL) and extracted with diethyl ether (3 x 15 mL).
The combined brown organic phase was then dried over Na,SO,, concentrated on the rotary
evaporator and condensed using reduced pressure and liquid nitrogen cooling. A colorless oil
was obtained (1.69 g, 51 %). The yield was calculated by NMR with heptane as the internal
standard (Figure S1).

TH NMR (25 °C, benzene-dg, 400.1 MHz): & 1.42 (s, 2H, CH>), 0.23 (s, )y, si = 7.0 Hz, 9H, 3 x
SiMe3), 0.03 (S, ZJHI Si = 6.7 Hz, 9H, 3 X SIMeg)

It should be noted that in order to increase the yield, the evaporation process should be carried
out gently to avoid loss of the product. This will then lead to residual benzene in the product.
Since the lithiation of bis-1,3-trimethylsilylpropyne in the next step is done using benzene as
solvent, the residual benzene will have no effect on following reactions.
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Figure S1. "H NMR spectrum of bis-1,3-trimethylsilylpropyne (25 °C, benzene-ds, 400.1 MHz).
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2.2 Synthesis of 2a

SiMes
N O Li, L Li benzene, r.t. N A
zr_ &cc T lo z()

K O Megsi SiMes X

SiMe3
2a

[rac-(ebthi)ZrCl;] (0.23 mmol, 100 mg) and [Li,(Me;SiC3SiMes)] (0.23 mmol, 45 mg) were
dissolved in benzene (15 mL) at room temperature. Then the resulting pale-yellow solution was
stirred for 2 days and turned bright green. After filtration, the solvent was removed in vacuo
and then the residue was dissolved in pentane. The solution was concentrated and stored at -
30 °C for crystallization to obtain complex 2a (Isolated yield 82%, 101 mg; NMR yield 90%,
heptane as internal standard). Single crystals suitable for single crystal diffraction were grown
from pentane.

m.p. 90-93 °C (Ar.). 'TH NMR (25 °C, benzene-ds, 400.1 MHz): 6 7.20 (d, 3y 4 = 3.3 Hz, 2H, CH
ebthi), 5.35 (d, 3/ 1 = 3.3 Hz, 2H, CH ebthi), 2.65 (s, 4H, 2 x CH, ebthi), 2.45-2.33 (m, 4H, 2 x CH,
ebthi), 2.14-2.07 (m, 2H, CH, ebthi), 1.65-1.23 (m, 10H, 5 x CH, ebthi), 0.36 (s, %y si = 6.5 Hz,
18H, 2 x SiMe3). 13C NMR (25 °C, benzene-ds, 100.6 MHz): & 164.7 (C=C=C), 151.4 (C=C=Q),
125.2,123.0, 119.1 (6 x C ebthi), 114.2, 101.9 (4 x CH ebthi), 27.2, 24.0, 23.8, 23.4, 22.9 (10 x CH,
ebthi), 2.7 (2 x SiMe3). 2°Si-inept NMR (25 °C, benzene-dg, 79.5 MHz): § -12.71 (dec, 2Jy,si = 6.5
Hz, SiMes). (Minor impurity of 3a was generally observed due to the slow conversion of 2a to
3a at room temperature.) IR (ATR, 32 scans, cm™): 2927 (w), 2897 (w), 2853 (w), 1890 (w), 1855
(w), 1731 (m), 1435 (w), 1338 (w), 1284 (w), 1241 (m), 1136 (w), 1035 (w), 1000 (w), 938 (w), 831
(s), 773 (s), 750 (m), 684 (m), 629 (w), 604 (w), 532 (w), 501 (w), 404 (w). Raman (784 nm, 20 sec,
15 acc, cm™): 535 (m), 579 (s), 601 (s), 626 (vs), 679 (s), 745 (s), 805 (vs), 851 (m), 952 (w), 975
(w), 1064 (w), 1143 (w), 1258 (m),1290 (m),1339 (m),1438 (M), 1569 (w), 2099 (vw), 2158 (vw),
2903 (vw), 2944 (vw). MS-CI* (isobutane): [M*] 536 (100), 443 (73)", [ebthi*] 267 (24),
[((Me;SiCHCCHSiIMes+H)*] 185 (82), [SiMe;*] 73 (22).

2.3 Synthesis of 2b

SIMe3
. \ _Cl Li, L _benzene
/ ~
@ Cl Me,Si' SiMes T @ Q
SIMe3

[rac-Me,Si(thi)ZrCl;] (0.22 mmol, 100 mg) and [Li;(Me;SiC;SiMes)] (0.22 mmol, 43 mg) were
dissolved in benzene (3 mL). After 2 days of stirring at room temperature or 1 hour of stirring
at 60 °C, the green solution was filtered and then the solvent was removed in vacuo. After

* This signal could not be identified. Based on its isotopic pattern the species should contain Zr.
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dissolving in hexane, the residue was concentrated and stored at -30 °C for crystallization to
obtain complex 2b (Isolated yield 84%, 105 mg; NMR yield 87%, hexane as internal standard).
Single crystals suitable for single crystal diffraction were grown from pentane.

m.p. 91-94 °C (Ar.). 'TH NMR (25 °C, benzene-ds, 400.1 MHz): 6 7.43 (d, 3Jy y = 3.2 Hz, 2H, CH
indenyl), 5.40 (d, 3J4, 4 = 3.2 Hz, 2H, CH indenyl), 2.45-2.38 (m, 2H, CH, indenyl), 2.25-2.11 (m,
4H, 2 x CH, indenyl), 1.69-1.62 (m, 2H, CH, indenyl), 1.46-1.19 (m, 8H, 4 x CH, indenyl), 0.51 (s,
2Ju si = 7.0 Hz, 6H, SiMe,), 0.36 (s, 2, si = 6.5 Hz, 18H, 2 x SiMe3). 13C NMR (25 °C, benzene-d;,
100.6 MHz): § 173.2 (C=C=C), 147.0 (C=C=C), 129.8, 123.0 (4 x Cindenyl), 120.1, 105.5 (4 x CH
indenyl), 98.5 (2 x C indenyl), 26.8, 24.4, 23.4, 23.2 (8 x CH, indenyl), 2.5 (2 x SiMe3), -2.1 (2 x
SiMe,). 29Si-inept NMR (25 °C, benzene-ds, 79.5 MHz): 6 -11.73 (dec, 2Jy si = 6.5 Hz, SiMe3), -
14.76 (sep, 2y si = 7.0 Hz, SiMe,). (Minor impurity of 3b was generally observed due to the slow
conversion of 2b to 3b at room temperature.) IR (ATR, 32 scans, cm™"): 2929 (w), 2895 (w), 2853
(w), 1900 (w), 1857 (w), 1834 (w), 1731 (m), 1441 (w), 1418 (w), 1340 (w), 1241 (m), 1125 (w),
1037 (w), 965 (w), 940 (w), 827 (s), 777 (s), 750 (m), 680 (s), 627 (w), 604 (w), 532 (w), 480 (w),
425 (w), 402 (w). MS-CI* (isobutane): [(Me;SICHCCHSiMes;+H)*] 185 (6), [M*] 566 (100).

2.4 Synthesis of 3a

_ . H H SiMe,
\Z AL LI?C c C/I‘I pentane , \\Zr -
r = = o
0 st ‘Sitte, 60°C.4d Y4
SiM93
3a

[rac-(ebthi)ZrCl;] (0.23 mmol, 100 mg) and [Li,(Me;SiC3SiMes)] (0.23 mmol, 45 mg) were
dissolved in pentane (6 mL). After 4 days of stirring at 60 °C, the brown solution was filtered
and then the solvent was removed in vacuo. After dissolving in hexane, the residue was
concentrated in vacuum and stored at -30 °C for crystallization to obtain complex 3a (109 mg,
88%). Single crystals suitable for single crystal diffraction were grown from benzene at room
temperature.

m.p. 127-130 °C (dec. Ar.). "TH NMR (25 °C, benzene-dg, 400.1 MHz): 6 5.75 (d, 3/ 4 = 3.3 Hz,
1H, CH ebthi), 5.72 (d, 34 1 = 3.3 Hz, 1H, CH ebthi), 5.48 (d, 3/, 4 = 3.2 Hz, 1H, CH ebthi), 5.43
(d, 3y 4 = 3.2 Hz, T1H, CH ebthi), 4.23 (d, 34 4 = 8.1 Hz, 1H, CH ebthi), 3.08-2.97 (m, TH), 2.84-
2.78(m, 1H), 2.52-2.06 (m, 9H), 1.95-1.40 (m, 8H, CH, ebthi), 0.34 (s, 4 s = 6.5 Hz, 9H, C=C-
SiMe3), 0.28 (s, 2y, si = 6.7 Hz, 9H, C=C-CH-SiMe3). 3C NMR (25 °C, benzene-d,, 100.6 MHz): &
141.9 (C=C-SiMes), 124.0, 124.0, 121.6, 119.0, 114.2 (5 x C ebthi), 113.8 (CH ebthi), 113.7 (C
ebthi), 102.6, 99.6, 97.1 (3 x CH ebthi), 96.2 (C=C-SiMej3), 68.4 (CH ebthi), 51.5 (C=C-CH-SiMe3),
294, 28.1, 25.5, 24.9, 24.3, 23.8, 23.7, 22.3, 21.6 (9 x CH; ebthi), 2.4 (SiMe3), 2.1 (SiMes). 2°Si-
inept NMR (25 °C, benzene-dg, 79.5 MHz): 6 -1.66 (dec, %)y s = 6.5 Hz, C=C-SiMe3), -7.55(m,
C=C-CH-SiMes3). IR (ATR, 32 scans, cm™™): 3086 (vw), 2993 (vw), 2929 (w), 2906 (w), 2855 (w),
1892 (m), 1443 (w), 1371 (w), 1315 (w), 1243 (m), 1134 (w), 1037 (w), 998 (w), 835 (s), 777 (s),
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759 (m), 690 (m), 629 (w), 606 (w), 532 (w), 505 (w), 462 (w), 451 (w), 408 (w). MS-CI* (isobutane):
[M*] 536 (100), [M-SiMes*] 463 (5), [M-Me;3SiCHC,SiMes*] 351 (7).

2.5 Synthesis of 3b

. . H% H SiMe;
N { _Cl Li_ /LI benzene = a7 N\

Si zr. o+ c=c=C — "

Zr
7/ ~ - ° ~
XK €l Messi SiMe, 00 C: 1d X )/?/
-2 LiCl .
SlMe3

3b

[rac-Me,Si(thi)ZrCl;] (0.22 mmol, 100 mg) and [Li>(Me;SiC3SiMe3)] (0.22 mmol, 43 mg) were
dissolved in benzene (3 mL). After one night of stirring at 60 °C, the brown solution was filtered
and then the solvent was removed in vacuo. After dissolving in hexane, the residue was
concentrated in vacuum and stored at -30 °C for crystallization to obtain complex 3b (114 mg,
91%). Single crystals suitable for single crystal diffraction were grown from hexane.

m.p. 107-111°C (Ar.). TH NMR (25 °C, benzene-ds, 400.1 MHz): § 5.86 (d, 3J4, 4y = 3.1 Hz, 1H, CH
indenyl), 5.74 (d, 3Jy 4 = 2.9 Hz, 1H, CH indenyl), 5.62 (d, 3/y; y = 2.9 Hz, 1H, CH indenyl), 5.35 (d,
3Ju w = 3.1 Hz, TH, CH indenyl), 3.79 (d, 34, 1 = 8.2 Hz, 1H, CH indenyl), 2.96-2.87 (m, 1H, CH,
indenyl), 2.78-2.71 (m, 1H, CH, indenyl), 2.55-2.34 (m, 4H, CH, indenyl), 2.02-1.94 (m, 1H, CH,
indenyl), 1.91-1.69 (m, 4H, CH, indenyl), 1.60-1.44 (m, 3H, CH, indenyl), 0.73-0.64 (m, 1TH, C=C-
CH), 0.41 (s, ?Jy. si = 7.0 Hz, 3H, SiMe,), 0.33 (s, °Jy, si = 6.5 Hz, 9H, C=C-SiMe3), 0.26 (s, 2Jy si =
6.7 Hz, 9H, C=C-CH-SiMe;3), 0.22 (s, 2y si = 7.0 Hz, 3H, SiMe,). 1*C NMR (25 °C, benzene-ds,
100.6 MHz): 6 139.3 (C=C-SiMe3), 129.7, 129.1 (2 x C indenyl), 123.7 (CH indenyl), 116.0, 115.0
(2 x Cindenyl), 104.4, 104.3, 103.3(3 x CH indenyl), 96.3 (C=C-SiMe;3), 87.4, 86.3 (2 x C indenyl),
69.9 (CH indenyl), 51.4 (C=C-CH), 28.4, 28.2, 24.7, 24.2, 23.7, 22.3, 21.9 (7 x CH, indenyl), 2.4,
1.8 (2 x SiMe3), -1.2, -3.9 (SiMe,). 2°Si-inept NMR (25 °C, benzene-dg, 79.5 MHz): § -1.24 (dec,
’Ju si = 6.5 Hz, C=C-SiMe3), -7.91 (m, C=C-CH-SiMe3), -15.42 (sep, %y si = 7.0 Hz, SiMe,). IR
(ATR, 32 scans, cm"): 3083 (vw), 3010 (vw), 2927 (m), 2897 (w), 2853 (w), 1898 (m), 1857 (w),
1443 (w), 1420 (w), 1354 (w), 1315 (w), 1245 (s), 1177 (w), 1125 (w), 1097 (w), 1041 (w), 967 (w),
829 (s), 794 (s), 779 (s), 756 (s), 678 (s), 664 (m), 625 (m), 550 (w), 530 (w), 466 (M), 447 (m). MS-
Cl* (isobutane): [M+H*] 567 (100), [M*] 566 (64), [M-Me*] 551 (6), [M-SiMes*] 493 (3), [M-
Me;sSiCHC,SiMes*] 381 (6).

2.6 Synthesis of 18a

\ _CI Li, L benzene,r.t. % &

2 e \ _Cl Cl /
Zr + c=Cc=C - _ ~
~ - Z
& C pesi’ ‘Sive, 2 LiCl ngr\c:c:c/ r 4&
Me3Si\ >SiMe3
18a
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[(thi),ZrCl;] (2 eq, 0.3 mmol, 120.2 mg) and [Li;(Me;SiC;SiMes)] (1 eq, 0.15 mmol, 29.4 mg) were
added into a dried Schlenk flask and then dissolved in benzene (10 mL). After 2 hours of stirring
at room temperature, the orange solution was filtered and then the solvent was removed in
vacuo. After dissolving in toluene, the residue was concentrated and stored at -30 °C for
crystallization to obtain complex 18a (122 mg, 89%).

m.p. 146-149 °C (Ar.). 'TH NMR (25 °C, benzene-dg, 300.2 MHz): § 6.73 (dd, 3/, 1 = 3.1, 2.3 Hz,
2H, CH thi), 6.58 (dd, 3Jy n = 3.0, 2.3 Hz, 2H, CH thi), 6.18 (t, 3y 1 = 3.1 Hz, 2H, CH thi), 5.94 (t,
3Ju 1= 3.1 Hz, 2H, CH thi), 5.49 (dd, 3Jy y = 3.1, 2.3 Hz, 2H, CH thi), 5.43 (dd, 3/ = 3.0, 2.2 Hz,
2H, CH thi), 3.28-3.17 (m, 4H, CH, thi), 2.69-2.56 (m, 4H, CH, thi), 2.35-2.27 (m, 8H, CH, thi),
1.94-1.64 (m, 8H, CH, thi), 1.54-1.34 (m, 8H, CH, thi), 0.54 (s, 2}y, s; = 6.2 Hz, 18H, SiMe3). 13C
NMR (25 °C, benzene-ds 100.6 MHz): § 183.5 (C=C=C), 132.2, 132.0, 125.5, 123.6 (4 x C thi),
118.1, 114.5, 109.7, 108.6, 108.5, 107.6 (6 x CH thi), 101.7 (C=C=C), 25.4, 25.1, 24.71, 24.67, 23.1,
22.99, 22.97, 22.8 (8 x CH, thi), 4.1 (SiMe3). 2°Si-inept NMR (25 °C, benzene-dg, 79.5 MHz): § -
736 (dec, %y s = 6.2 Hz, SiMe;s). MS-CI* (isobutane): [(thi),ZrCl*] 363 (100),
[(Me3SiCHCCHSiMes;+H)*] 185 (81), [SiMes*] 73 (9).

2.7 Synthesis of 18b

= et %@
Li L benzene, rt. Cc=C=C, Q

\_ _Cl - "7 - ¢l C_/
z[ o+ C=C=C i CPZ APz S 2 ~zf
Ko s e 2hel RN i
18b, Cp' = thi 18a

[(thi),ZrCl;] (1 eq, 0.15 mmol, 60.1 mg) and [Li>(Me;SiC;SiMes)] (1 eq, 0.15 mmol, 29.4 mg) were
added into a dried Schlenk flask and then dissolved in benzene (10 mL). After 2 hours of stirring
at room temperature, the brown solution was filtered and then the solvent was removed in
vacuo. The residue was the mixture of complex 18b and 18a (60% and 40%).

TH NMR (25 °C, benzene-dg, 400.1 MHz): § 6.27 (d, 3Jy 4 = 3.2 Hz, 8H, CH thi), 5.55 (t, 3/, = 3.2
Hz, 4H, CH thi), 2.37-2.28(m, 12H, CH, thi), 2.05-1.98 (m, 8H, CH, thi), 1.52-1.18 (m, 12H, CH,
thi), 0.32 (s, 2y, si = 6.6 Hz, 36H, SiMe;). 3C NMR (25 °C, benzene-ds, 100.6 MHz): 6 167.8
(C=C=0Q), 148.4 (C=C=C), 123.3 (C thi), 109.3, 101.9 (2 x CH thi), 24.8, 23.2 (2 x CH, thi), 2.8
(SiMe3). 2°Si-inept NMR (25 °C, benzene-ds, 79.5 MHz): 6 -12.80 (dec, %)y si = 6.6 Hz, SiMej3).
MS-CI+ (isobutane): [M*] 1024 (5), [(M-(thi),Zr-MesSiC5SiMes+H)*] 511 (100), [(M-(thi),Zr-
MesSiCsSiMes-SiMes+2H)*] 439 (42), [(MesSiCHCCHSiMes+H)*] 185 (69), 117 (30), [SiMes*] 73
(26).

2.8 Synthesis of 19
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, , cl
\ _Cl Li, M toluene, r.t. \Zr/CI \Zr/
2 N T FTK 2Licl AN /S
- |
% Cl Messi SiMes Q/ c=o=¢ \y
MesSi- SiMes
19

[meso-(ebthi)ZrCl;] (2 eq, 0.3 mmol, 128.0 mg) and [Li,(MesSiCsSiMes)] (1 eq, 0.15 mmol, 29.4
mg) were added into a dried Schlenk flask and then dissolved in toluene (20 mL) at room
temperature. Then the resulting red solution was stirred for 2 hours and turn to orange. After
filtration, the solution was concentrated in vacuum and stored at -30 °C for crystallization to
obtain orange crystal 19 (119 mg, 82%).

m.p. 165.8 °C (dec. Ar.). TH NMR (25 °C, benzene-ds, 400.1 MHz): § 7.02 (d, 3/ 4 = 2.9 Hz, 2H,
CH ebthi), 6.73 (d, 3y w = 2.9 Hz, 2H, CH ebthi), 5.97 (d, 3Jy, 4 = 2.9 Hz, 2H, CH ebthi), 5.81 (d, 3/,
n = 2.8 Hz, 2H, CH ebthi), 3.25-3.36 (m, 4H), 2.56-2.80 (m, 10H), 2.20-2.55 (m, 10H), 1.18-2.13
(m, 10H), 1.34-2.52 (m, 8H), 0.54 (s, 2,5 = 6.2 Hz, 18H, 2 x SiMe3). *C NMR (25 °C, benzene-dg,
100.6 MHz): 6 183.5 (C=C=C), 132.1, 132.3, 128.2, 127.3, 125.4, 123.9 (6 x C ebthi), 116.9, 116.4,
108.1, 106.4 (4 x CH ebthi), 98.9 (C=C=C), 28.5, 27.7, 25.2, 25.2, 23.6, 23.4, 22.9, 22.7, 22.6, 21.4
(10 x CH; ebthi), 3.9 (SiMej3). 2°Si-inept NMR (25 °C, benzene-dg, 79.5 MHz): & -7.05 (dec, 2Jy s;
= 6.2 Hz, SiMes). MS-CI* (isobutane): [M-ClI*] 927 (4), [M-(ebthi)ZrCl,*] 536 (100), [(ebthi)ZrCl*]
389 (82), [(MesSiCHCCHSIMes+H)*] 185 (13), [SiMes*] 73 (2). Single crystals suitable for single
crystal diffraction were grown from hexane under -40 °C.

2.9 Synthesis of 20

NN O Li, Li benzene,rt. g7 \__Cl Cl_ /Q _/

: 3 Si
2 Si Zr + c=c=C —_— Zr Zr N
J/ N _ : NAa A~
R st e, 200 T IR oo’ o
€30l 1vVies
20

[Me,Si(CsHy),ZrCl,] (2 eq, 0.3 mmol, 104.5 mg) and [Li,(Me3SiC3SiMes)] (1 eq, 0.15 mmol, 29.4
mg) were added into a dried Schlenk flask and then dissolved in benzene (10 mL). After 2 hours
of stirring at room temperature, the orange solution was filtered and then the solvent was
removed in vacuo. The complex 20 was isolated in 117 mg, 95% vyield.

m.p. 200-203 °C (Ar.). "H NMR (25 °C, benzene-ds, 400.1 MHz): & 7.80 (td, 3J4, 4 = 3.1, 1.8 Hz,
2H, CH Cp), 7.34 (td, 3/, = 3.0, 1.8 Hz, 2H, CH Cp), 7.06 (td, 3/, = 3.0, 1.9 Hz, 2H, CH Cp), 6.85
(td, 3Ju, v = 3.0, 2.0 Hz, 2H, CH Cp), 5.96-5.93 (m, 4H, CH Cp), 5.70-5.65 (m, 4H, CH Cp), 0.41 (s,
’Ju s = 6.4 Hz, 18H, SiMe3), 0.28 (s, 2y s = 7.2 Hz, 6H, SiMe,), 0.18 (s, %/ s = 7.2 Hz, 6H, SiMe,).
BC NMR (25 °C, benzene-ds, 100.6 MHz): 6 173.4 (C=C=C), 126.0, 125.4, 123.9, 123.2, 117.0,
116.9, 110.6 (7xCH Cp), 110.5 (C=C=C), 109.9 (CH Cp), 107.2 (C Cp), 106.5 (C Cp), 3.1 (SiMe3),
-4.8 (SiMe,), -6.2 (SiMe,). 2°Si-inept NMR (25 °C, benzene-dg, 79.5 MHz): 6 -3.80 (dec, %y, s =
6.4 Hz, SiMe3), -14.33 (sep, Yy, si = 7.2 Hz, SiMe,). MS-CI* (isobutane): [M-HCI*] 771 (28), [M-
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2xHCI*] 735 (16), [M-Me,Si(CsH,)ZrCl,*] 459 (100). Single crystals suitable for single crystal
diffraction were grown from toluene under -30 °C.
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3. Reactivity of Complexes
3.1 Reactivity of 2a with ketones

3.1.1 Reaction of 2a with benzophenone to (4,4-diphenylbut-3-en-1-yne-1,3-
diyl)bis(trimethylsilane) (5)

SiMes SiMes e
A o o= SiMes esSi,
Zr > . PR benzene \Zz/qf benzene J{S'Mei Zr oxido
% . Ph™ "Ph r.t. % ~o ECAPh g6ooc N o species
SIMe3 Ph
2a 4 5

Compound 2a (0.20 mmol, 0.108 g) and benzophenone (0.20 mmol, 37 mg) were dissolved in
benzene (2 mL). After one day of stirring at room temperature the solvent was removed in
vacuo. An NMR sample was taken and the crude NMR spectrum showed that intermediate 4
was the major species (conversion of 2a: 100%). Then the orange residue was dissolved in
hexane and stored at -30 °C for crystallization to obtain the intermediate 4. Single crystals
suitable for single crystal diffraction were grown from hexane.

m.p. 128-131 °C (Ar.).’TH NMR (25 °C, benzene-dg, 300.2 MHz): § 7.57-7.51 (m, 4H, Ph), 6.64 (d,
3y 1= 3.0 Hz, 1H, CH ebthi), 6.24 (d, 3/ 1 = 2.7 Hz, 1H, CH ebthi), 5.85 (d, 3/ 1 = 2.9 Hz, 1H, CH
ebthi), 5.13 (d, 3J4, 1 = 2.8 Hz, TH, CH ebthi), 0.43 (s,%/y si = 6.5 Hz, 9H, SiMe3), 0.10 (s, 2y si = 6.5
Hz, 9H, SiMe;). 3C NMR (25 °C, benzene-ds, 100.6 MHz): § 180.6 (C2), 152.1, 150.8, 135.5, 135.1,
1304, 129.1, 128.9, 128.6, 127.3, 127.2, 126.8, 121.4, 120.6 (2 x C ebthi), 107.43, 107.38, 104.7,
104.6 (4 x CH ebthi), 98.6 (C3), 92.4 (C4), 28.6, 28.4, 25.3, 24.8, 24.4, 23.54, 23.50, 23.4, 23.1, 22.5
(10 x CH; ebthi), 2.7, 2.1 (2 x SiMe3) (Pure 4 was not obtained after crystallization, compound
13 was obtained as an impurity due to 3a contained in the starting material 2a. A more precise
assignment was not made, since the signals in the mixture cannot be assigned without any
doubt). 2°Si-inept NMR (25 °C, benzene-ds, 79.5 MHz): & -6.59 (dec, °Jy si = 6.5 Hz, SiMey), -
9.78 (dec, 2Jy,si = 6.5 Hz, SiMej3). IR (ATR, 32 scans, cm™"): 3053 (vw), 3028 (vw), 3018 (vw), 2923
(w), 2902 (w), 2855 (w), 1814 (m), 1597 (w), 1488 (w), 1441 (w), 1245 (m), 1187 (w), 1160 (w),
1033 (w), 993 (m), 928 (w), 905 (w), 831 (s), 781 (s), 754 (s), 701 (s), 682 (s), 620 (s), 542 (m), 501
(m), 472 (m), 447 (w), 406 (s). Raman (784 nm, 20 sec, 15 acc, cm™): 543 (m), 553 (m), 572 (w),
619 (m), 635 (s), 683 (s), 727 (m), 759 (w), 817 (w), 903 (w), 955 (w), 1004 (s), 1032 (m), 1161 (w),
1176 (w), 1256 (w), 1290 (w), 1340 (w), 1447 (w), 1478 (w), 1581 (vw), 1597 (w), 1818 (w), 2894
(vw), 2939 (vw), 3057 (vw). MS-CI* (isobutane): [M*] 718 (8), 443 (100)', [SiMe3*] 73 (3).

After heating the above-mentioned reaction mixture at 60 °C for 2 days (or at r.t. for 5 days),
an NMR sample was taken and the crude NMR showed that compound 5 was the resulting
product, which was in agreement with the previously reported literature.”

TH NMR (25 °C, benzene-ds, 300.2 MHz): § 7.65 (m, 2H, Ph), 7.05 (m, 8H, Ph), 0.17 (s, 245 =7.0
Hz, 9H, SiMe3), 0.12 (s, ?Ju si = 6.7 Hz, 9H, SiMe;).

" This signal could not be identified. Based on its isotopic pattern the species should contain Zr.
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Figure S2. "H NMR spectrum of the reaction mixture for the formation of 5 (25 °C, benzene-ds, 300.2 MHz).

3.1.2 Reaction of 2a with acetophenone to E/Z isomer mixture of (4-phenylpent-3-en-1-
yne-1,3-diyl)bis(trimethylsilane) (7E and 72)

SiMe;

\ SiMe3 SiM VoS
} i €3 €39l o )
Zr<? N )OL benzene \ZE\I benzene 7>_// =——SiMe; Zr oxido
R — + .
% . Ph Me r.t. % \O Me 60 °C Me - species
SIMe3 Ph
EI/Z isomer mixture
2a 6 7

Compound 2a (0.20 mmol, 0.108 g) was dissolved in benzene (2 mL) and acetophenone (0.20
mmol, 24 mg) was added. A color change to orange was observed immediately after addition
of acetophenone. After one day of stirring at room temperature the solvent was removed in
vacuo. An NMR sample was taken and the crude NMR spectrum showed that intermediate 4
was the major species (conversion of 2a: 100%). Then the orange residue was dissolved in
hexane and stored at -30 °C for crystallization to obtain the intermediate 6 as isomer mixture.
Single crystals suitable for single crystal diffraction were grown from hexane.

m.p. 127-130 °C (Ar.). TH NMR (25 °C, benzene-dg, 400.1 MHz): & 7.73-7.67 (m, 4H, Ph), 7.32-
7.25 (m, 4H, Ph), 7.14-7.09 (m, 2H, Ph), 6.79 (d, 3Jy, 1 = 3.1 Hz, 1H, CH ebthi), 6.64 (d, 3Jy 1 = 3.0
Hz, 1H, CH ebthi), 6.44 (d, 3y 4 = 2.8 Hz, 1H, CH ebthi), 6.30 (d, 3Ju, » = 2.8 Hz, TH, CH ebthi),
5.77 (d, *Jy, w = 3.0 Hz, 1H, CH ebthi), 5.50 (d, 3y »w = 3.1 Hz, TH, CH ebthi), 5.26 (d, 3Jy, 1 = 2.8 Hz,
1H, CH ebthi), 5.17 (d, 3J4 w = 2.8 Hz, 1H, CH ebthi), 3.02-1.18 (m, 40H, 20 x CH, ebthi), 1.91 (s,
3H, CHs), 1.86 (s, 3H, CH;3), 0.42-0.41 (m, 18H, 2 x SiMe3), 0.27 (s, %Jy si = 6.5 Hz, 9H, SiMe3), 0.07
(s, 2y, si= 6.7 Hz, 9H, SiMes). 3C NMR (25 °C, benzene-ds 100.6 MHz): & 107.0, 106.7, 106.4,
105.8, 104.7, 104.4, 104.3, 103.2 (8 x CH ebthi), 2.5, 2.3, 1.9, 1.7 (4 x SiMes) (A more precise
assignment was not made, since the small amount of isomer mixture was difficult to give a
good spectrum). 2°Si-inept NMR (25 °C, benzene-dg, 79.5 MHz): § -6.86 (m, 2 x SiMe3), -9.28
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(dec, 2Jy si = 6.5 Hz, SiMes), -10.55 (dec, 2Jy si = 6.5 Hz, SiMes). IR (ATR, 32 scans, cm™'): 3092
(vw), 3055 (vw), 2945 (w), 2923 (w), 2855 (w), 2836 (w), 1855 (w), 1808 (m), 1597 (w), 1490 (w),
1441 (w), 1356 (w), 1259 (w), 1243 (m), 1214 (w), 1097 (w), 1053 (w), 1029 (w), 938 (w), 915 (w),
833 (s), 767 (s), 752 (s), 697 (s), 670 (s), 622 (m), 598 (m), 577 (w), 517 (w), 489 (w), 466 (w), 447
(w), 408 (s). Raman (784 nm, 15 sec, 10 acc, cm™): 518 (m), 624 (m), 632 (s), 652 (w), 679 (M),
712 (w), 732 (m), 756 (m), 766 (m), 934 (w), 1002 (s), 1027 (m), 1178 (w), 1215 (w), 1279 (w),
1458 (w), 1597 (w), 1809 (w), 2897 (vw), 2943 (vw). MS-CI* (isobutane): [M*] 656 (3), [M-Me*]
641 (7), [IM-MesSiCsSiMes*] 473 (17), 443 (100)%, [MesSiC3SiMesCPhMe*] 287 (25), [ebthi*] 267
(29), [(MesSICHCCHSiMes;+H)*] 185 (9), [SiMes*] 73 (6).

After heating the above-mentioned reaction mixture at 60 °C for 2 days, an NMR sample was
taken and the crude NMR showed that £ and Z isomers mixture of compound 7 (E/Z ratio 1:1)
were the resulting products, which is in agreement with the previously reported literature.”

7Z: 'TH NMR (25 °C, benzene-dg, 300.2 MHz): & 6.99 (m, 5H, Ph), 2.40 (s, 3H, CH3), 0.29 (s, %y si
=7.0 Hz, 9H, SiMe3), 0.05 (s, 2Ju si = 6.7 Hz, 9H, SiMe3). 7E: 'TH NMR (25 °C, benzene-d,, 300.2
MHz): 6 7.52 (m, 2H, Ph), 7.20(m, 2H, Ph), 7.10(m, 1H, Ph), 2.03 (s, 3H, CH3), 0.34 (s, ?Jy si =6.6
Hz, 9H, SiMe3), 0.11 (s, 2Ju s = 7.0 Hz, 9H, SiMe;3).
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Figure S3. "H NMR spectrum of the reaction mixture for the formation of 7E/7Z (25 °C, benzene-dg, 300.2 MHz).

* This signal could not be identified. Based on its isotopic pattern the species should contain Zr.
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3.1.3 Reaction of 2a with acetone to (4-methylpent-3-en-1-yne-1,3- diyl)bis(trimethylsilane)

9)
SiMe, SiMe; -

A c iMe esSi _

Zr<? + )OL benzene \Zﬁ\T ’ benzene ’2/‘%3”\"93 Zr oxido

—_— C 4 .
% . Me’ Me r.t. e \O E4Me W’ Me o species

SiMej Me

2a 8 9

Compound 2a (0.20 mmol, 0.108 g) was dissolved in benzene (2 mL) and acetone (0.20 mmol,
12 mg) was added. A color change to orange was observed immediately after addition of
acetone. After one day of stirring at room temperature, an NMR sample was taken, and the
crude NMR result proved enough to characterize the proposed intermediate 8 (conversion of
2a: 100%).

m.p. 128-131 °C (Ar.). TH NMR (25 °C, benzene-dg, 300.2 MHz): § 6.68 (d, 3J4 1 = 3.1 Hz, 1H, CH
ebthi), 6.43 (d, 3y 4 = 2.8 Hz, 1H, CH ebthi), 543 (d, 3/ y = 3.1 Hz, TH, CH ebthi), 5.18 (d, 3/4 «
= 2.8 Hz, TH, CH ebthi), 1.43 (s, 6H, 2 x CH3), 0.38 (s, %Jy s = 6.5 Hz, 9H, SiMe3), 0.33 (s, 2y, s =
6.5 Hz, 9H, SiMe3) (A more precise assignment was not made, since the signals in the reaction
mixture cannot be assigned without any doubt). 3C NMR (25 °C, benzene-ds, 75.5 MHz): &
180.6 (C2), 135.3 (C1), 133.8, 129.3, 127.3, 126.8, 121.2, 120.4 (6 x C ebthi), 106.9, 105.8, 104.1,
103.3 (4 x CH ebthi), 97.9 (C3), 82.9 (C4), 37.1, 31.7 (2 x CH3), 28.7, 28.2, 25.0, 24.8, 24.7, 24.3,
23.6, 23.5, 23.0, 22.9 (10 x CH; ebthi), 2.4, 2.0 (2 x SiMej3). 2°Si-inept NMR (25 °C, benzene-ds,
59.6 MHz): & -7.17(dec, °Jy si = 6.5 Hz, SiMe3), -10.48(dec, %)y s = 6.5 Hz, SiMe3). IR (ATR, 32
scans, cm1): 2949 (w), 2927 (w), 2853 (w), 2156 (vw), 1857 (w), 1810 (m), 1437 (w), 1367 (w),
1350 (w), 1243 (m), 1171 (w), 1136 (w), 1094 (w), 1008 (w), 936 (m), 829 (s), 775 (s), 752 (s), 684
(s), 653 (m), 618 (m), 565 (M), 491 (m), 464 (m), 406 (s). MS-CI* (isobutane): [M+OCMe,*] 653
(24), IM+H*] 595 (19), [M*] 594 (13), [M-Me*] 579 (10), 443 (100)%, [M-Me;SiC3SiMe;*] 411 (51),
[ebthi*] 267 (52), [Me;SiC5SiMe;CMeO+] 225 (52), [(MesSiCHCCHSiIMes+H)*] 185 (38), [SiMes*]
73 (19).

After heating the above-mentioned reaction mixture at 60 °C for 2 days, an NMR sample was
taken and the crude NMR showed that compound 9 was the resulting product, which is in
agreement with the previously reported literature.’

TH NMR (25 °C, benzene-ds, 300.2 MHz): 6 2.03 (q, /4 1 = 0.4 Hz, 3H, CH3), 1.63 (g, “/4,n = 0.4
Hz, 3H, CHs), 0.27 (s, 2Ju si =6.4 Hz, 9H, SiMe3), 0.26 (s, 2y, si = 7.0 Hz, 9H, SiMes).

§ This signal could not be identified. Based on its isotopic pattern the species should contain Zr.
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Figure S4. "TH NMR spectrum of the reaction mixture for the formation of 9 (25 °C, benzene-de, 300.2 MHz).

3.2 Reaction of 2b with ketones

3.2.1 Reaction of 2b with benzophenone to (4,4-diphenylbut-3-en-1-yne-1,3-
diyl)bis(trimethylsilane) (5)

% §'Mes SiMes s Me;Si
\ /7 XrSiMe; ——SiMe
_Cage_,\Si Zr)\/I _ CeDs , j/ * Zroxido
M93

10 5

Compound 2b (0.05 mmol, 0.028 g) and benzophenone (0.05 mmol, 9 mg) were dissolved in
benzene-ds (0.6 mL) in a Young-NMR tube. After 15 hours at room temperature the resulting
orange solution was identified as intermediate 10 (major species) by 'H NMR (conversion of
2b: 100%). 'TH NMR (25 °C, benzene-ds, 300.2 MHz): § 6.91 (d, 3/ w = 2.9 Hz, 1H, CH ebthi),
6.81 (d, 3y = 2.8 Hz, TH, CH ebthi), 6.13 (d, 3/y n = 2.9 Hz, TH, CH ebthi), 5.04 (d, 3y, = 2.8 Hz,
1H, CH ebthi), 0.62 (s, %y si = 7.0 Hz, 3H, CHs3), 0.50 (s, 2Jy,si = 7.0 Hz, 3H, CH3), 0.42 (s, %y i =
6.5 Hz, 9H, SiMe3), 0.13 (s, 2Jy, s = 6.5 Hz, 9H, SiMe3). (A more precise assignment was not made,
since the signals in the reaction mixture cannot be assigned without any doubt.)
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Figure S5. "H NMR spectrum of the reaction mixture for the formation of 10 (25 °C, benzene-ds, 300.2 MHz).

After heating the above-mentioned reaction mixture at 60 °C for 1 day (or at r.t. for 3 days),
the crude NMR showed that compound 5 was the resulting product, which is in agreement
with the previously reported literature.” TH NMR (25 °C, benzene-ds, 300.2 MHz): & 7.66 (m,
2H, Ph), 7.06 (m, 8H, Ph), 0.17 (s, 2Jy,si =7.0 Hz, 9H, SiMe3), 0.12 (s, 2Jy s = 6.7 Hz, 9H, SiMe3).
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Figure S6. "H NMR spectrum of the reaction mixture for the formation of 5 (25 °C, benzene-dg, 300.2 MHz).
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3.2.2 Reaction of 2b with acetophenone to E/Z isomer mixture of (4-phenylpent-3-en-1-
yne-1,3-diyl)bis(trimethylsilane) (7E and 72)

%\ SiMes . % SiMes s Me3Si
X 1ivie — i
@ L 73@ B
S EI/Z isomer mixture
2b 1 7
Compound 2b (0.05 mmol, 0.028 g) was dissolved in benzene-ds (0.6 mL) in a Young-NMR
tube and acetophenone (0.05 mmol, 6 mg) was added. A color change to orange was observed
immediately after addition of acetophenone. After 15 hours at room temperature, the resulting
orange solution was identified as intermediate 11 (major species) by 'H NMR (conversion of
2b: 100%). After heating the above-mentioned reaction mixture at 60 °C for 1 day, the crude
NMR showed that E and Z isomers mixture of compound 7 (E/Z ratio 1:0.9) were the resulting
products, which was in agreement with the previously reported literature.” 72: "H NMR (25 °C,
benzene-ds 300.2 MHz): 6 7.00 (m, 5H, Ph), 2.40 (s, 3H, CHs), 0.29 (s, 2Ju s =7.0 Hz, 9H, SiMe;3),
0.05 (s, 2y, si = 6.7 Hz, 9H, SiMe3). 7E: 'TH NMR (25 °C, benzene-dg, 300.2 MHz): & 7.53 (m, 2H,
Ph), 7.20(m, 2H, Ph), 7.10(m, 1H, Ph), 2.03 (s, 3H, CHs), 0.34 (s, °Jy si =6.6 Hz, 9H, SiMe3), 0.11 (s,
2Jy si = 7.0 Hz, 9H, SiMe3).
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Figure S7. "H NMR spectrum of the reaction mixture for the formation of 7E/7Z (25 °C, benzene-dg, 300.2 MHz).
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3.2.3 Reaction of 2b with acetone to (4-methylpent-3-en-1-yne-1,3-diyl)bis(trimethylsilane)
9)

% SiMes SiMes s MesSi
\_/AN-SiMes —SiMe
CeDg . Si Z")\/i Cabs .\, _2/’_’ * Zr oxido

rt. 7 % ol\;/IeMe 60 °C e Ve *  species
SIMe3

12 9

Compound 2b (0.05 mmol, 0.028 g) was dissolved in benzene-ds (0.6 mL) in a Young-NMR
tube and acetone (0.05 mmol, 3 mg) was added. A color change to orange was observed
immediately after addition of acetone. After 15 hours at room temperature, the resulting
orange solution was identified as intermediate 12 (major species) by 'H NMR (conversion of
2b: 100%). 'TH NMR (25 °C, benzene-ds, 300.2 MHz): & 6.96 (d, 3y 4 = 2.8 Hz, TH, CH ebthi),
6.90 (d, 3Ju w = 3.1 Hz, TH, CH ebthi), 5.61 (d, 3Jy n = 3.1 Hz, 1H, CH ebthi), 5.07 (d, 3Jy, 4 = 2.8 Hz,
TH, CH ebthi), 1.45 (s, 3H, C-CH3), 1.40 (s, 3H, C-CHS3), 0.56 (s, 2Jy si = 6.9 Hz, 3H, Si-CH;), 0.49 (s,
)y si = 6.9 Hz, 3H, Si-CH;), 0.38 (s, %)y si = 6.5 Hz, 9H, SiMej3), 0.35 (s, 2/y s = 6.5 Hz, 9H, SiMes).
(A more precise assignment was not made, since the signals in the reaction mixture cannot be

assigned without any doubt.)
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Figure S8. "H NMR spectrum of the reaction mixture for the formation of 12 (25 °C, benzene-ds, 300.2 MHz).

After heating the above-mentioned reaction mixture at 60 °C for 2 days, the crude NMR
showed that compound 9 was the resulting product, which was in agreement with the

previously reported literature.”

TH NMR (25 °C, benzene-d, 300.2 MHz): & 2.03 (q, “Jy 4 = 0.4 Hz, 3H, CH3), 1.63 (q, 1 = 0.4
Hz, 3H, CHs), 0.27 (s, Uy s =6.4 Hz, 9H, SiMes), 0.26 (s, 2y, s = 7.0 Hz, 9H, SiMes).
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Figure S9.'H NMR spectrum of the reaction mixture for the formation of 9 (25 °C, benzene-dg, 300.2 MHz).

3.3 Reaction of 3a with ketones

3.3.1 Reaction of 3a with benzophenone

yH H  H.-SiMes
H i ‘ Cc
= H SiMes i benzene M &
SiMe; S O-ph
Ph
3a 13

Compound 3a (0.20 mmol, 0.108 g) and benzophenone (0.20 mmol, 37 mg) were dissolved in
benzene (2 mL). After one day of stirring at room temperature the solvent was removed in
vacuo. An NMR sample was taken and the crude NMR spectrum showed that 13 was the
resulting products. Then the yellow residue was dissolved in hexane and stored at -30 °C for
crystallization to obtain the product 13 (118 mg, 82%). Single crystals suitable for single crystal
diffraction were grown from hexane.

m.p. 168-171 °C (dec. Ar.). 'TH NMR (25 °C, benzene-dg, 400.1 MHz): & 7.43-7.38 (m, 4H, Ph),
7.22-7.18 (m, 4H, Ph), 7.11-7.03 (m, 2H, Ph), 6.49 (d, 3J4, 1 = 2.8 Hz, 1H, CH ebthi), 6.39 (s, 1H, O-
CH), 6.38 (dd, 3J4, 4 = 9.8, 3.0 Hz, TH, CH ebthi), 5.65-5.60 (m, 1H, CH ebthi), 5.49 (d, 3Jy 4 = 2.8
Hz, 1H, CH ebthi), 5.42 (d, 3Jy, 1 = 3.0 Hz, 1H, CH ebthi), 5.24 (d, 3J4, 4 = 3.0 Hz, 1H, CH ebthi),
3.30 (s, Yy s =4.7 Hz, 1H, C=C=C-H), 2.98-2.82 (m, 2H, CH, ebthi), 2.69-2.59 (m, 2H, CH, ebthi),
2.53-2.38 (m, 4H, 2 x CH, ebthi), 2.28-2.16 (m, 2H, CH, ebthi), 2.14-1.76 (m, 4H, 2 x CH, ebthi),
1.54-1.45 (m, 1H, CH, ebthi), 1.40-1.28 (m, 1H, CH, ebthi), 0.42 (s, %y s; = 6.5 Hz, 9H, SiMe3),
0.37 (s, 2y, si = 6.5 Hz, 9H, SiMe3). 3C NMR (25 °C, benzene-ds, 100.6 MHz): § 194.5 (C=C=CQ),
147.0, 146.2 (2 x C Ph), 131.0, 129.4 (2 x C ebthi), 128.32, 128.26, 128.2,127.9 (CH Ph), 127.40 (C
ebthi), 127.36 (CH Ph), 127.23 (CH ebthi), 127.16 (CH Ph), 127.1, 126.8, 122.5 (3 x C ebthi), 120.9,
114.6, 110.6, 109.7, 104.7 (5 x CH ebthi), 101.8 (C=C=C-H), 87.1 (O-CH), 52.3 (C=C=C-H), 28.7,
28.5,25.6,23.9,23.4,22.7, 22.3, 20.8 (8 x CH; ebthi), 2.2, 1.7 (2 x SiMe3). 2°Si-inept NMR (25 °C,
benzene-dg, 79.5 MHz): § -5.87, -6.26. IR (ATR, 32 scans, cm™): 3061 (vw), 3024 (vw), 2943 (w),
2919 (w), 2892 (w), 2861 (w), 2844 (w), 1853 (s), 1492 (w), 1451 (w), 1241 (m), 1183 (w), 1088
(w), 1053 (m), 1024 (w), 919 (w), 829 (s), 791 (m), 771 (s), 742 (m), 699 (s), 684 (s), 618 (w), 602
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(m), 517 (w), 482 (s), 441 (w), 404 (w). Raman (784 nm, 15 sec, 10 acc, cm™"): 486 (s), 520 (m),
609 (m), 620 (s), 689 (m), 743 (m), 774 (m), 832 (m), 888 (w), 1002 (s), 1004 (s), 1027 (m), 1182
(w), 1284 (w), 1449 (w), 1478 (w), 1599 (w), 1615 (w), 1857 (vw), 2894 (vw), 2946 (vw). MS-CI*
(isobutane): [M*] 718 (7), [M-H*] 717 (9), [M-Me;SiCHC,SiMes*] 533 (100), [M-MesSiCHC,SiMes-
OCHPh,*] 347 (5), [(Me;SiCHCCHSiMes+H)*] 185 (4), [SiMes*] 73 (3).

3.3.2 Reaction of 3a with acetophenone

. H H H\C,SiMeg
: | :
= H SiMes j.L benzene_ M ‘@\ g
%Zrié * Ph Me ft.1d %Zr\ &iMe3
SiMe3 O\gmMe
Ph
s 14

Compound 3a (0.20 mmol, 0.108 g) was dissolved in benzene (2 mL) and acetophenone (0.20
mmol, 24 mg) was added. After one day of stirring at room temperature the solvent was
removed in vacuo. An NMR sample was taken and the crude NMR spectrum showed that
isomer mixture of compound 14 was the resulting products. Then the yellow residue was
dissolved in hexane and stored at -30 °C for crystallization to obtain the product 14 (112 mg,
85%). Single crystals suitable for single crystal diffraction were grown from hexane.

m.p. 162-165 °C (Ar.). TH NMR (25 °C, benzene-dg, 400.1 MHz): § 7.36-7.33 (m, 2H, Ph), 7.27-
7.22 (m, 2H, Ph), 7.18-7.13 (m, 1H, Ph), 6.47 (d, 3y, 4 = 2.8 Hz, 1H, CH ebthi), 6.41 (dd, 3/, 4 =
9.8, 3.0 Hz, 1H, CH ebthi), 5.69 (m, 1H, CH ebthi), 5.53 (d, 3J4, 4 = 3.0 Hz, 1H, CH ebthi), 5.44 (d,
3y n = 2.8 Hz, TH, CH ebthi), 5.28 (q, 3J4, 4 = 6.4 Hz, 1H, O-CH), 5.08 (d, *J, 4 = 2.9 Hz, TH, CH
ebthi), 3.30 (s, 2Jy s =4.7 Hz, TH, C=C=C-H), 3.02-2.93 (m, 1H, CH. ebthi), 2.89-2.82 (m, TH, CH,
ebthi), 2.71-2.40 (m, 6H, CH, ebthi), 2.37-2.30 (m, 1H, CH, ebthi), 2.25-1.94 (m, 4H, CH, ebthi),
1.85-1.78 (m, 1H, CH, ebthi), 1.52-1.46 (m, TH, CH, ebthi), 1.46 (d, 3J,4 4 = 6.4 Hz, 3H, CH;), 1.42-
1.32 (m, TH, CH; ebthi), 0.43 (s, 2y, si = 6.5 Hz, 9H, SiMe3), 0.39 (s, 2Jy si = 6.5 Hz, 9H, SiMe3). 13C
NMR (25 °C, benzene-ds, 100.6 MHz): 6 195.5 (C=C=C), 148.2 (C Ph), 130.4, 129.1 (2 x C ebthi),
128.43, 128.40, 127.3 (3 x CH Ph), 126.6 (CH ebthi), 126.3, 125.9, 122.5 (3 x C ebthi), 121.5 (CH
ebthi), 116.6 (C ebthi), 115.4, 109.9, 109.8, 104.7 (4 x CH ebthi), 101.1 (C=C=C-H), 81.8 (O-CH),
51.9 (C=C=C-H), 28.6, 28.5, 28.2, 25.5, 24.1, 23.3, 22.9, 22.3, 20.9 (CH5 + 8 x CH; ebthi), 1.9, 1.7
(2 x SiMe3). 2°Si-inept NMR (25 °C, benzene-ds, 59.6 MHz): § -5.99, -6.64. IR (ATR, 32 scans,
cm): 3024 (vw), 2923 (m), 2871 (w), 2851 (w), 1857 (m), 1814 (w), 1492 (w), 1455 (w), 1437 (w),
1364 (w), 1317 (w), 1259 (w), 1239 (m), 1210 (w), 1101 (w), 1078 (s), 1031 (w), 1016 (m), 932 (m),
824 (s), 794 (s), 761 (s), 699 (s), 680 (s), 633 (m), 616 (M), 573 (m), 538 (M), 515 (m), 484 (s), 472
(m), 437 (w), 402 (m). Raman (784 nm, 30 sec, 15 acc, cm): 427 (m), 484 (s), 518 (m), 620 (s),
677 (m), 774 (m), 862 (m), 934 (w), 1000 (s), 1030 (m), 1080 (w), 1155 (w), 1210 (w), 1277 (w),
1331 (w), 1455 (m), 1470 (m), 1615 (m), 1859 (vw), 2897 (vw). MS-CI* (isobutane):
[M+isobutane*] 711 (2), [M*] 656 (3), [M-MesSiCHC,SiMes*] 471 (100), [M-MesSiCHC,SiMes-
OCHPhMe*] 347 (4).
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3.3.3 Reaction of 3a with acetone

p H
H H SiMes; o B
\\Zr . Pt _benzene . unidentified
N .
X /A Me~ Me 80°C  Me;Si S Zr species
SiMe3 SiMe3
3a 15

Compound 3a (0.20 mmol, 0.108 g) was dissolved in benzene (2 mL) and acetone (0.40 mmol,
24 mg) was added. After 2 days of stirring at 80 °C, Silica Gel was added. After removing the
solvent, the product 15 was separated by column chromatography (hexane/ethyl acetate 20:1)
as colorless liquid (30 mg, 62%).

TH NMR (25 °C, benzene-dg, 300.2 MHz): & 1.97 (s, °Jy, si = 9.3 Hz, 1TH, CH), 1.52 (s, TH, OH), 1.31
(s, 3H, CH3), 1.28 (s, 3H, CH3), 0.22 (s, °Ju si = 6.6 Hz, 9H, SiMe3), 0.18 (s, 2Jy,si = 7.0 Hz, 9H, SiMes).
13C NMR (25 °C, benzene-dg, 75.4 MHz): § 108.4, 88.1, 72.5 (C-Me,OH), 37.8 (C=C-(C), 30.9, 29.6
(2 x CH3), 0.4, -0.5 (2 x SiMe3). 13C DEPT-135 NMR (25 °C, benzene-dg, 75.4 MHz): 6 37.8, 30.9,
29.6, 0.4, -0.5. 2°Si-inept NMR (25 °C, benzene-dq, 79.5 MHz): 6 2.00, -19.73. IR (ATR, 32 scans,
cm): 3463 (w), 2956 (w), 2925 (w), 2855 (w), 2156 (w), 1674 (vw), 1459 (w), 1371 (w), 1340 (w),
1249 (m), 1140 (w), 1084 (w), 1051 (w), 952 (w), 839 (s), 759 (m), 695 (w), 672 (w), 653 (w), 620
(w), 532 (w), 410 (w). Raman (784 nm, 15 sec, 10 acc, cm'): 467 (m), 487 (m), 536 (m), 620 (s),
652 (m), 695 (m), 847 (m), 1170 (m), 1253 (m), 1385 (m), 1411 (m), 1431 (m), 1591 (m), 1652
(m), 2160 (w), 2901 (w), 2966 (w). MS-El*: [M-Me*] 227 (2), [M-CMe,OH*] 186 (18), [M-TMS*]
169 (25), [M-OH-TMS*] 152 (35), [M-C,TMS*] 147 (50), [M-OH-Me-TMS*] 137 (100), [SiMes*]
73 (71), [CMe,OH*] 59 (17).

3.4 Reaction of 3b with ketones

3.4.1 Reaction of 3b with benzophenone

H H H\ /SiMeg

H %

C

HE H SiMes o H 1]
>S| \\Zr + _CG%Gd_> >SI Zr/ SiMej

}E% ~ P ph L XS& o
SiMes \éWPh

Ph
3b 16

Compound 3b (0.05 mmol, 0.028 g) and benzophenone (0.05 mmol, 9 mg) were dissolved in
benzene-ds (0.6 mL) in a Young-NMR tube. After 24 hours at room temperature the resulting
yellow solution was identified as product 16 (major species) by '"H NMR and 2D "H-"H COSY
NMR spectrum (conversion of 3b: 100%). "TH NMR (25 °C, benzene-ds, 300.2 MHz): § 7.45-7.41
(m, 4H, Ph), 6.84 (d, 3Jy, 4 = 2.7 Hz, 1H, CH ebthi), 6.48 (dd, 3Jy, 1 = 9.8, 3.0 Hz, 1H, CH ebthi),
6.39 (s, 1H, O-CH), 5.70-5.64 (m, 1H, CH ebthi), 5.63 (d, 3/ v = 3.0 Hz, 1H, CH ebthi), 5.37-5.35
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(m, 2H, 2 x CH ebthi), 3.25 (s, )y, si =4.7 Hz, TH, C=C=C-H), 2.89-2.74 (m, 2H, CH, ebthi), 2.66-
2.56 (m, TH, CH, ebthi), 2.50-2.27 (m, 3H, CH, ebthi), 2.15-1.70 (m, 4H, 2 x CH, ebthi), 1.49-1.33
(m, 2H, CH, ebthi), 0.51 (s, 2y si = 6.9 Hz, 3H, Si-CH;), 0.41 (s, 2y s = 6.9 Hz, 3H, Si-CH3), 0.40 (s,
2Ju si = 6.5 Hz, 9H, SiMe3), 0.39 (s, 2y, s = 6.5 Hz, 9H, SiMes) (A more precise assignment was
not made, since the signals in the reaction mixture cannot be assigned without any doubt).
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Figure S10. 'H NMR spectrum of the reaction mixture for the formation of 16 (25 °C, benzene-dg, 300.2 MHz).

3.4.2 Reaction of 3b with acetophenone

H H H. _SiMes
. 2 &
H ¢ H SiMes o H 2> |
~a N C
SOy, o L Sy s e sive
X%E& 4 Ph Me Tl }S% oM
SiMe; \QMMe
Ph
3b 17

Compound 3b (0.05 mmol, 0.028 g) was dissolved in benzene-ds (0.6 mL) in a Young-NMR
tube and acetophenone (0.05 mmol, 6 mg) was added. After 24 hours at room temperature
the resulting yellow solution was identified as product 17 (major species) by '"H NMR and 2D
TH-TH COSY NMR spectrum (conversion of 3b: 100%). "TH NMR (25 °C, benzene-dg, 300.2 MHz):
6 7.39-7.29 (m, 3H, Ph), 7.26-7.19 (m, 2H, Ph), 6.84 (d, 3/,; 4 = 2.7 Hz, TH, CH ebthi), 6.48 (dd, 3/,
n = 9.8, 2.9 Hz, 1H, CH ebthi), 5.88 (d, 3Jy, 4 = 3.0 Hz, TH, CH ebthi), 5.69-5.63 (m, 1H, CH ebthi),
5.36 (d, 3Jy, 4 = 2.7 Hz, TH, CH ebthi), 5.25 (q, 3J4, 1 = 6.4 Hz, TH, O-CH), 5.21 (d, 3Jy, 4 = 3.0 Hz,
1H, CH ebthi), 3.25 (s, 2Jy si =4.7 Hz, TH, C=C=C-H), 1.45 (d, 34,4 = 6.3 Hz, 3H, CH3), 0.48 (s, %Jy;,
si = 6.9 Hz, 3H, Si-CH;), 0.42 (s, °Ju si = 6.9 Hz, 3H, Si-CH3;), 0.41 (s, 2J4,si = 6.5 Hz, 18H, 2 x SiMe3)
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(A more precise assignment was not made, since the signals in the reaction mixture cannot be
assigned without any doubt).
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Figure S11. "H NMR spectrum of the reaction mixture for the formation of 17 (25 °C, benzene-dg, 300.2 MHz).

3.4.3 Reaction of 3b with acetone

H

HE H SiMes o

si” N Q _ GCeDs unidentified
Me3Si N

e Zre. + +
@ 4 Me)J\ Me 80 °C N Zr species

SiMe3 SiMe3
3b 15

Compound 3b (0.05 mmol, 0.028 g) was dissolved in benzene-ds (0.6 mL) in a Young-NMR
tube and acetone (0.10 mmol, 6 mg) was added. After heating the reaction mixture at 80 °C for
2 days, the crude NMR showed that compound 15 was the resulting product (conversion of
3b: 100%). "TH NMR (25 °C, benzene-dg, 400.1 MHz): & 1.97 (s, 2Jy, s = 9.3 Hz, 1H, CH), 1.32 (s,
3H, CH;), 1.29 (s, 3H, CH;), 0.22 (s, 2Jy, si = 6.6 Hz, 9H, SiMes), 0.18 (s, 2y, si = 7.0 Hz, 9H, SiMe;3).
(The H atom on the OH group has no peak in this crude solution.)
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Figure S12.'"H NMR spectrum of the reaction mixture for the formation of 15 (25 °C, benzene-dg, 400.1 MHz).

4. Proof of Stability of Compounds
4.1 Stability of 2a

4.1.1 Stability of 2a in benzene at room temperature
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Figure S13. Comparison of 'TH NMR spectra of 2a in benzene-dg at r.t. (25 °C, benzene-dg, 300.2 MHz).
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4.1.2 Decomposition of 2a in air and water
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Figure S14. 'H NMR spectrum of 2a in benzene-ds after exposure to air for 5 min (25 °C, benzene-dg, 400.1 MHz).
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Figure S15. 'H NMR spectrum of 2a in benzene-ds after exposure to water (25 °C, benzene-dg, 400.1 MHz).
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4.2 Stability of 3a

4.2.1 Stability of 3a in benzene at room temperature
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Figure S16. 'H NMR spectra of 3a in benzene-dg at r.t. (25 °C, benzene-dg, 300.2 MHz).

Giot ARG [kJ/mol] Qi % Pop

rac-(ebthi)Zr(Me;SiCCCSiMes) -1756.669563 0.000 1.0000 58

rac-(ebthi)*Zr(Me;SiCHCCSiMe;)isol -1756.669849 -0.751 0.7185 42
Summ 1.7185
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4.2.2 Decomposition of 3a in air and water
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Figure S17. 'H NMR spectrum of 3a in benzene-ds after exposure to air for 5 min (25 °C, benzene-dg, 400.1 MHz).
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Figure S18. 'H NMR spectrum of 3a in benzene-ds after exposure to water (25 °C, benzene-dg, 400.1 MHz).
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4.3 Stability of 2b in benzene at room temperature
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Figure S19. Comparison of 'TH NMR spectra of 2b in benzene-dg at r.t. (25 °C, benzene-dg, 300.2 MHz).

4.4 Stability of 3b in benzene at room temperature
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Figure S20. Comparison of 'TH NMR spectra of 3b in benzene-dg at r.t. (25 °C, benzene-dg, 300.2 MHz).
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4.5 Stability of A in benzene at 60 °C
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Figure S21. Comparison of 'TH NMR spectra of 1-titanacyclobuta-2,3-diene A in benzene-ds at 60 °C (decay of
NMR intensity and degradation of A only after two weeks; 25 °C, benzene-dg, 300.2 MHz).
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5. Crystallographic Details

Table S1. Crystallographic details of 2a, 2b, 3a, 3b, and 19.

Compound 2a 2b 3a 3b 19

Chem. Formula CaslagSiZr Ff;féjfr C/“CSHZ %jjgifr Ff;z“g:g:fiﬂ“
Formula weight [g/mol] ~ 538.02 586.17 547.79 611.21 1007.62
Color green yellow yellow yellow yellow
Crystal system monoclinic monoclinic orthorhombic monoclinic triclinic
Space group P2+/n P24/c Pccn P2+/c pl

alAl 14.3036(3) 9.6581(2) 17.3118(4) 9.4349(15) 9.6289(2)
b [A] 10.9418(3) 11.2067(2) 34.8306(7) 11.3631(18) 13.5337(3)
c Al 18.2871(4) 30.3700(6) 9.5723(2) 30.084(5) 19.3253(5)
o [°] 90 90 90 90 81.3716(9)
Bl 97.510(2) 96.3408(10) 90 95.027(3) 83.9610(9)
y [°] 90 90 90 90 74.9222(9)
Vv [A3] 2837.51(12) 3267.00(11) 5771.9(2) 3212.909) 2398.37(10)
z 4 4 8 4 2

Pealcd. [9/cM3] 1.259 1.192 1.261 1.264 1.395
u[mm-1] 0.486 3.913 0.479 0.473 5315

T K] 140(2) 150(2) 150(2) 150(2) 150(2)
Measured reflections 44563 34248 57300 85017 34323
Independent reflections 7197 5772 6969 7760 8469
Reflections with / > 2a(/) 6178 5341 6046 7085 7952

Rint 0.0178 0.0360 0.0318 0.0325 0.0296
F(000) 1136 1242 2314 1300 1054

Rill > 2a(l)] 0.0226 0.0467 0.0322 0.0476 0.0255
WR; (all data) 0.0616 0.1263 0.0836 0.1152 0.0665
GooF 1.001 1.106 1.043 1.029 1.026

No. of Parameters 314 352 348 360 605

CCDC 2113148 2113149 2113150 2113151 2113156
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Table S2. Crystallographic details of 4, 6, 13, 14, and 20.

Compound 4 6 13 14 20

Chem. Formula Ca2Hs20SioZr Ca7Hs00SioZr CaaHs20SiZr  Ca7HsoOSioZr Féﬂ‘;ﬁcbsuzrz
Formula weight [g/mol]  720.23 658.17 720.23 658.17 900.53
Color yellow yellow yellow yellow orange
Crystal system monoclinic monoclinic monoclinic triclinic monoclinic
Space group P2;/c P24/n P24/n pl C2/c

alA] 17.1284(12) 10.3283(4) 10.9612(2) 8.9199(7) 41.3372(10)
bA] 18.2898(12) 30.8309(13) 20.0342(4) 13.4195(10) 10.2403(3)
clA] 11.8291(8) 11.1841(5) 17.3010(4) 15.0202(11) 22.8711(6)
al’] 90 90 90 100.6924(17) 90

B 1] 93.8968(15) 109.3362(13) 98.6571(9) 99.1577(16) 117.4411(8)
y [°] 90 90 90 97.8646(16) 90

VA3 3697.2(4) 3360.5(2) 3755.99(13) 1718.4(2) 8592.1(4)

z 4 4 4 2 8

Pealed. [9/cm3] 1.294 1.301 1.274 1.272 1.392
H[mm=T] 0.394 0.426 3.233 0417 0.748

T [K] 150(2) 150(2) 150(2) 150(2) 150(2)
Measured reflections 76139 66738 39733 76625 54901
Independent reflections 10002 9180 6632 9228 11192
Reflections with / > 2a(/) 7809 8457 6159 8663 9916

Rint 0.0438 0.0257 0.0380 0.0205 0.0204
F(000) 1520 1392 1520 696 3712

Ri[l > 20(l)] 0.0387 0.0286 0.0285 0.0248 0.0257

WR; (all data) 0.0999 0.0717 0.0732 0.0640 0.0633
GooF 1.014 1.074 1.034 1.063 1.054

No. of Parameters 519 377 574 520 444

CcbC 2113152 2113153 2113154 2113155 2113157
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Figure S22. Molecular structure of complex 3b. Thermal ellipsoids correspond to 30% probability. Hydrogen
atoms (except H1 and H17) are omitted for clarity.

Figure S23. Molecular structure of complex 4. Thermal ellipsoids correspond to 30% probability. Hydrogen atoms
and the second position of the disordered group are omitted for clarity.
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Figure S24. Molecular structure of complex 13. Thermal ellipsoids correspond to 30% probability. Hydrogen
atoms (except H3, H10A, H28A and H29A) and the second position of the disordered group are omitted for clarity.

Figure S25. Molecular structure of complex 19. Thermal ellipsoids correspond to 30% probability. Hydrogen
atoms and the second position of the disordered indenyl group are omitted for clarity.
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Figure S26. Molecular structure of complex 20. Thermal ellipsoids correspond to 30% probability. Hydrogen
atoms are omitted for clarity.
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6. Details of NMR Spectroscopy

6.1 NMR spectra of 2a
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Figure S27. 'H NMR spectrum of 2a (25 °C, benzene-dg, 400.1 MHz).
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Figure S28. 3C NMR spectrum of 2a (25 °C, benzene-ds, 100.6 MHz).
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Figure S29. 2°Si INEPT NMR spectrum of 2a (25 °C, benzene-dg, 79.5 MHz).

6.2 NMR spectra of 2b
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Figure S30. 'H NMR spectrum of 2b (25 °C, benzene-ds, 400.1 MHz).
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Figure S31. 3C NMR spectrum of 2b (25 °C, benzene-dg, 100.6 MHz).
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Figure S32. 2°Si INEPT NMR spectrum of 2b (25 °C, benzene-dg, 79.5 MHz).
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6.3 NMR spectra of 3a
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Figure S34. 3C NMR spectrum of 3a (25 °C, benzene-ds, 100.6 MHz).
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Figure S35. 2°Si INEPT NMR spectrum of 3a (25 °C, benzene-dg, 79.5 MHz).
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Figure S36. 'H-3C HSQC NMR spectrum of 3a (25 °C, benzene-dg, 300.2 MHz).
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6.4 NMR spectra of 3b
=98%
o000
N1/
“@\ H_SiMe;
/SI\ Zr -,
S |
SiMe;
: X
e [ Al
/ A | |
r /
i 1 / K o // / V4 1
| |
S888T I uy
Fr R 22 PR o @ a &
SNV 75 I =8 E E
ehi _ bl gl il ks
) 7 s s e T s e TR
883 & 8 g2 = 8 8 g o 8ggo
- - - - - -« - T [ - - -]
5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
*H (ppm)

Figure S38. "H NMR spectrum of 3b (25 °C, benzene-ds, 400.1 MHz).
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Figure $39. 3C NMR spectrum of 3b (25 °C, benzene-ds, 100.6 MHz).
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Figure S40. 2°Si INEPT NMR spectrum of 3b (25 °C, benzene-dg, 79.5 MHz).

S41



L AL

N 1 e e M%JJJ

L I ]

, ; . ; - ! ; r | ; r | ; T .
6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0 -0.5
'H (ppm)

Figure S41. 'H-"3C HSQC NMR spectrum of 3b (25 °C, benzene-dg, 300.2 MHz).
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6.5 NMR spectra of 4
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Figure S43. "H NMR spectrum of 4 (Pure 4 was not obtained after crystallization, compound 13 was obtained as
an impurity due to 3a contained in the starting material 2a; 25 °C, benzene-dg, 400.1 MHz).
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Figure S44. 3C NMR spectrum of 4 (25 °C, benzene-dg, 100.6 MHz).
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Figure S45. 29Si INEPT NMR spectrum of 4 (25 °C, benzene-dg, 79.5 MHz).

6.6 NMR spectra of 6 isomer mixture
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Figure S47. 3C NMR spectrum of 6 (isomer mixture, 25 °C, benzene-ds, 100.6 MHz).
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Figure S48. 2°Si INEPT NMR spectrum of 6 (isomer mixture, 25 °C, benzene-de, 79.5 MHz).
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6.7 NMR spectra of 8
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Figure S49. "H NMR spectrum of the reaction mixture for the formation of 8 (25 °C, benzene-ds, 300.2 MHz).
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Figure S50."3C NMR spectrum of 8 (25 °C, benzene-dg, 75.5 MHz).
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Figure S51. 2°Si INEPT NMR spectrum of 8 (25 °C, benzene-dg, 59.6 MHz).
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6.8 NMR spectra of 13
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Figure S53. 'H NMR spectrum of 13 (25 °C, benzene-dg, 400.1 MHz).
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Figure S54. 3C NMR spectrum of 13 (25 °C, benzene-dg, 100.6 MHz).
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Figure S56. 2°Si INEPT NMR spectrum of 13 (25 °C, benzene-ds, 79.5 MHz).
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Figure S57. 'H-"H COSY NMR spectrum of 13 (25 °C, benzene-dg, 400.1 MHz, low-field region).

l l
b e TN

1 r5.4

r5.6

S |

r5.8

r6.0

r6.2

r6.4

-
'H (ppm}

b
=

re.6

r6.8

r7.0

r7.2

4.>;=‘ 3
e LJ : t7.4

_N'MJJ\J«M'&L

R R T T T T e T T e
75 74 73 72 71 7.0 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52
'H (ppm)
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6.9 NMR spectra of 14

6T

BE'D~
b0

]
“-0E6 L

0.5
m
R

1.0
10
b

1.5

mho,o
o EFE
iy i
o5t/ L60
mmﬁﬁ\k Fort

ol

82\ 3 Foso
®Z= o Feot |

2.0

18— ———4

3.0

GEE——— "=ph0

Figure S61. 'H NMR spectrum of 14 (25 °C, benzene-dg, 400.1 MHz).
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Figure S62. 3C NMR spectrum of 14 (25 °C, benzene-dg, 100.6 MHz).
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Figure S63. 2°Si INEPT NMR spectrum of 14 (25 °C, benzene-ds, 59.6 MHz).
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Figure S64. 'H-"H COSY NMR spectrum of 14 (25 °C, benzene-dg, 400.1 MHz).
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Figure S66. 'H-"3C HSQC NMR spectrum of 14 (25 °C, benzene-ds, 300.2 MHz).
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Figure S67. 'H-3C HMBC NMR spectrum of 14 (25 °C, benzene-dg, 300.2 MHz).
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Figure S70. 3C DEPT-135 NMR spectrum of 15 (25 °C, benzene-dg, 75.5 MHz).
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6.11 NMR spectra of 16
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Figure S75. 'H-"H COSY NMR spectrum of 16 (25 °C, benzene-ds, 300.1 MHz).
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Figure S76. 'H-"H NOESY NMR spectrum of 16 (25 °C, benzene-ds, 300.1 MHz).
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6.12  NMR spectra of 17
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Figure S77. 'H-"H COSY NMR spectrum of 17 (25 °C, benzene-dg, 300.1 MHz).
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NMR spectra of 18a
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Figure S79. 'H NMR spectrum of 18a (25 °C, benzene-ds, 300.2 MHz).
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Figure S80. 3C NMR spectrum of 18a (25 °C, benzene-dg, 100.6 MHz).

S61



= .=

\Z AL Cl/
—L[ r
MesSi SiMm

€3

-3.5 4.0 -4.5 -5.0 5.5 -6.0 -6.5 -7.0 -7.5 -8.0 -8.5 9.0 9.5 -10.0
5 (ppm)

Figure S81. 2°Si INEPT NMR spectrum of 18a (25 °C, benzene-dg, 79.5 MHz).

6.14  NMR spectra of 18b
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Figure S82. 'H NMR spectrum of 18b (containing 18a as minor species; 25 °C, benzene-ds, 400.1 MHz).
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Figure S83. '3C NMR spectrum of 18b (containing 18a as minor species; 25 °C, benzene-ds, 100.6 MHz).
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Figure S84. 2°Si INEPT NMR spectrum of 18b (containing 18a as minor species; 25 °C, benzene-dg, 79.5 MHz).
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6.15  NMR spectra of 19
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Figure S85. 'H NMR spectrum of 19 (25 °C, benzene-dg, 400.1 MHz).
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Figure S86. '3C NMR spectrum of 19 (25 °C, benzene-dg, 100.6 MHz).
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Figure S87. 2°Si INEPT NMR spectrum of 19 (25 °C, benzene-ds, 79.5 MHz).

6.16  NMR spectra of 20
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Figure S88. 'H NMR spectrum of 20 (25 °C, benzene-dg, 400.1 MHz).
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Figure S90. 2°Si INEPT NMR spectrum of 20 (25 °C, benzene-ds, 79.5 MHz).
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Figure S94. Raman spectrum of 2a.
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Figure S95. IR spectrum of 2b.
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Figure S96. IR spectrum of 3a.
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Figure S97. IR spectrum of 3b.
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Figure S98. IR spectrum of 4.
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Figure S100. IR spectrum of 6.
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Figure S101. Raman spectrum of 6.
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Figure S104. Raman spectrum of 13.
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Figure S106. Raman spectrum of 14.
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Figure S107. IR spectrum of 15.

T e A B e e e T B e I S e e T e e S L S
0 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 38
Raman Shift [an]

Figure S108. Raman spectrum of 15.
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8. Computational Details
8.1 General remarks
Computations were carried out using Gaussian168 and the standalone version of NBO 6.0.°

To understand the formation of complex rac-(ebthi)*Zr(Me;SICHCCSiMe;) (3a) we first
evaluated the isodesmic exchange reaction to give the 1-zirconacyclobuta-2,3-diene (2a)
developed in this context using quantum mechanical analysis. Next, we have analyzed different
possible reaction pathways for the formation of 3a. Therefore, we have optimized the real-size
molecules using the hybrid density functional method B3LYP,'®'" in combination with the basis
set def2svpp,’? and the empirical dispersion correction GD3BJ'* (notation:
B3LYP/GD3BJ/def2svpp). We were thus able to identify a probable path of C-H activation. We
subsequently recalculated it using B3LYP/GD3BJ/def2tzvp. Finally, we performed all the bond
analysis calculations at this higher level. Vibrational frequencies were also computed, to include
zero-point vibrational energies in thermodynamic parameters and to characterize all structures
as minima on the potential energy surface. To confirm the accuracy of the calculated transition
states (TS), we performed intrinsic reaction coordinate (IRC) analysis on these structures. QT-
AIM, ELF and Wiberg bond index calculations/visualization were performed using MultiWfn 3.5
employing Gaussian16 formatted checkpoint files.™ For the visualization of 3D-quantum
chemical results we used GaussView 6.1.1.7 In addition to the Supporting Information, we
provide a multi-structure xyz file with all calculated molecules.

For a better understanding and a more intuitive view of the calculated 3D structures, we
strongly recommend using this file e.g. with the free program MERCURY.®

Please note that all computations were carried out for single, isolated molecules in the gas phase
(ideal gas approximation). There may well be significant differences between gas phase and
condensed phase.

8.2 Thermochemistry

In this chapter we summarize the results of our thermodynamic calculations, which were
performed on the B3LYP/GD3BJ/def2svpp level of theory as described above.

8.2.1 Formation of 1-zirconacyclobuta-2,3-dienes

% Me.-SiMe; % SiMes

\ _Me I N\

X Zr\lvI + G ﬁ’ E Zr<>>

@ ° mesive, T @ SiMe
3

E = CoH,4 or Me,Si

Scheme S1. Calculated isodesmic exchange reaction for the formation of 1-zirconacyclobuta-2,3-dienes.
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Table S3. Calculated isodesmic exchange reaction for the formation of 1-zirconacyclobuta-2,3-dienes
(B3LYP/GD3BJ/def2svpp).

Main Product

AgH

[kJ-mol-]

ARG

[kJ-mol]

AgH

[kcal'-mol]

ARG

[kcal-mol-]

rac-(ebthi)Zr(Me;SiCCCSiMe3)

-26.6

-53.5

-6.4

-12.8

rac-Me;Si(thi),Zr(Mes;SiCCCSiMes)

-25.0

-49.6

-6.0

-11.9

8.2.2 C-H activation

In a first set of calculations, we investigated the thermodynamic data for the experimentally
observed C-H activation of the thi* ligand system.

X

/% SiMe,
\

Zr.

N

SiMe;

Scheme S2. Calculated reaction sequence of C-H activation.

Table S4. Calculated thermodynamic data for the formation of C-H activation products (B3LYP/GD3BJ/def2svpp).

ARH ARG ARH ARG
Main Product [kJ-mol-] [kJ-mol-] [kcal-mol] [kcal-mol]
rac-(ebthi)*Zr(Me3;SiCHCCSiMe3) -9.0 -0.2 -2.2 -0.1
rac-Me,Si(thi),*Zr(Me3SiCHCCSiMe3) -17.3 -14.1 -4.1 -34

Further detailed mechanistic considerations were first made for rac-(ebthi)Zr(Me;SiCCCSiMe3)
(2a). Although only one C-H activated species was found in the final thermodynamically stable
product, it could theoretically have formed from a different intermediate. To verify this, Gibbs
free reaction enthalpies (ARG) were first calculated for all derivatives that also carried a CH,
group and thus could formally undergo the same Ccy-H activation. These hypothetical isomers
could transform into the thermodynamic final product (iso1) via proton migration along the
ligand scaffold. Scheme S3 shows the identifiers of the activated isomers.
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~ C-H activation and stepwise H migration
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~ Direct C-H activation
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Scheme S3. Labelling schemes for the considered CH, activation isomers.

Table S5. Calculated thermodynamic data for the formation of formal CH activation products referred to complex
2a (B3LYP/GD3BJ/def2svpp).

ARH ARG ARH ARG

Main Product [kJ-mol-] [kJ-mol] [kcal-mol-] [kcal-mol-]

rac-(ebthi)*Zr(Me;SiCHCCSiMe;) iso1TS 131.9 138.7 315 332
rac-(ebthi)*Zr(Me;SiCHCCSiMe;) iso1 -9.0 -0.2 -2.2 -0.1
rac-(ebthi)*Zr(Me;SiCHCCSiMe;) iso2TS 141.2 151.8 337 36.3
rac-(ebthi)*Zr(Me3SiCHCCSiMes3) iso2 32.1 38.0 7.7 9.1
rac-(ebthi)*Zr(Me;SiCHCCSiMe;) iso3TS 142.4 153.7 340 36.7
rac-(ebthi)*Zr(Me3;SiCHCCSiMes3) iso3 347 395 8.3 9.4
rac-(ebthi)*Zr(Me3SiCHCCSiMe3) iso4TS 107.4 112.8 25.7 27.0
rac-(ebthi)*Zr(Me;SiCHCCSiMe;) iso4 81.5 80.1 19.5 19.1
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso5 127.9 129.9 30.6 31.0

These calculations show that only the experimentally found isomer 1 displays an exergonic
Gibbs free reaction enthalpy. However, the activation energy for the transition state to isomer
4 turned out to be 6 kcal-mol-’ lower than the TS to isomer 1. For this reason, we have next
looked at two possible paths of H migration from position 1 to position 4. Neither migration
of the "outer/exo" protons nor that of the protons facing the metal “endo” show transition
states which would support this concept.
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Table S6. Calculated thermodynamic data for the two different considered H migration path along the ligand
(B3LYP/GD3BJ/def2svpp).

AgH ARG AgH ARG
Main Product [kJ-mol-] [kJ-mol] [kcal-mol'] | [kcal-mol]
rac-(ebthi)*Zr(Me;SiCHCCSiMe;) TSiso2to1 exo 2733 281.2 65.3 67.2
rac-(ebthi)*Zr(Me3SiCHCCSiMes) TSiso3to2 exo 358.7 367.4 85.7 87.8
rac-(ebthi)*Zr(Me;SiCHCCSiMe;) TSiso4to3 exo 303.8 302.6 72.6 72.3
rac-(ebthi)*Zr(Me3;SiCHCCSiMes) TSiso2to1 endo 252.6 257.6 60.4 61.6
rac-(ebthi)*Zr(Me3;SiCHCCSiMej3) TSiso3to2 endo Even after 5 different attempts, no TS was found.
rac-(ebthi)*Zr(Me;SiCHCCSiMes) TSiso4to3 endo 311.6 310.6 74.5 74.2

As these calculations clearly exclude this mode of C-H activation, direct C-H activation was next
calculated using the larger basis set def2tzvp.

Table S7. Calculated thermodynamic data for the formation of C-H activation products referred to complexes 2a,
2b, and Ti complex A (B3LYP/GD3BJ/def2tzvp).

AgH ARG AgH ARG

Main Product [kJ-mol] [kJ-mol-] [kcal-mol-] [kcal-mol]

rac-(ebthi)Zr(Me;SiCCCSiMe3) -27.83 -50.60 -6.65 -12.09
rac-(ebthi)*Zr(Me;SiCHCCSiMe3) iso1_TS 107.34 102.61 25.66 24.52
rac-(ebthi)*Zr(Me3SiCHCCSiMe3) iso1 -7.32 -0.75 -1.75 -0.18
rac-(ebthi)*Zr(Me;SiCHCCSiMe;) iso2TS 138.30 145.68 33.05 34.82
rac-(ebthi)*Zr(Me3;SiCHCCSiMej3) iso2 35.41 41.11 8.46 9.83
rac-(ebthi)*Zr(Me;SiCHCCSiMe;) iso3TS 139.31 147.93 33.30 35.36
rac-(ebthi)*Zr(Me3;SiCHCCSiMe3) iso3 36.61 39.50 8.75 9.44
rac-(ebthi)*Zr(Me3SiCHCCSiMes) iso4TS 114.95 117.69 27.47 28.13
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso4 83.10 80.45 19.86 19.23
rac-Me;Si(thi),Zr(MesSiCCCSiMe3) -26.24 -47.79 -6.27 -11.42
rac-Me,Si(thi),Zr(Mes;SiCHCCSiMe3) iso1_TS 146.53 149.97 35.02 35.84
rac-Me;Si(thi),Zr(Mes;SiCHCCSiMe3) iso1 -16.46 -10.93 -3.94 -2.61
rac-(ebi)Zr(Me;SiCCCSiMe3) -18.30 -46.50 -4.37 -11.11
rac-(ebthi)*Ti(Me3SICHCCSiMe3) iso1_TS 124.63 126.24 29.79 30.17
rac-(ebthi)*Ti(Me3SiCHCCSiMe3) iso' 5.53 11.00 132 2.63

S79



These calculations confirm isomer 1 as the thermodynamic product of the reaction.
Interestingly, the transition state (iso1TS) is now also the one with the lowest activation barrier
and even allows a reaction at room temperature. This is in line with the experimental findings
of formation of complex 3a from 2a within days (Scheme S3). Furthermore, we calculated the
same pathway for the rac-Me,Si(thi), substituted complex 2b, at the same level of theory, and
found a higher activation barrier for the C-H activation step but a higher exergonic Gibbs free
reaction enthalpy for the formation of complex 3b. These findings agree with the elevated
reaction temperature of 60 °C and shorter reaction time in this case. Finally, we calculated the
same sequence for Ti analog A and found that its activation barrier in the same range as for
the Zr examples. However, it shows an endergonic Gibbs free enthalpy of reaction for the
formation of the hypothetical complex in which the CH, group was activated. This is in line with
the experimental observation.

8.2.3 Reaction of 2a/2b with carbonyl compounds

We were next interested in the thermodynamic values of the reactions of complexes 2a/2b
with ketones to produce six-membered oxa-zirconacycles and enynes. Therefore, we computed
the isodesmic reaction, which we already proposed for the 1-titanacyclobuta-2,3-diene A, to
the Zr analogues. Please note that the formation of the corresponding rac-(ebthi)ZrO or rac-
Me,Si(thi),ZrO species could not be verified spectroscopically during the reaction, as such
species are known to decompose in the absence of stabilizing ligands. However, the formation
of these oxido species should be the first step after extrusion of the organic coupling products
from the six-membered metallacyclic complexes (Scheme S4).
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Scheme S4. Isodesmic reaction of 2a and selected ketones.
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Table S8. Calculated thermodynamic data for the reaction of 2a and ketones (B3LYP/GD3BJ/def2tzvp).

ARH ARG ArH ARG
Main Product [kJ-mol-"] [kJ-mol"] [kcal-mol] [kcal-mol-]
Acetone6Memb. complex -175.90 -103.49 -42.04 -24.73
Acetophenone6Memb. complex iso1 -175.64 -107.82 -41.98 -25.77
Acetophenone6Memb. complex iso2 -168.68 -101.32 -40.32 -24.22
Benzophenone6Memb. complex -181.66 -109.75 -43.42 -26.23
Acetone couplingprod. 154.61 65.96 36.95 15.76
EAcetophenone couplingprod. from iso1 157.97 70.22 37.76 16.78
EAcetophenone couplingprod. from iso2 151.02 63.72 36.09 15.23
ZAcetophenone couplingprod. from iso1 151.59 62.76 36.23 15.00
ZAcetophenone couplingprod. from iso2 144.64 56.26 34,57 13.45
Benzophenone couplingprod. 147.62 56.28 35.28 13.45
Direct from 2a to coupling products
Acetone couplingprod. -21.29 -37.53 -5.09 -8.97
EAcetophenone couplingprod. -17.67 -37.60 -4.22 -8.99
ZAcetophenone couplingprod. -24.05 -45.06 -5.75 -10.77
Benzophenone couplingprod. -34.03 -53.47 -8.13 -12.78
AG
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Scheme S5. Isodesmic reaction of 2b and selected ketones.
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Table S9. Calculated thermodynamic data for the reaction of 2b and ketones (B3LYP/GD3BJ/def2tzvp).

AgH ARG AgH ARG

Main Product [kJ-mol-"] [kJ-mol-"] [kcal-mol] [kcal-mol-]

Acetone6Memb. complex -180.51 -107.23 -43.14 -25.63
Acetophenone6Memb. complex iso1 -179.35 -111.16 -42.87 -26.57
Acetophenone6Memb. complex iso2 -173.91 -106.50 -41.56 -25.45
Benzophenone6Memb. complex -185.78 -114.52 -44.40 -27.37
Acetone couplingprod. 164.63 78.45 39.35 18.75
EAcetophenone couplingprod. from iso1 167.10 82.31 39.94 19.67
EAcetophenone couplingprod. from iso2 161.66 77.66 38.64 18.56
ZAcetophenone couplingprod. from iso1 160.72 74.85 38.41 17.89
ZAcetophenone couplingprod. from iso2 155.28 70.20 37.11 16.78
Benzophenone couplingprod. 157.17 69.80 37.56 16.68

Direct from 2b to coupling products

Acetone couplingprod. -15.87 -28.78 -3.79 -6.88
EAcetophenone couplingprod. -12.25 -28.85 -2.93 -6.89
ZAcetophenone couplingprod. -18.63 -36.31 -4.45 -8.68
Benzophenone couplingprod. -28.61 -44.72 -6.84 -10.69

8.2.4 Reaction of 3a/3b with carbonyl compounds

We next computed the thermodynamic values of reactions of C-H activated complexes 3a/3b
with ketones.

Table S10. Calculated thermodynamic data for the reaction of 3a/3b and ketones (B3LYP/GD3BJ/def2tzvp).

AgH ARG AgH ARG

Main Product [kJ-mol"] [kJ-mol"] [kcal-mol] [kcal-mol]
3a+acetone Complex -169.59 -115.00 -40.53 -27.49
3b+acetone Complex -164.69 -110.01 -39.36 -26.29
3a+acetophenone Complex 14 -169.92 -122.68 -40.61 -29.32
3b+acetophenone Complex 17 -164.23 -113.60 -39.25 -27.15
3a+benzophneone Complex 13 -171.72 -122.98 -41.04 -29.39
3b+benzophenone Complex 16 -168.17 -117.00 -40.19 -27.96

S82



8.2.5 Consideration of selectivity determining factors: Formation of 1-zirconacyclobuta-2,3-
dienes vs. dinuclear complexes

To understand the differences in selectivity in reactions of rac-(ebthi)ZrCl, (giving metallacycle
2a) and Cp,ZrCl, (giving dinuclear complexes), we have calculated the Gibbs free energies for
the aforementioned isodesmic exchange reaction for seven available zirconocenes.

We have considered a stepwise reaction where the first step is the formation of a singly
methylated complex bearing a o-bonded allene group (Int1, Scheme S6, Table S11). For all
considered zirconocenes the formation of Int1 is strongly exergonic with similar values ranging
from -56.8 kJ-mol' to -65.3 kJ-mol-", with no significant trend or ligand influence.

‘\SiMeg,
G
e 7 BN
>
SiMe3
A-Si Me
Ve Me 9 SiMe3 - H3CCHs [Zr]/ ZrCBD
< Me
[l o+ ¢ —_— N/
Me Coa: L=C=C,
Me”™ ~"SiMe3 Me;Si SiMej
Int1
Me /Me Me\
+ [2r1< [Zr]\ /[Zr]
[Zr] = rac-(ebthi)Zr, meso-(ebthi)Zr, rac-Me,Si(thi).Zr, Me C=C=C
Cp2Zr, meso-(thi),Zr, CoHa(CsHa)oZr, MesSi(CsHa)oZr - H3CCH3 Me;Si” ‘SiMe;

Scheme S6. Isodesmic reaction to ZrCBD or singly allene bridged dinuclear zirconocene complexes
(B3LYP/GD3BJ/def2svpp).

In contrast, computation of the subsequent reaction of Int1 shows that only the formation of
the experimentally observed ZrCBD complexes 2a and 2b is nearly thermoneutral. For all other
cyclopentadienyl ligands the Gibbs free energies are endergonic. Furthermore, these
calculations show that the formation of the dinuclear complexes from Int1 is also exergonic in
all cases. Since a 2:1 stoichiometry is required in these cases, which is in contrast to the
stoichiometric ratio provided experimentally, we further calculated the energies for the
formation of ZrCOT complexes, which again require 1:1 stoichiometry. The results of this
investigation are discussed in the manuscript. Furthermore, we expanded the Table 1, shown
in the manuscript, by the calculated reaction enthalpies and report these here as Table S12.
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Table S11. Calculated thermodynamic data for stepwise reaction to ZrCBD or singly allene bridged dinuclear

zirconocene complexes (B3LYP/GD3BJ/def2svpp).

AgH ARG ARH ARG

Main Product [kJ-mol] [kJ-mol] [kcal'-mol] [kcal-mol]

rac-(ebthi)ZrMe_Me;SiCCCMeSiMe; -82.20 -57.22 -19.65 -13.68
meso-(ebthi)ZrMe_Mes;SiCCCMeSiMe3 -84.37 -65.30 -20.16 -15.61
rac-Me;Si(thi),ZrMe_Me;SiCCCMeSiMes -82.77 -56.78 -19.78 -13.57
Cp2ZrMe_Me;SiCCCMeSiMes -77.83 -58.34 -18.60 -13.94
meso-(thi),ZrMe_Me3SiCCCMeSiMe3 -76.25 -58.83 -18.22 -14.06
CoH4(CsH4),ZrMe_Me;SiCCCMeSiMe; -86.04 -61.89 -20.56 -14.79
Me,Si(CsHa)oZrMe_Me;SiCCCMeSiMes -84.67 -62.16 -20.24 -14.86
rac-(ebthi)Zr(Me;SiCCCSiMes) 55.59 3.74 13.29 0.89
meso-(ebthi)Zr(Me;SiCCCSiMes) 97.25 52.32 23.24 12.51
rac-Me;Si(thi),Zr(Me3SiCCCSiMe3) 57.77 7.19 13.81 1.72
meso-(thi),Zr(MesSiCCCSiMes) 93.28 49.02 22.29 11.71
Cp2Zr (Me;SiCCCSiMes) 84.34 43.19 22.29 11.71
CaH4(CsHy)2Zr(MesSiCCCSiMes) 85.91 37.41 20.53 8.94
Me,Si(CsHa)2Zr(Me;SiCCCSiMes) 88.47 39.23 21.14 9.38
rac-(ebthi)ZrCCCZr(ebthi)-rac_inin -57.39 -38.08 -13.72 -9.10
meso-(ebthi)ZrCCCZr(ebthi)-meso _inin -93.53 -68.72 -22.35 -16.42
rac-Me;Si(thi),ZrCCCZrMe,Si(thi),.rac inin -63.34 -45.40 -15.14 -10.85
meso-(thi),ZrCCCZr(thi),-meso_inin -83.99 -55.57 -20.08 -13.28
Cp,ZrCCCCZrCp; inin -88.26 -62.83 -21.10 -15.02
CoH4(CsH4),ZrCCCZr(CsHy),CoHy inin -94.96 -74.23 -22.70 -17.74
Me,Si(CsH4)2ZrCCCZr(CsHy),SiMe,inin -89.34 -71.21 -21.35 -17.02
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Table S12. Computed Gibbs free energies and reaction enthalpies (in kJ-mol-") for hypothetical 1-
zirconacyclobuta-2,3-dienes (ZrCBD) and dinuclear complexes (Zr,COT)?2. B3LYP/GD3BJ/def2svpp.

Entry [Zr] 2x 2x AH(Zr,COT) | AG(Zr,COT) AAH AAG
AH(ZrCBD) | AG(ZrCBD) | [kJ-mol-1] [kJ-mol-1] [kJ-mol-1] | [kJ-mol-1]
[kJ-mol-1] [kJ-mol-1]
1 rac-(ebthi)Zr -53.22 -106.96 -137.42 -90.92 -84.2 16.04
2 rac- -50.01 -99.17 -158.48 -117.81 -18.64
Me,Si(thi),Zr -10847

3 meso-(ebthi)Zr 25.77 -25.95 -148.08 -115.35 -173.85 -89.40
4 CoHa(CsHa)oZr -0.27 -48.95 -295.43 -260.22 -295.16 -211.27
5 Me,Si(CsHa)Zr 7.59 -45.86 -291.19 -253.85 -298.78 -208.00
6 CpaZr 13.03 -30.30 -277.63 -239.16 -290.66 -208.86
7 meso-(thi),Zr 34.06 -19.62 -188.37 -149.15 -222.43 -129.52

3 AAG = AG(Zr,COT)-(2x AG(ZrCBD)); AAH = AH(Zr,COT)-(2x AH(ZrCBD)).
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8.2.6 Total enthalpies and energies for all calculated molecules

Table S13. Summary of thermodynamic data of all calculated compounds, * label for “activated” EBTHI ligands.

Compound Nimag | HF ZPE [kcallmol "] | Hit [a.u.] Giot [a.U.] Method Basis set
rac-(ebthi)Zr(Me;SiCCCSiMe3) 0 -1756.500479 382.931250 -1755.850603 -1755.959783 | BP86/Lanl2dz TZVP

rac-(ebthi)* Zr(MesSiCHCCSiMe3) iso' 0 -1756.502635 383.055380 -1755.853185 -1755.958615 | BP86/Lanl2dz TZVP

Ethane 0 -79.7630454 46.566970 -79.684427 -79.710255 | B3LYP/GD3BJ def2svpp
R_MesSi(Me)CCC(Me)SiMes 0 -1012.202151 196.868340 -1011.865299 -1011.939121 | B3LYP/GD3B)J def2svpp
S_Me;Si(Me)CCC(Me)SiMes 0 -1012.202151 196.866970 -1011.865299 -1011.939131 | B3LYP/GD3B)J def2svpp
rac-(ebthi)ZrMe, 0 -902.9918843 289.407860 -902.507127 -902.579645 | B3LYP/GD3BJ def2svpp
meso-(ebthi)ZrMe; 0 -902.9929113 289.494780 -902.508091 -902.579868 | B3LYP/GD3BJ def2svpp
rac-Me;Si(thi),ZrMe, 0 -1193.645287 300.186610 -1193.139522 -1193.219799 | B3LYP/GD3B)J def2svpp
Cp2ZrMe; 0 -513.695225 149.211930 -513.441838 -513.499035 | B3LYP/GD3BJ def2svpp
rac-(thi),ZrMe; 0 -825.6080766 266.908480 -825.160419 -825.231174 | B3LYP/GD3BJ def2svpp
meso-(thi),ZrMe, 0 -825.6086388 266.745950 -825.161157 -825.231923 | B3LYP/GD3BJ def2svpp
CoH4(CsHa)2ZrMe; 0 -591.0782536 171.860280 -590.787730 -590.846431 | B3LYP/GD3BJ def2svpp
Me,Si(CsHa)2ZrMe; 0 -881.7319154 182.513590 -881.420521 -881.487521 | B3LYP/GD3BJ def2svpp
rac-(ebthi)ZrMe_ Me3;SiCCCMeSiMe; 0 -1835.466305 442449710 -1834.719307 -1834.830305 | B3LYP/GD3B)J def2svpp
meso-(ebthi)ZrMe_ Me;SiCCCMeSiMes 0 -1835.467713 442.098450 -1834.721096 -1834.833604 | B3LYP/GD3B)J def2svpp
rac-Me;Si(thi),ZrMe_ Me;SiCCCMeSiMe; 0 -2126.120023 453.413360 -2125.351919 -2125.470291 | B3LYP/GD3B)J def2svpp
Cp2ZrMe_ Me;SiCCCMeSiMes 0 -1446.167438 301.827120 -1445.652353 -1445.750120 | B3LYP/GD3BJ def2svpp
meso-(thi),ZrMe_ Me3;SiCCCMeSiMe; 0 -1758.080029 419.038050 -1757.371070 -1757.483195 | B3LYP/GD3B)J def2svpp
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CoH4(CsHy)2ZrMe_ Me3SiCCCMeSiMe; -1523.554062 325.027390 -1523.001373 -1523.098869 | B3LYP/GD3B)J def2svpp
Me,Si(CsHa),ZrMe_ MesSiCCCMeSiMes -1814.207424 335.883660 -1813.633642 -1813.740061 | B3LYP/GD3B)J def2svpp
rac-(ebthi)Zr(Me;SiCCCSiMe3) -1755.681117 394.910900 -1755.013707 -1755.118625 | B3LYP/GD3B)J def2svpp
meso-(ebthi)Zr(Me;SiCCCSiMe3) -1755.667153 395.060110 -1754.999628 -1755.103421 | B3LYP/GD3BJ def2svpp
rac-(thi),Zr(MesSiCCCSiMe3) -1678.297195 372.292940 -1677.667216 -1677.768000 | B3LYP/GD3B)J def2svpp
meso-(thi),Zr(Me;SiCCCSiMe3) -1678.281111 372.124920 -1677.651116 -1677.754271 | B3LYP/GD3B)J def2svpp
Cp2Zr(Me;3SiCCCSiMe3) -1366.371619 254.871540 -1365.935802 -1366.023416 | B3LYP/GD3B)J def2svpp
CoH4(CsHy)2Zr(MesSiCCCSiMes) -1443.757186 277.496250 -1443.284226 -1443.374364 | B3LYP/GD3B)J def2svpp
Me,Si(CsHa)2Zr(Me;SiCCCSiMes) -1734.409368 288.088830 -1733.915520 -1734.014865 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMe;3) iso1TS -1755.623821 390.928480 -1754.963472 -1755.065796 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso1 -1755.68400 394.910260 -1755.017145 -1755.118716 | B3LYP/GD3BJ def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMe;3) iso2TS -1755.6215413 391.928800 -1754.959935 -1755.060813 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso2 -1755.6678416 394.680670 -1755.001488 -1755.104139 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso3TS -1755.6211941 392.064920 -1754.959459 -1755.060088 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me3;SiCHCCSiMe3) iso3 -1755.666968 394.783640 -1755.000495 -1755.103577 | B3LYP/GD3B) def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso4TS -1755.633178 390.818470 -1754.972792 -1755.075646 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso4 -1755.64750 393.102320 -1754.982650 -1755.088133 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso5 -1755.62980 393.169300 -1754.964982 -1755.069149 | B3LYP/GD3B)J def2svpp
rac-Me;Si(thi),Zr(Me;SiCCCSiMes) -2046.333913 405.802780 -2045.645490 -2045.757296 | B3LYP/GD3B)J def2svpp
rac-Me;,Si(thi);*Zr(Me3SiCHCCSiMe3) -2046.339976 405.625830 -2045.652071 -2045.762663 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMe3) TSiso2to1 exo -1755.570539 391.1965 -1754.90963 -1755.011537 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me3SiCHCCSiMej3) TSiso3to2 exo -1755.535617 389.62138 -1754.877088 -1754.97868 | B3LYP/GD3B)J def2svpp
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rac-(ebthi)*Zr(Me;SiCHCCSiMe;) TSiso4to3 exo -1755.557502 389.71291 -1754.897994 -1755.003379 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me;SiCHCCSiMe3) TSiso2to1 endo -1755.577553 390.39656 -1754.917508 -1755.020507 | B3LYP/GD3B)J def2svpp
rac-(ebthi)*Zr(Me3;SiCHCCSiMe;) TSiso3to2 endo not found after 5 attempts B3LYP/GD3BJ def2svpp
rac-(ebthi)*Zr(Me3;SiCHCCSiMes) TSiso4to3 endo -1755.5543862 389.63333 -1754.895027 -1755.000339 | B3LYP/GD3B)J def2svpp
rac-(ebthi)ZrCCCZr(ebthi)-rac_inin -2658.7216758 688.05561 -2657.563865 -2657.714197 | B3LYP/GD3B)J def2svpp
rac-(ebthi)ZrCCCZr(ebthi)-rac_inout -2658.7165387 688.78039 -2657.558249 -2657.705669 | B3LYP/GD3B)J def2svpp
rac-(ebthi)ZrCCCZr(ebthi)-rac _outout -2658.7048470 689.27807 -2657.546161 -2657.692920 | B3LYP/GD3BJ def2svpp
meso-(ebthi)ZrCCCZr(ebthi)-meso_inin -2658.7372073 687.5184 -2657.580383 -2657.729391 | B3LYP/GD3B)J def2svpp
meso-(ebthi)ZrCCCZr(ebthi)-meso _inout -2658.7340745 687.37299 -2657.577472 -2657.726827 | B3LYP/GD3B)J def2svpp
meso-(ebthi)ZrCCCZr(ebthi)-meso _outout -2658.7296611 687.42807 -2657.572887 -2657.723579 | B3LYP/GD3B)J def2svpp
rac-(thi),ZrCCCZr(thi),-rac_inin -2503.9527904 641.99549 -2502.870669 -2503.017136 | B3LYP/GD3BJ def2svpp
meso-(thi),ZrCCCZr(thi),-meso _inin -2503.9570413 642.16552 -2502.87483 -2503.020856 | B3LYP/GD3BJ def2svpp
meso-(thi),ZrCCCZr(thi),-meso _inin -2503.9619466 642.15406 -2502.879792 -2503.026028 | B3LYP/GD3B)J def2svpp
meso-(thi),ZrCCCZr(thi),-meso _inout -2503.9598924 641.75104 -2502.878156 -2503.025634 | B3LYP/GD3BJ def2svpp
meso-(thi),ZrCCCZr(thi),-meso _outout iso1 -2503.9577526 641.88889 -2502.87589 -2503.023640 | B3LYP/GD3B)J def2svpp
meso-(thi),ZrCCCZr(thi),-meso_outout iso2 -2503.9577524 641.88899 -2502.87589 -2503.023626 | B3LYP/GD3BJ def2svpp
rac-Me,Si(thi),ZrCCCZr(thi),SiMe; rac inin -3240.0307055 709.45836 -3238.831139 -3238.997127 | B3LYP/GD3B)J def2svpp
Cp,ZrCCCCZrCp; inin -1880.1365541 406.57627 -1879.443382 -1879.562829 | B3LYP/GD3BJ def2svpp
CoH4(CsHy)2ZrCCCZr(CsHy), CoHainin -2034.9085265 452.14551 -2034.140844 -2034.263319 | B3LYP/GD3BJ def2svpp
Me;Si(CsH4)2ZrCCCZr (CsHa),SiMe; inin -2616.2133349 473.48278 -2615.403762 -2615.544449 | B3LYP/GD3BJ def2svpp
Cp2ZrCOT -2732.8588382 513.38268 -2731.982311 -2732.126383 | B3LYP/GD3BJ def2svpp
CoHy(CsHy)ZrCOT -2887.6320904 559.00306 -2886.680874 -2886.829198 | B3LYP/GD3B)J def2svpp
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Me;Si(CsH4),ZrCOT -3468.9380966 580.64667 -3467.944842 -3468.108952 | B3LYP/GD3BJ def2svpp
rac-(ebthi)ZrCOT -3511.4028500 796.87616 -3510.059483 -3510.231141 | B3LYP/GD3BJ def2svpp
meso-(ebthi)ZrCOT -3511.4072121 795.05334 -3510.065472 -3510.240893 | B3LYP/GD3B)J def2svpp
rac-Me;Si(thi),ZrCOT -4092.7150606 816.53992 -4091.332294 -4091.521692 | B3LYP/GD3BJ def2svpp
(thi),ZrCOT iso 1 -3356.6502888 749.16922 -3355.383803 -3355.556954 | B3LYP/GD3B)J def2svpp
(thi),ZrCOT iso 2 -3356.6537844 749.69963 -3355.38695 -3355.557875 | B3LYP/GD3BJ def2svpp
Ethane -79.8694016 46.708110 -79.790541 -79.816384 | B3LYP/GD3B)J def2tzvp
Acetone -193.2481561 52.24638 -193.15849 -193.194179 | B3LYP/GD3B)J def2tzvp
Acetophenone -385.0743385 86.34292 -384.927953 -384.969597 | B3LYP/GD3BJ def2tzvp
Benzophenone -576.8981672 119.97312 -576.695283 -576.744654 | B3LYP/GD3B)J def2tzvp
R_Me;SiCMeCCMeSiMes -1012.959244 197.445430 -1012.621394 -1012.696084 | B3LYP/GD3BJ def2tzvp
S_Me;SiCMeCCMeSiMe; -1012.959244 197.445400 -1012.621394 -1012.696084 | B3LYP/GD3B)J def2tzvp
AcetoneCouplingprod. 9 -1051.066112 201.09778 -1050.721684 -1050.799023 | B3LYP/GD3BJ def2tzvp
EAcetophenonecouplingprod. 7 -1242.890539 234.58398 -1242.489766 -1242.574465 | B3LYP/GD3BJ def2tzvp
ZAcetophenonecouplingprod. 7 -1242.89293 234.5819 -1242.492196 -1242.577306 | B3LYP/GD3B)J def2tzvp
Benzophenonecouplingprod. 5 -1434.720405 268.04741 -1434.26333 -1434.355568 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)ZrMe, -903.9987739 289.39662 -903.513891 -903.586976 | B3LYP/GD3BJ def2tzvp
rac-Me;Si(thi),ZrMe, -1194.770949 300.29944 -1194.264846 -1194.345954 | B3LYP/GD3BJ def2tzvp
rac-(ebi),ZrMe, -899.1501255 230.88838 -898.760405 -898.829056 | B3LYP/GD3BJ def2tzvp
rac-(ebthi)ZrO sing. -899.4229762 246.43767 -899.009718 -899.079015 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)ZrO trip. -899.3439768 245.66399 -898.931736 -899.001353 | B3LYP/GD3BJ def2tzvp
rac-Me;Si(thi),ZrO sing. -1190.192674 257.57811 -1189.758004 -1189.833592 | B3LYP/GD3BJ def2tzvp
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rac-(ebthi)Zr(Me;SiCCCSiMej3) sing -1757.232947 395.319800 -1756.564802 -1756.669563 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)Zr(MesSiCCCSiMes) sp trip -1757.194949 394.55129 -1756.528695 -1756.632130 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso1 -1757.235022 395.17033 -1756.567589 -1756.669849 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)*Zr(Mes;SiCHCCSiMe;) iso1_Int1 -1757.189005 393.19661 -1756.523918 -1756.630481 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)*Zr(Me;SiCHCCSiMe3) iso1_TS -1757.172666 391.14279 -1756.511816 -1756.614778 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso2 -1757.218347 395.06525 -1756.551314 -1756.653905 | B3LYP/GD3BJ def2tzvp
rac-(ebthi)*Zr(Mes;SiCHCCSiMes3) iso2_TS -1757.174272 392.13004 -1756.512127 -1756.614076 | B3LYP/GD3BJ def2tzvp
rac-(ebthi)*Zr(Me;SiCHCCSiMe;3) iso3 -1757.217832 394.98376 -1756.550857 -1756.654517 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso3_TS -1757.173979 392.24865 -1756.511741 -1756.61322 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)*Zr(Me;SiCHCCSiMej3) iso4 -1757.19871 393.48507 -1756.533149 -1756.638921 | B3LYP/GD3B)J def2tzvp
rac-(ebthi)*Zr(Me3;SiCHCCSiMej3) iso4_TS -1757.181901 391.02885 -1756.521021 -1756.624736 | B3LYP/GD3BJ def2tzvp
rac-Me;Si(thi),Zr(Mes;SiCCCSiMe3s) sing -2048.004523 406.34419 -2047.315153 -2047.427473 | B3LYP/GD3B)J def2tzvp
rac-Me;Si(thi),*Zr(Me;SiCHCCSiMe3) iso1 -2048.010259 406.25846 -2047.321424 -2047.431635 | B3LYP/GD3B)J def2tzvp
rac-Me;Si(thi),*Zr(Me;SiCHCCSiMe3) iso1 TS -2047.941399 402.1158 -2047.259342 -2047.370354 | B3LYP/GD3BJ def2tzvp
rac-(ebthi)Ti(Me3SiCCCSiMe3) -2559.611824 395.88384 -2558.943125 -2559.04643 | B3LYP/GD3BJ def2tzvp
rac-(ebthi)*Ti(Me3SICHCCSiMe3) iso1_TS -2559.557099 391.57373 -2558.895655 -2558.998348 | B3LYP/GD3BJ def2tzvp
rac-(ebthi)*Ti(Me3SiCHCCSiMe3) isof -2559.609332 395.89922 -2558.941019 -2559.042241 | B3LYP/GD3B)J def2tzvp
rac-(ebi),Zr(Me;SiCCCSiMes) sing -1752.380268 336.44402 -1751.807689 -1751.910082 | B3LYP/GD3BJ def2tzvp
Acetone6Memb. rac-(ebthi) Complex 8 -1950.551839 451.08043 -1949.79029 -1949.903159 | B3LYP/GD3BJ def2tzvp
Acetophenone6Memb. rac-(ebthi) Complex iso1 6 -2142.377706 484.54663 -2141.559652 -2141.680225 | B3LYP/GD3B)J def2tzvp
Acetophenone6Memb. rac-(ebthi) Complex iso2 6 -2142.375178 484.65178 -2141.557003 -2141.67775 | B3LYP/GD3B)J def2tzvp
Benzophenoneb6Memb. rac-(ebthi) Complex 4 -2334.203854 518.11075 -2333.329274 -2333.45602 | B3LYP/GD3B)J def2tzvp
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Acetone6Memb. rac-Me;Si(thi), Complex 12 -2241.325108 462.04439 -2240.542394 -2240.662495 | B3LYP/GD3BJ def2tzvp
Acetophenone6Memb. rac-Me;Si(thi), Complex iso1 11 -2433.150549 495.40401 -2432.311416 -2432.439408 | B3LYP/GD3B)J def2tzvp
Acetophenone6Memb. rac-Me;Si(thi), Complex iso2 11 -2433.148659 495.56997 -2432.309343 -2432.437635 | B3LYP/GD3BJ def2tzvp
Benzophenoneb6Memb. rac-Me;Si(thi), Complex 10 -2624.976797 528.92199 -2624.081195 -2624.215746 | B3LYP/GD3B)J def2tzvp
3a+acetone Complex -1950.550334 449.06151 -1949.790674 -1949.907831 | B3LYP/GD3B)J def2tzvp
3b+acetone Complex -2241.323663 460.18596 -2240.542642 -2240.667714 | B3LYP/GD3BJ def2tzvp
3a+acetophenone Complex 14 -2142.376381 482.49654 -2141.560261 -2141.686172 | B3LYP/GD3BJ def2tzvp
3b+acetophenone Complex 17 -2433.149465 493.69032 -2432.31193 -2432.444499 | B3LYP/GD3B)J def2tzvp
3a+benzophneone Complex 13 -2334.200695 515.88407 -2333.328275 -2333.461344 | B3LYP/GD3BJ def2tzvp
3b+benzophenone Complex 16 -2624.974496 526.9907 -2624.080758 -2624.220851 | B3LYP/GD3B)J def2tzvp
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8.3 Bond analysis of selected complexes
8.3.1 Summary of NBO/NLMO Analysis of 2a, 2b and 3a

NBO6.0 analyses of the B3LYP/GD3BJ/def2tzvp optimized structures of 2a/2b and 3a were
performed to analyze the natural localized molecular orbitals (NLMO). The NBO routine found
two double bonds along the central CCC unit in the three investigated complexes (2a: Table
S14; 3a: Table S18; 2b: Table S16). As expected, these bonds can be described as one o-bond
type with sp2-sp hybrid orbitals, and one m-type bond formed from a pure p-type orbital at the
central carbon atom (3-C) and one p-type orbital with minor s-character at the a-carbon atoms
(oryin 3a). These findings are corroborated by the corresponding NLMO analysis of the central
CCC unit in the investigated complexes (2a: Table S15; 3a: Table S19; 2b: Table S17).
Furthermore, this analysis reveals for the CC m-type orbitals minor contributions (7.4 — 2.3%) of
a d-orbital at the Zr center, which are absent for the corresponding CC o-type orbitals.

While this NBO/NLMO routine works well for the bond description of the allene unit, it cannot
be adapted for the Zr-C bond description. The NBO analysis of complex 2a found two lone
pairs (LPs) located at the a-carbon atoms with an occupancy of 1.3 electrons, the
corresponding NLMO analysis of these LPs revealed that these show contributions (15%) of a
d-type orbital from the Zr center and describe the metal-carbon bond. In contrast the NBO
analysis of 2b found a pair of a n-bonding and n*-antibonding orbital between the two a-
carbon atoms, also with low occupancies (r: 1.1; «* 1.5 e”) and again the NLMO analysis of these
can be best interpreted as the Zr-carbon bond orbitals, with main contributions (n: 13; ©* 18 %)
of a d-type orbitals from Zr. Furthermore, the NBO analysis of 3a found two Zr-C bonds with
low occupancy, one with the carbon atom of the activated rac-(ebthi)* ligand (1.7 e’) and one
to the "unsaturated” carbon of the propargyl/allenyl unit (1.6 e).
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8.3.2 NBO/NLMO analysis of 2a

Figure S109. Labeling scheme of the NBO/NLMO analysis of complex 2a.

Table S14. Summary of selected NBO analysis of 2a.

44.(1.33758) LP (1) C 1

s(11.91%)p 7.39(87.93%)d 0.01( 0.11%) f 0.00( 0.05%)

45.(1.33758)LP (1) C 2

s(11.91%)p 7.39( 87.93%)d 0.01( 0.11%) f 0.00( 0.05%)

48.(1.95562)BD (1) C 1-C 3

(47.68%) 0.6905* C 15(31.03%)p 2.21(68.67%)d 0.01(
0.25%) f 0.00( 0.05%)

(52.32%) 0.7233* C 35(49.71%)p 1.01(50.07%)d 0.00(
0.11%)f 0.00( 0.10%)

49.(1.78617)BD (2)C 1-C 3

(56.99%) 0.7549* C 1s( 9.19%)p 9.87(90.66%)d 0.01(
0.12%) f 0.00( 0.04%)

(43.01%) 0.6558* C 3 s( 0.21%)p99.99(99.33%)d 1.82(
0.37%) f 0.43( 0.09%)

51.(1.95562) BD (1) C 2-C 3

(47.68%) 0.6905* C 25(31.03%)p 2.21(68.67%)d 0.01(
0.25%) f 0.00( 0.05%)

(52.32%) 0.7233* C 35(49.71%)p 1.01(50.07%)d 0.00(
0.11%) f 0.00( 0.10%)

52.(1.78617) BD (2)C 2-C 3

(56.99%) 0.7549* C 2 s( 9.19%)p 9.87(90.66%)d 0.01(
0.12%) £ 0.00( 0.04%)

(43.01%) 0.6558* C 3 s( 0.21%)p99.99(99.33%)d 1.82(
0.37%) f 0.43( 0.09%)
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Table S15. Summary of selected NLMOs of 2a.

Shortened NLMO Analysis of C(1) “LP" (threshold >
1.3%)

- C1-C3 mt-bond with binding contribution of one d
orbital at the Zr center

44.(2.00000) 63.2149% LP (1) C 1

65.957% C 1 s( 13.93%)p 6.17( 85.92%)d 0.01(
0.12%) f 0.00( 0.03%)

5.637% C 2s( 0.27%)p99.99(99.52%)d 0.29( 0.08%)
f0.51( 0.14%)

9.274% C 3's( 0.16%)p99.99( 99.19%)d 3.58( 0.56%)
£0.65( 0.10%)

15421% Zr 30 s(  9.55%)p 0.01(
90.29%) f 0.01( 0.09%)

0.07%)d 9.46(

Shortened NLMO Analysis of C(2) “LP" (threshold > 1.3%)

- (C2-C3 m-bond with binding contribution of one d
orbital at the Zr center

45.(2.00000) 63.2149% LP (1) C 2

5637% C 1s( 0.27%)p99.99( 99.52%)d 0.29( 0.08%) f
0.51( 0.14%)

65.957% C 2 s(13.93%)p 6.17(85.92%)d 0.01( 0.12%) f
0.00( 0.03%)

9.274% C 3 s( 0.16%)p99.99( 99.19%)d 3.58( 0.56%) f
0.65( 0.10%)

15.421% Zr 30 s( 9.55%)p 0.01( 0.07%)d 9.46( 90.29%) f
0.01( 0.09%)

Shortened NLMO Analysis of of C(1)-C(3) o-bond
(threshold > 1.3%)

48. (2.00000) 97.7449%BD (1)C 1-C 3

Shortened NLMO Analysis of of C(1)-C(3) m-bond
(threshold > 1.3%)

49. (2.00000) 88.7790%BD (2)C 1-C 3
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46.748% C 1 s( 29.17%)p 2.42( 70.53%)d 0.01(
0.26%) f 0.00( 0.05%)

51462% C 3 s( 44.39%)p 1.25( 55.39%)d 0.00(
0.12%) f 0.00( 0.11%)

50.756% C 1s( 7.27%)p12.73(92.58%)d 0.01( 0.11%) f
0.01( 0.04%)

1.691% C 2 s( 1.87%)p52.15( 97.58%)d 0.26( 0.48%) f
0.04( 0.07%)

39.161% C 3 s( 0.15%)p99.99( 99.41%)d 2.35( 0.36%) f
0.55( 0.08%)

6.516% Zr 30 s( 1.18%)p 0.26( 0.31%)d83.52( 98.30%) f
0.19( 0.22%)

Shortened NLMO Analysis of of C(2)-C(3) o-bond
(threshold > 1.3%)

51.(2.00000) 97.7449% BD (1) C 2-C 3

46.748% C 2 s( 29.17%)p 2.42( 70.53%)d 0.01(
0.26%) f 0.00( 0.05%)

51462% C 3 s( 44.39%)p 1.25( 55.39%)d 0.00(
0.12%) f 0.00( 0.11%)

Shortened NLMO Analysis of of C(2)-C(3) m-bond
(threshold > 1.3%)

52.(2.00000) 88.7790% BD (2) C 2-C 3

1.691% C 1s( 1.87%)p52.15( 97.58%)d 0.26( 0.48%) f
0.04( 0.07%)

50.756% C 2 s( 7.27%)p12.73(92.58%)d 0.01( 0.11%) f
0.01( 0.04%)

39.161% C 3s( 0.15%)p99.99( 99.41%)d 2.35( 0.36%) f
0.55( 0.08%)

6.516% Zr 30 s( 1.18%)p 0.26( 0.31%)d83.52( 98.30%) f
0.19( 0.22%)
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8.3.3 NBO/NLMO analysis of 2b

Figure S110. Labelling scheme of the NBO/NLMO analysis of complex 2b.

Table $16. Summary of selected NBO analysis of 2b.

51.(1.10988)BD (1) C 1-C 2

(53.15%) 0.7291*C 15s(11.40%)p 7.76( 88.44%)d 0.01(
0.10%) f 0.00( 0.05%)

(46.85%) 0.6845* C 2s(11.41%)p 7.75(88.45%)d 0.01(
0.10%) f 0.00( 0.05%)

136. (1.53335)BD*(1) C 1-C 2

(46.85%) 0.6845* C 15s(11.40%)p 7.76(88.44%)d 0.01(
0.10%) f 0.00( 0.05%)

(53.15%) -0.7291* C 2 s( 11.41%)p 7.75( 88.45%)d
0.01( 0.10%) f 0.00( 0.05%)

52.(1.95656)BD (1) C 1-C 3

(47.62%) 0.6901* C 15(30.42%)p 2.28(69.28%)d 0.01(
0.26%)f 0.00( 0.04%)

(52.38%) 0.7237* C 35(49.63%)p 1.01(50.18%)d 0.00(
0.10%) f 0.00( 0.09%)

53.(1.76471)BD (2)C 1-C 3

(58.15%) 0.7625* C 15s(11.38%)p 7.77(88.45%)d 0.01(
0.13%) f 0.00( 0.03%)

(41.85%) 0.6469* C 3 s( 0.21%)p99.99(99.33%)d 1.75(
0.37%) f 0.41( 0.09%)

55.(1.95748)BD (1) C 2-C 3

(47.68%) 0.6905* C 2s(31.54%)p 2.16(68.18%)d 0.01(
0.25%) f 0.00( 0.04%)

(52.32%) 0.7233* C 35(49.78%)p 1.01(50.03%)d 0.00(
0.10%) f 0.00( 0.09%)

56.(1.79616) BD (2) C 2-C 3

(56.51%) 0.7517* C 2s( 7.95%)p11.56(91.90%)d 0.01(
0.11%) f 0.01( 0.04%)

(43.49%) 0.6595* C 3 s( 0.22%)p99.99(99.30%)d 1.83(
0.40%) f 0.40( 0.09%)

S96




Table S17. Summary of selected NLMOs of 2b.

Shortened NLMO Analysis of C(1)-C(2) m-bond
(threshold > 1.3%)

51.(2.00000) 51.4074% BD (1)C 1-C 2

34121% C
0.14%)

1 s( 15.20%)p 5.57( 84.64%)d 0.01(

£ 0.00( 0.02%)

31.087% C 2 s( 13.41%)p 6.44( 86.44%)d 0.07(
0.12%) f 0.00( 0.02%)

19.809% C 3 s( 0.00%)p 1.00(99.58%)d 0.00( 0.32%)

£ 0.00( 0.10%)

13.043% Zr 30 s( 0.04%)d99.99(

99.78%)

0.09%)p 0.39(

f 1.02( 0.09%)

Shortened NLMO Analysis m*-bond

(threshold > 1.3%)

of C(1)-C(2)

136. (2.00000) 75.0306% BD*( 1) C 1-C 2

35971% C 15s(11.62%)p 7.59(88.22%)d 0.01( 0.10%)
£ 0.00( 0.05%)

39.497% C 2 s(10.42%)p 8.58(89.44%)d 0.01( 0.09%) f
0.00( 0.05%)

18.306% Zr 30 s( 16.99%)p 0.00( 0.06%)d 4.88( 82.86%)
f0.01( 0.09%)

Shortened NLMO Analysis of of C(1)-C(3) o -bond
(threshold > 1.3%)

52. (2.00000) 97.8051% BD (1)C 1-C 3

Shortened NLMO Analysis of of C(1)-C(3) m -bond
(threshold > 1.3%)

53.(2.00000) 87.3705% BD (2)C 1-C 3
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46.746% C 1 s( 28.39%)p 2.51( 71.31%)d 0.01(
0.26%)

£0.00( 0.04%)

51.565% C 3 s( 4430%)p 1.25( 55.50%)d 0.00(
0.11%)

£ 0.00( 0.09%)

52.191% C 1s( 8.58%)p10.63( 91.26%)d 0.01( 0.12%)
£ 0.00( 0.04%)

1.898% C 2 s( 0.32%)p99.99( 99.20%)d 1.28( 0.41%)
f0.21( 0.07%)

36.703% C 3 s( 0.10%)p99.99( 99.46%)d 3.52( 0.35%)

£ 0.80( 0.08%)

7.362% Zr 30 s( 1.49%)p 0.20( 0.29%)d65.80( 98.03%)

f0.13( 0.19%)

Shortened NLMO Analysis of of C(2)-C(3) o -bond
(threshold > 1.3%)

55.(2.00000) 97.8535% BD (1)C 2-C 3

46.797% C 2 s( 29.25%)p 2.41( 70.47%)d 0.01(
0.25%)

£ 0.00( 0.04%)

51.503% C 3 s( 44.49%)p 1.24( 55.32%)d 0.00(
0.10%) f 0.00( 0.09%)

Shortened NLMO Analysis of of C(2)-C(3) m -bond
(threshold > 1.3%)

56. (2.00000) 89.3922% BD (2) C 2-C 3

1.517% C 1s( 2.62%)p36.89( 96.73%)d 0.22( 0.58%)
£0.03( 0.07%)

50.646% C 2 s( 7.05%)p13.17(92.81%)d 0.01( 0.10%)

£0.01( 0.04%)

39.684% C 3 s( 0.14%)p99.99( 99.40%)d 2.65( 0.38%)

f0.57( 0.08%)

6.253% Zr 30 s( 1.06%)p 0.37( 0.40%)d92.44( 98.31%)
f0.21( 0.23%)
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8.3.4 NBO/NLMO analysis of 3a

Figure S111. Labelling scheme of the NBO/NLMO analysis of complex 3a.

Table S18. Summary of selected NBO analysis of 3a.

46.(1.96057)BD (1) C 1-C 2

(47.95%) 0.6924* C 15(39.76%)p 1.51(59.98%)d 0.01(
0.23%) f 0.00( 0.03%)

(52.05%) 0.7215* C 25(52.13%)p 0.92(47.73%)d 0.00(
0.05%) f 0.00( 0.08%)

47.(1.90291)BD (2)C 1-C 2

(51.95%) 0.7208* C 1s( 0.03%)p99.99(99.86%)d 1.65(
0.06%) f 1.60( 0.05%)

(48.05%) 0.6932* C 2s( 0.11%)p99.99( 99.58%)d 2.08(
0.22%)f 0.87( 0.09%)

49. (1.59096) BD (1) C 1-Zr 49

(82.49%) 0.9082* C 15(30.05%)p 2.32(69.76%)d 0.01(
0.17%)f 0.00( 0.01%)

( 17.51%) 0.4185*Zr 49 s(
0.14%)d26.39( 96.14%) f 0.02( 0.08%)

3.64%)p 0.04(

50.(1.96701)BD (1) C 2-C 3

(51.00%) 0.7141* C 25(46.22%)p 1.16(53.61%)d 0.00(
0.07%)f 0.00( 0.09%)

(49.00%) 0.7000* C 3 s(29.70%)p 2.36(70.12%)d 0.01(
0.16%)f 0.00( 0.03%)

51.(1.82597)BD (2)C 2-C 3

(38.40%) 0.6197* C 2's( 1.49%)p65.71(98.14%)d 0.19(
0.28%)f 0.05( 0.08%)

(61.60%) 0.7849* C 3s( 8.31%)p11.03(91.59%)d 0.01(
0.08%)f 0.00( 0.02%)

113.(1.71387) BD ( 1)Zr 49- C 56

(27.22%) 0.5217*Zr 49 s( 10.09%)p 0.01( 0.06%)d
8.89(89.79%) f 0.01( 0.06%)

(72.78%) 0.8531* C 56 s( 14.08%)p 6.09( 85.80%)d
0.01( 0.11%) f 0.00( 0.01%)
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Table S19. Summary of selected NLMOs of 3a.

Shortened NLMO Analysis of C(1)-C(2) o-bond
(threshold > 1.3%)

46. (2.00000) 97.9970%BD (1)C 1-C 2

47127% C
0.23%)

1 s( 3499%)p 1.85( 64.75%)d 0.01(

£ 0.00( 0.03%)

51.225%
0.06%)

C 2 s( 4597%)p 1.17( 53.88%)d 0.00(

f 0.00( 0.08%)

Shortened NLMO Analysis of of C(1)-C(2) m -bond
(threshold > 1.3%)

47.(2.00000) 95.0346% BD (2)C 1-C 2

49.353% C 1s( 0.01%)p 1.00( 99.88%)d 0.00( 0.06%)f
0.00( 0.05%)

45.692% C 2 s( 0.08%)p99.99( 99.60%)d 2.67( 0.22%) f
1.11( 0.09%)

2.306% Zr 49 s( 0.02%)p21.61( 0.44%)d99.99( 98.83%)

35.06( 0.71%)

Shortened NLMO Analysis of of C(1)-Zr(49)-bond
(threshold > 1.3%)

49. (2.00000) 78.1417% BD (1) C 1-Zr 49

64.871% C 1 s( 24.52%)p 3.07( 75.31%)d 0.07(
0.16%) f 0.00( 0.02%)

11496% C 2 s(
0.40%) f 0.51( 0.11%)

0.20%)p99.99( 99.29%)d 1.97(

Shortened NLMO Analysis of of C(2)-C(3) o -bond
(threshold > 1.3%)

50. (2.00000) 98.3308%BD (1) C 2-C 3

50.268% C 2 s(41.57%)p 1.40( 58.26%)d 0.00( 0.07%) f
0.00( 0.10%)

48.258% C 3 5(26.12%)p 2.82( 73.69%)d 0.01( 0.16%) f
0.00( 0.03%)
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6.858% C 3 s( 1.89%)p51.76( 97.99%)d 0.03( 0.05%)
f0.03( 0.07%)

13.662% Zr 49 s( 3.18%)p 0.05(
96.59%) f 0.03( 0.09%)

0.15%)d30.39(

Shortened NLMO Analysis of of C(2)-C(3) m-bond
(threshold > 1.3%)

51. (2.00000) 90.6303% BD (2)C 2-C 3

34411% C 2 s(
0.29%) f 0.09( 0.08%)

0.95%)p99.99( 98.69%)d 0.30(

56.307%
0.08%)

C 3 s( 7.98%)p11.52( 91.92%)d 0.01(

6.678% Zr 49 s( 8.95%)p 0.03( 0.30%)d10.13( 90.66%)
£0.01( 0.10%)

Shortened NLMO Analysis of of Zr(49)-C(56) bond
(threshold > 1.3%)

113. (2.00000) 85.2496% BD ( 1)Zr 49- C 56

2.342% C 31 s( 1.63%)p60.01( 97.53%)d 0.48( 0.78%) f
0.04( 0.07%)

3.449% C 32 s( 1.62%)p59.99( 97.15%)d 0.70( 1.13%) f
0.06( 0.10%)

1.962% C 42 s( 2.84%)p33.90( 96.18%)d 0.31( 0.89%) f
0.03( 0.10%)

24.586% Zr 49 s( 11.81%)p 0.00( 0.04%)d 7.46( 88.10%) f
0.00( 0.05%)

61.172% C 56 s(13.12%)p 6.61(86.75%)d 0.01( 0.11%) f
0.00( 0.01%)
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8.3.5 Comparison of natural charges from NBO analysis in the formal allenediide unit in
complexes 2a, 2b, and A.

To evaluate the differences in the bond situation of group 4 1-metalla-cyclobuta-2,3-dienes
(M =Ti(A),” Zr (2a,2b)) we calculated the sum of the natural charges in the formal allenediide
units in these complexes (

Table s20). The higher negative charge in the zirconocene complexes suggest a higher polarity
of the M-C interaction in the metallacycles which is well in line with the greater biradicaloid
character of the Ti complex A leading to a formal Ti(lll) center which is antiferromagnetically
coupled to the delocalized electron in the allene unit. Based on this calculation, the formal
oxidation state of Zr is greater than Zr(lll), so the interaction in 2a and 2b is best described as
a Zr(IV) center coordinated with an allenediide ligand.

Table S20. Calculation of the sum of natural charges in the formal allenediide/allenide units from NBO analysis in
complexes 2a, 2b, A, TS 2a to 3a and 3a (B3LYP/GD3BJ/def2tzvp).

2a 2b A TS 2ato 3a 3a
Atom Nat Charge |Atom Nat Charge Atom Nat Charge Atom Nat Charge |Atom Nat Charge
c1 -0.89502| C 1 -0.885/C 1 -0.76858| C 1 -0.85261|C 1 -0.74595
C2 -0.89502| C 2 -0.88348| C 2 -0.76858| C 2 -0.99355|C 2 -0.01571
c3 -0.06522| C 3 -0.06565| C 3 -0.08284| C 3 -0.00983|C 3 -0.92578
c4 -1.09072| C 4 -1.09131|C 4 -1.09218| C 4 -1.08308|H 55 0.25337
C5 -1.09072| C 5 -1.09217|C 5 -1.09218|C 5 -1.09683|C 4 -1.09307
C6 -1.0835| C 6 -1.08324| C 6 -1.08335|C 6 -1.08336|H 5 0.23036
c7 -1.0835| C 7 -1.08392| C 7 -1.08335|C 7 -1.09114|H 6 0.22775
cs8 -1.09285| C 8 -1.09248|C 8 -1.09268| C 8 -1.08825(H 7 0.2278
c9 -1.09285| C 9 -1.09142| C 9 -1.09268| C 9 -1.10216|C 8 -1.09135
Si 28 1.67753| Si 28 1.67659|Si 28 1.67321|Si 28 1.6641|H 9 0.22796
Si 29 1.67753| Si 29 1.67925|Si 29 1.67321|Si 29 1.70837|H 10 0.22522
H33 0.22759| H31 0.2291| H33 0.2288| H 33 0.22892|H 11 0.22578
H 34 0.22759| H 32 0.22787| H 34 0.2288| H 34 0.23286|C 12 -1.10066
H 35 0.22711] H33 0.22619| H 35 0.22771| H 35 0.23264|H 13 0.22711
H 36 0.22711| H34 0.22689| H 36 0.22771| H 36 0.21925|H 14 0.23133
H37 0.22027| H35 0.22253| H 37 0.22178| H 37 0.21714|H 15 0.23246
H 38 0.22027| H36 0.22102| H 38 0.22178| H 38 0.22934(Si 47 1.67465
H39 0.22559| H 37 0.22585| H 39 0.22603| H 39 0.23005|Si 48 1.68894
H 40 0.22559| H 38 0.22588| H 40 0.22603| H 40 0.22593|C 50 -1.08616
H41 0.22035| H 39 0.22112| H41 0.22189| H 41 0.22415|C51 -1.0901
H 42 0.22035| H 40 0.22002| H 42 0.22189| H 42 0.22937|C52 -1.0951
H43 0.23032| H41 0.23085| H 43 0.23047| H 43 0.22954|H 66 0.2303
H 44 0.23032| H42 0.23012| H 44 0.23047| H 44 0.23193|H 67 0.22733
H 45 0.22277| H43 0.22314| H 45 0.22347| H 45 0.22347|H 68 0.23073
H 46 0.22277| H44 0.22292| H 46 0.22347| H 46 0.22438|H 69 0.22839
H 47 0.22849| H 45 0.229| H 47 0.22923| H 47 0.22779|H 70 0.23
H 48 0.22849| H 46 0.22854| H 48 0.22923| H 48 0.23123|H 71 0.22755
H 49 0.22684| H 47 0.22616| H 49 0.22631| H 49 0.22989|H 72 0.22618
H 50 0.22684| H 48 0.22715| H 50 0.22631| H 50 0.22384|H 73 0.23108
Sum -0.97568|Sum -0.94848|Sum -0.73862|Sum -0.93662|H 74 0.22695
Shifted H 66 0.30138|Sum -0.51264

8.3.6 QT-AIM analysis of complexes 2a, 2b, A, 3a and 3b

QT-AIM analysis'” for group 4 1-metallacyclobuta-2,3-diene complexes 2a, 2b and A revealed
two M-C bond paths in the metallacycles in between the metal center and the a-carbon atoms
(Figure S112 - Figure S114). Furthermore, this analysis shows in all cases a ring critical point
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between the metal center and the B-carbon atom. These findings point to the absence of a
bond between the central carbon atom and the metal center, which was considered when
drawing the Lewis representations of these complexes. In addition to the contour plot of the
Laplacian of the electron density V?r of the investigated complexes we added the Wiberg bond
indices (WBI) next to the bond critical points in italic numbers. The lower WBI between the
central carbon atom and the metal center compared to the a-C-M bonds supports the result
of the QT-AIM analysis. Furthermore, the WBI of 1.95 for the C-C bonds in the allene units in
2a and 2b clearly indicate double bonds based on this theory (c.f. 1.93 in A). The same analysis
was performed for the n3-propargyl/allenyl complexes 3a and 3b (Figure S115 - Figure S116).
The QT-AIM analysis for these compounds found only one bond path between the
Me;SiCCCHSiIMe; unit and the Zr atom. The WBI of these bonds are lower than 0.6 but these
values are larger than WBI for the other M-C interactions, which supports the QT-AIM analysis.
In line with the description as n3-propargyl/allenyl complexes we found two different WBI along
this unit (1.7 and 2.2 in both complexes).

Y ) /
T r T T T
1.96 3.92 5.88
Length unit: Angstrom

Figure S112. Contour plot of the Laplacian of the electron density V2r of complex 2a in the C-Zr-C plane. Dashed
lines indicate negative (local charge concentration), solid lines indicate positive values (local charge depletion).
The Laplacian plot is overlaid with the molecular graph from QT-AIM analysis and Wiberg bond indices (italic

small numbers). Brown lines indicate bond paths, brown dashed lines are hypothetical bonds, blue dots
correspond to bond critical points, light brown dots indicate ring critical points. Density from
B3LYP/GD3BJ/def2tzvp calculation.
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Length unit: Angstrom

Figure S113. Contour plot of the Laplacian of the electron density V2r of complex 2b in the C-Zr-C plane. Dashed
lines indicate negative (local charge concentration), solid lines indicate positive values (local charge depletion).
The Laplacian plot is overlaid with the molecular graph from QT-AIM analysis and Wiberg bond indices (italic

small numbers). Brown lines indicate bond paths, brown dashed lines are hypothetical bonds, blue dots
correspond to bond critical points, light brown dots indicate ring critical points. Density from
B3LYP/GD3BJ/def2tzvp calculation.

0.00 188 376 5.63
Length unit: Angstrom

Figure S114. Contour plot of the Laplacian of the electron density V?r of complex A in the C-Ti-C plane. Dashed
lines indicate negative (local charge concentration), solid lines indicate positive values (local charge depletion).
The Laplacian plot is overlaid with the molecular graph from QT-AIM analysis and Wiberg bond indices (italic

small numbers). Brown lines indicate bond paths, brown dashed lines are hypothetical bonds, blue dots
correspond to bond critical points, light brown dots indicate ring critical points. Density from
B3LYP/GD3BJ/def2tzvp calculation.
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—
3.95

Length unit: Angstrom

Figure S115. Contour plot of the Laplacian of the electron density V2r of complex 3a in the C-Zr-C plane. Dashed
lines indicate negative (local charge concentration), solid lines indicate positive values (local charge depletion).
The Laplacian plot is overlaid with the molecular graph from QT-AIM analysis and Wiberg bond indices (italic

small numbers). Brown lines indicate bond paths, brown dashed lines are hypothetical bonds, blue dots

correspond to bond critical points, light brown dots indicate ring critical points. Density from
B3LYP/GD3BJ/def2tzvp calculation.

T
3.88
Length unit: Angstrom

Figure S116. Contour plot of the Laplacian of the electron density V?r of complex 3b in the C-Zr-C plane. Dashed
lines indicate negative (local charge concentration), solid lines indicate positive values (local charge depletion).
The Laplacian plot is overlaid with the molecular graph from QT-AIM analysis and Wiberg bond indices (italic

small numbers). Brown lines indicate bond paths, brown dashed lines are hypothetical bonds, blue dots
correspond to bond critical points, light brown dots indicate ring critical points. Density from
B3LYP/GD3BJ/def2tzvp calculation.
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8.3.7 Electron localization function of complexes 2a and 3a

To further classify the bond situation in 2a and 3a we analyzed the 3D plots of the electron
localization functions (ELF). The main results from QT-AIM and NBO analysis are corroborated
by ELF analysis (Figure S117 and Figure S119), just showing slight differences for the bond
situation in the n3-propargyl/allenyl unit of complex 3a. In both cases two orthogonal
dumbbell-shaped ELF could be found along the C; unit which indicates two orthogonal C=C
double bonds based on this theory.

Figure S117. 3D-ELF plot of the central Zr-CCC unit in 2a.

Figure S118: 2D-ELF plot of the central Zr-CCC unit in 2a.
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Figure S119. 3D-ELF plot of the central Zr-CCC unit in 3a.
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Figure S120. 2D-ELF plot of the central Zr-CCC unit in 3a.
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8.3.8 Biradical character of rac-(ebthi)Zr(Me;SiCCCSiMe3) (2a)

Since the electronical situation in the 1-titanacylobuta-2,3-diene complex A is best described
as a biradicaloid bearing a Ti(lll) fragment which is antiferromagnetically coupled to a
delocalized electron at the C; unit, we analyzed the stability of the Kohn-Sham wavefunction
from B3LYP calculation. This was found to be stable, but the Hartree-Fock wavefunction shows
an RHF/UHF instability for complex 2a. To further evaluate the electronic situation of 2a as
open-shell singlet we next performed Complete Active Space (CAS) calculations.

The "broken-symmetry” solution is not a true eigenfunction of the S? operator. In fact, it may
be considered as a 50:50 mixture of the singlet and triplet state, if the overlap between the
singly occupied orbitals and spin polarization are small.’® The actual singlet wave function can
then be expressed in terms of a linear combination of two “"broken-symmetry” wave functions

1Lp:i(|"')(+)(__) _ |'"X_+X_))

\2
where X +, £ - are the singly occupied orbitals and the overline indicates 8 spin. Therefore, the
open-shell singlet must be described by a multi-reference wave function.
In the “broken-symmetry” picture, the singly occupied orbitals X+ and 4 - are, in principle,
localized orbitals formed by linear combinations of the (delocalized) canonical HOMO P and
Lumo Pu:

1
X+ = \_ﬁ(‘le )

Hence, the multi-reference wave function expressed in terms of the canonical MOs is given by
Iy — 2 2
Y = C1|...¢H> + C2|...¢L>

where the expansion coefficients i are the square roots of the relative weight of each
determinant. This type of multi-determinant open-shell singlet wave function can be obtained
by the CAS SCF method and gives a qualitatively correct description of the electronic structure
of a biradical. The biradical character can be evaluated as

2
2¢5

B =
2 +ch
where a value of 8 =1 indicates a "perfect” biradical with two electrons in two degenerate
orbitals.” Smaller values indicate an increasing energy gap between HOMO and LUMO, and
B — 0 indicates a closed-shell species.

Consequently, the smallest active space to properly describe a biradical is a CAS(2,2) calculation
(Le. two electrons in two orbitals). In case of compound 2a, in analogy to the calculations on
A, we chose to include eight electrons in nine orbitals in the active space (CAS(8,9), comprising
the formal m orbitals at the ligand and d orbitals at Zr, vide infra), as these orbitals are
energetically relatively closely spaced.
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In complex A the largest contributions to the multi-determinant wave function are the two
determinants placing two electrons either in the formal HOMO (¢4) or LUMO (¢s; 8 = 28 %),
which show an occupancy of the formal LUMO with 0.34 electrons. For the Zr analog 2a only a
low coefficient for this determinant and a neglectable occupation of the formal LUMO ¢s with
only 0.08 electrons could be found. Based on this calculation compound 2a show a negligible
biradicaloid character and we abstain from further discussions. This is well in line with previous
calculations of group 4 metallocene phosphinidenes, where the Zr derivative also showed
significantly lower biradicaloid character compared to the Ti complex.?°

CAS Considered Occupation
MOs determinants Number
-
(0F:] 4 — —_— 0.04
07 — — 0.06

orbital localization

____________________________________________________

| - \
. s , — 4 0.08 | + 4+ S
o
4 — 192 | +~ + e
s L
s
____________________________________________________ P
o % o X, (04 £ 95)

-- side view
®2 —H— ﬂ— 1.96
oy Ok ST 1.96 - =

relative weights ¢ 88 % 0.8 %

b ~c1¥V, + OV
coefficients: -0.94 0.09 CAs ® C11q ™ €2 2]

Figure S121. Schematic depiction of the active orbitals of a CAS(8,9) calculation of 2a. The low occupation of ¢,
and the small coefficient c, reveal a negligible biradicaloid character in this molecule.
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Table S21. Representation of the most important CAS(8,9) molecular orbitals of 2a.
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