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Experimental Section

General

All reactions were carried out in an inert atmosphere by applying standard Schlenk or
glovebox techniques. Bis(diisopropylamino)carbene (1)*' and diisopropylamino-cis-2,6-
dimethylpiperidinocarbene (4)%* were prepared according to published procedures. NMR
spectra were recorded in CgDg solution with a Varian Unity Inova 500 MHz NMR
spectrometer. The residual protio impurity of the deuterated solvent was used as internal
standard (*H NMR: § = 7.16; *C NMR: 128.0 ppm). Mass spectra (ESI and APCI) were

obtained with a quadrupole ion-trap spectrometer Finnigan LCQP=“*

(ThermoQuest, San
José, USA). High-resolution mass spectra (HRMS) were measured with a time-of-flight mass
spectrometer micrOTOF (Bruker Daltonics, Bremen, Germany) using an Apollo™ lon Funnel

ESI ion-source.

Fragmentation experiments
A C¢Dg solution of the respective carbene in a flame-sealed NMR tube was kept at a
constant temperature by means of a thermostat (Thermo Haake B3, C10). The sample was

periodically analysed by NMR spectroscopy. A detailed description is given below.

Bis(diisopropylamino)carbene (1)

The first-order kinetics of the fragmentation reaction was established by monitoring three
samples of different concentration kept at 308 K. Fig. S1 exemplarily shows *H NMR spectra
recorded after O h, 150 h and 450 h for one such sample. For determining the activation
energy, samples of identical concentration which were kept at four different temperatures

were monitored. All samples showed a gradual decrease of the carbene concentration and a
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concomitant increase of the concentration of the fragmentation products, which were

identified as propene and N,N,N*triisopropylformamidine (2).

Bis(diisopropylamino)carbene (1):
'H NMR: 0=1.28 (br. d, 24 H); 3.70 (br. m, 4 H)
®C NMR: 5=24.2 (br.); 49.6 (br.); 255.5

Propene:
'H NMR: 5=1.55 (m, 3 H); 4.97 (m, 2 H); 5.72 (m, 1 H)
13C NMR: 5=19.4; 115.9; 133.7

N,N,N*-Triisopropylformamidine (2):

'"H NMR: 5=1.00 (d, 3y = 6.8 Hz, 12 H); 1.32 (d, Iy = 6.5 Hz, 6 H);
3.30 (br. sept, 1 H); 3.80 (br. m, 2 H); 7.45 (s, 1 H)

¥C NMR: 5=21.9 (br.); 26.6; 45.2; 57.7; 147.9

MS/APCI(+): m/z (%) = 171.13 (100) [M + H]"

HRMS/ESI(+):m/z = 171.185443 [M + H]"; 171.185575 calcd. for [C1oH23N,]".

For determining the concentrations of the carbene and the formamidine, integrals of
diagnostic *H NMR signals were compared with respect to the initial concentration [A], of the
carbene. The following signals were used: carbene 1: 5= 1.28 (br. d, 24 H); fomamidine 2:
5=1.00 (d, *Juy = 6.8 Hz, 12 H). Experimental parameters and results of this kinetic study

are collected in Table S1.

Table S1 Experimental parameters and results of fragmentation experiments performed with 1

T K] [Alo [mol/l] ty, [min] k [1/s]

295 0.13 14811 7.8410°"
308 0.07 2712 4.3-10°
308 0.13 2712 4.3410°°
308 0.19 2712 4.3-10°
323 0.13 431 2.7°107°

338 0.13 76 1.5.10*
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Fig. S1 "H-NMR spectra of (iPr,N),C (1) (0.13 M; 308 K; C¢Dg) after 0 h (top; 1), 150 h (middle; mixture of 1 and its fragmentation products) and 450 h (bottom:
no 1 left, only fragmentation products present).
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Reaction rate constants k were determined by plotting the logarithmic concentration of the

carbene In[A] versus time t. A typical result is shown in Fig. S2. For a first-order reaction, k is

equal to the negative slope —m of the best-fit straight line (y = mx + b).

reaction rate constant
- 5 (iPr,N),C (0.13 M; 308 K)

-3 4

4 A

5

-6 T T \ T

time (s)
45000 245000 445000 645000 845000
y =-4.3E-06x% - 2.058

Fig. S2 Example for the determination of the reaction rate constant (k = 4.310°° s’l).

To determine the activation energy E,, the logarithmic reaction rate constant Ink was plotted
versus 1/T. This ARRHENIUS plot is shown in Fig. S3.

activation energy
(iPr,N),C

Ink 11 -
1/s 12 -

_15 T T T T
0.0030 0.0031 0.0032 0.0033 0.0034

1T y=-12193x+27.24
1/K

Fig. S3 ARRHENIUS plot for the fragmentation of 1.

According to the ARRHENIUS equation in its logarithmic form:
Ink = —E./RT + const.

the activation energy E, can be obtained from the slope of the best-fit straight line:
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With R = 1.987 cal K™ mol™ the activation energy for the fragmentation of 1 is calculated as
24.2 kcal/mol. The standard deviation of this value is £0.2 kcal/mol. According to a cautious

estimation, the margin of total experimental error is +1.0 kcal/mol.

Diisopropylamino-cis-2,6-dimethylpiperidinocarbene (4)

Fig. S4 exemplarily shows ‘*H NMR spectra recorded at different stages of the fragmentation
of 4 at room temperature. Fig. S5 shows the temporal development of selected characteristic
'H NMR signals of a sample kept at 338 K. The gradual decrease of the concentration of 4 is
accompanied by a concomitant increase of the concentration of the products, which were
identified as propene, 1-cis-2,6-dimethylpiperidinoisopropylimine (5) and N,N-diisopropyl-N’-

1-methylhex-5-enylformamidine (6).

Diisopropylamino-cis-2,6-dimethylpiperidinocarbene (4)

'H NMR: 5=1.24 (br. s, 6 H); 1.26 (br. d, 12 H); 1.36 (br. m, 2 H);
1.70 (br. m, 4 H); 3.74 (br. s, 2 H); 4.28 (br. m, 2 H)

3C NMR: 5=14.8;23.0; 24.1 (br.); 31.8; 49.5 (br.); 56.2; 258.5

1-cis-2,6-Dimethylpiperidinoisopropylimine (5):

'H NMR: 5=1.08 (d, *Jun = 7.0 Hz, 6 H, NCH(CH3)CH,); 1.32 (d, *Juu = 6.3 Hz, 6 H,
CH(CHs),); 1.20-1.55 (m, 6 H, CH,CH,CH,); 3.31 (m, ®Juy = 6.3 Hz, 1 H,
CH(CHs),); 3.92 (m, 2 H, NCH(CH3)CH,); 7.17 (s, 1 H, NCHN)

BCNMR: & = 151.7 (NCHN); 57.2 (NCH(CHg),); 48.2 (NCH(CHs)CH,); 26.8
(NCH(CH3)CHy,); 26.5 (NCH(CHj),); 20.9 (NCH(CH3)CH,); 15.3 (CH,CH,CH,)

MS/APCI(+): m/z (%) = 183.2 (40) [M + H]"

HRMS/ESI(+): m/z = 183.185395 [M + H]"; 183.185575 calcd. for [C11H23N,] .

N,N-diisopropyl-N’-1-methylhex-5-enylformamidine (6):

'H NMR: 5= 1.00 (d, *Juy = 6.7 Hz, 6 H, CH(CHs),); 1.02 (d, %4y = 6.7 Hz, 6 H,
CH(CHs),); 1.31 (d, 3 H, *Jyy = 6.3 Hz, NCHCH3); 1.56-1.68 (m, 4 H,
CH,CH,); 2.07 (m, 2 H, CH,CH,CH=CH,); 3.04 (m, 1 H, NCHCH); 3.78 (br.
m, 2 H, CH(CHa),); 5.02 (dddd, 1 Hz, *Jyans = 17.1 Hz, 23 = 2.4 Hz, *J = 1.6 Hz,
*J = 1.6 Hz; dddd, 1 Hg; ®Jgs = 10.1 Hz, 2J = 2.4 Hz, “J = 1.3 Hz, *J = 1.3 Hz;
CH=CH,); 5.85 (dddd, Jyans = 17.0 Hz, *J¢s= 10.1 Hz, *J = 6.7 Hz, °J = 6.7 Hz,
1 H, CH=CH,); 7.40 (s, 1 H, NCHN)
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®C NMR: 5 = 148.4 (NCHN); 139.6 (CH,CHCH,); 114.3 (CH,CHCH,); 62.3
(NCH(CH3)CH,); 45.2 (NCH(CHa),); 39.4 (NCH(CH3)CH,); 34.3 (CH,CHCH,);
30.4 (CH,CH,CH,); 25.1 (NCH(CHs3)CHy); 21.9 (NCH(CHa),)

MS/APCI(+): m/z (%) = 225.2 (100) [M + H]*

HRMS/ESI(+): m/z = 225.232048 [M + H]"; 225.232525 calcd. for [C14sH29N,]".
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Fig. S4 "H-NMR spectra of (iPr,N)C(PipMe,) (4) (0.4 M; 295 K; C¢Ds) after 0 d (top; 4), 60 d (middle; mixture of 4 and its fragmentation products) and
224 d (bottom; trace amounts of 4 left, essentially only fragmentation products present).
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Fig. S5 Temporal development of selected characteristic '"H NMR signals of a sample of (iPr,N)C(PipMe,) (4) (0.4 M; CgDs; 338 K). Corresponding
proton positions are marked with red dots.
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Computational Section

Computational Details

All structure optimisations and frequency calculations were performed with the
Gaussian 09%° program package employing the B97-D functional (which includes empirical
dispersion corrections)®** and the SVP®° basis set (B97-D/SVP). For improved computational

S6ST \was used for these

S8,S9

efficiency, the resolution of the identity (RI) approximation
calculations in combination with the appropriate auxiliary basis set. All stationary points
localised were characterised as minima or first order saddle points by eigenvalue-analysis of
computed Hessian matrices. The connectivities between minima and transition states
implied in Figure 1 were validated by intrinsic reaction coordinate (IRC) calculations.>™
Unscaled zero-point vibrational energies, as well as thermal and entropic corrections were
obtained from Hessians computed at the B97-D/SVP level using the standard procedures
implemented in Gaussian 09. Subsequent single-point calculations were performed with the
ORCA program package®™ employing the B2GP-PLYP®" double-hybrid functional in
combination with the def2-QZVP®* basis set. For the SCF part the RI-JK algorithm and for

S14

the MP2 part the RI algorithm were used as implemented in ORCA™™" in combination with the

appropriate def2-QZVP/jk and def2-QZVP/c auxiliary basis sets,>*>*'® respectively. Empirical
dispersion®'" 8
the text refer to Gibbs free energy differences at 298.15 K obtained at the B2GP-PLYP-
D/def2-QzVP//B97-D/SVP level of theory.

Following a reviewer’s request we excluded the potential occurrence of competing

and free-energy corrections were added and relative energies discussed in

low-energy pathways involving a biradical contamination of the wave functions, that is,
broken-symmetry (BS) species or a two-state-reactivity scenario®™ involving triplet species.
To this end we first excluded the presence of RKS/UKS instabilities in the B97-D/SVP
closed-shell singlet wave-functions for all stationary points identified, making use of the
S20

‘stable’ keyword within the Gaussian 09 program package.
functions were found stable at this level of DFT. Further, we computed B2GP-PLYP-D/def2-

All closed-shell singlet wave-

QZVP single-points to obtain (vertical) triplet state energies for all minima and transition
structures localised at the B97-D/SVP level. The compilation of results in Table S2 illustrates
that all triplet states are substantially higher in energy than the singlet ground state energies.
Based on the triplet wave-functions obtained we tried to optimise BS singlet solutions
employing the corresponding orbital transformation®** routines implemented in ORCA
(‘brokensym’ keyword). In the DFT part of these double-hybrid calculations, however, we
found that all but one wave-functions collapsed back into the closed-shell singlet solutions.

Only for the carbene 1 we were able to obtain a BS solution — its energy, however, is even
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above the corresponding triplet state (cf. Table S2). We thus feel safe to exclude any

involvement of BS or triplet species in the course of the reaction studied.

Table S2. Vertical triplet (T) and broken symmetry (BS) energies (total
energy differences given in kcal mol™ relative to closed-shell singlet
energies; B2GP-PLYP-D/def2-QZVP single-point calculations on B97-
D/SVP optimized closed-shell singlet structures; <S*> values obtained
for the corresponding Kohn-Sham wave-functions employed in the
double-hybrid calculations).

EreI(T) <Sz> EreI(BS) <Sz>
1 72.0 2.0118 85.6 1.0118
TS1-2 91.2 2.0302 (0.0)% 0.0000
2 103.9 2.0206 (0.0)% 0.0001
TS1-3 35.1 2.0177 (0.0) 0.0001
3 128.0 2.0120 (0.0)% 0.0000
TS3-2 28.1 2.0188 (0.0) 0.0000

4 BS wave function collapsed back to the closed-shell singlet solution.

Optimised Structures (Cartesian coordinates in A obtained at the B97-D/SVP level of

DFT)

1

C -0.068850 0.203786 -0.124035
N 0.513180 0.570010 -1.285461
N 0.400965 0.585835 1.082259
C -0.011387 -0.140272 -2.495513
H 0.565021 0.240709 -3.358543
C -1.498887 0.157682 -2.734696
H -1.666314 1.239899 -2.885380
H -1.862880 -0.384870 -3.628400
H -2.071562 -0.166998 -1.847250
C -0.508900 0.275658 2.231190
H -0.010255 0.659800 3.140038
C -1.838242 1.031705 2.091305
H -2.477345 0.854545 2.978486
H -1.658577 2.119607 1.993243
H -2.364517 0.681609 1.184623
C 0.260451 -1.648765 -2.401090
H -0.292093 -2.066839 -1.539983
H -0.065915 -2.157751 -3.329185
H 1.340196 -1.840829 -2.250429
C 1.419607 1.723285 -1.575232
H 1.540564 2.268675 -0.629768
C -0.726576 -1.235445 2.397746
H -1.408433 -1.436445 3.246432
H -1.169090 -1.633487 1.466776
H 0.231299 -1.755164 2.582869
C 1.768545 1.050158 1.469087
H 2.376289 1.022674 0.554828
C 2.798588 1.265207 -2.075718
H 2.703506 0.722418 -3.035691
H 3.466801 2.133366 -2.240912
H 3.278275 0.583185 -1.348532
C 2.460030 0.067527 2.436248
H 3.507990 0.388132 2.592573
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