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Barriers to rotation about the &ene=N bonds in diaminocarbene {N),C 1a, bis(dimethylamino)carbene
((CH3)2N),C 1b, the related formamidinium ions gN),CH' 2aand ((CH).N).CH" 2b, and the Li complexes
(H2N).CLi* 3aand ((CH)2N),CLi* 3b have been calculated using density-functional theory in order to study
the extent ofr-bond stabilization of the carbene center. Experimental barriers from DNMR are reported for
1b and2b and compared with those for bis(diisopropylamino)carb&nand theN,N,N',N'-tetraisopropyl-
formamidinium ion2c; rotational barriers computed fdib and 2b including thermal corrections compare

well with experiment. The dimerization dfa and1b have been studied with (full) geometry optimization up

to the levels QCISD(T)/cc-pVDZ/IMP2/cc-pVDZ and B3LYP/cc-pVDZ//B3LYP/cc-pVDZ, respectively. The
minimum-energy path for the dimerization & has been computed using the BPW91/cc-pVDZ method. It

is shown that the transition state geometries for the dimerizatiods ahd 1b haveC, and C; symmetry,
respectively, the latter being strongly polarized. The possible involvement of catalysis by protons and lithium
ions in the dimerization processes is discussed. Calculations of the proton affinitles b, and some
related species are reporté@C NMR shielding constant calculations on a series of diaminocarbenes have
been performed using the gauge-including atomic orbitals (GIAO) method. The variation in the extremely
downfield-shifted3C NMR signal of the carbene carbonia, 1b, and related species is reproduced reasonably
well by GIAO calculations, the latter being-8 ppm more upfield than the experimentally observed signals.

It is shown that the paramagnetic contributions to the shielding tensor at the carbene nucleus play an important
role in the chemical shift changes upon substitution in the RXGJNRecies.

Introduction and it has been shown that complexation with lithium, sodium,
and even potassium species can occur, and that this probably
affects the rate of dimerizatici{:2!

The dimerization of singlet methylene has been extensively
examined theoretically, following the original suggestion by
Hoffmann, Gleiter, and Mallof# that this reaction cannot
proceed by a least motion pathway. The most recent major
study?® suggested a barrier of about 170 kJ mofor the
nonleast motion process and moreover that it led to a Rydberg
excited state of ethene. In this paper, we discuss the dimerization
of la and 1lb, models for systems that can be studied

Since the first observation of an imidazol-2-ylidene by the
Arduengo group in1991a widening range of diaminocarbenes
have been observéd,including the first air stable carbernéa.*
Aromatic imidazol-2-ylidenes are thermodynamically stable to
dimerization®:® but dihydroimidazol-2-ylidenés$ and acyclic
diaminocarbenes with appropriate steric hindrance, like bis-
(diisopropylamino)carbengc,® can also be isolated. Most of
these carbenes have been prepared by deprotonation of imida
zolium or amidinium salts, but desulfurization of thioureas by
potassiunt? and thermolysis of methanol adduéthiave also .
been used. Stable carbenes with adjacent heteroatoms other tha@(penmentally. ) . ) )
nitrogen are restricted to the unique phosphinocarb®rés,g., An important question concerning species suchlas
5, an aromatic thiazol-2-ylider¥é, 6, related to the thiamine the extent ofn-bc_md stablllzatlo_n of the carbene center.
intermediatés Warkentin has made important studies of ami- Experimentally, this can be studied for carbenes where the
nooxy- and dialkoxycarbené&1?and several stable aminooxy- X~ Ceabens"N Unit is not part of a ring by measurement of the

and aminothiocarbenes, e.§a and 7b, have been generated barrier to rotation about the&Ghens=N bond, and results have
in our laboratoried8 been obtainet®for 1cand7a. We have therefore studied this

Unhindered diaminocarbenes such as bis(dimethylamino)- rotation process computationally féa and1b, for the corre-
sponding protonated ions §N),CH' 2a and ((CH)2N).CH"

carbenelb,’® 1,3-dimethyl-2-imidazolidinyliden,® and bis- o v
(N-piperidinyl)carbend dimerize remarkably slowly at ambient Zzifn??bfor their Li” complexes (N)CLi* 3aand ((CH)2N)--

temperatures. In most cases these carbenes have been generatg

by deprotonation of amidinium salts with lithium amide bases, ~ Diaminocarbenes such &b and1c, imidazol-2-ylidenes (e.g.,
43), and related species such @and7 have been generated

*To whom correspondence should be addressed. E-mail for R.W.A.; DY deprotonation, and it is therefore interesting to enquire what
rog.alder@bristol.ac.uk. E-mail for J.M.O.: oliva@icmab.es. the K, of the corresponding protonated ions is. We have
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reported the K, of the conjugate acid of imidazol-2-ylidene ride. The commercially available salt (Aldrich) was carefully
4bin DMSO02*and proton affinities (PA) have been calculated recrystallized and dried before use.
for the parent imidazol-2-ylidendc®®> and for some simpler N,N,N,N-Tetramethylformamidinium Trifluoromethanesulfon-
carbenes? of which the most relevant was C(O#Y Accord- ate Methyl trifluoromethanesulfonate (1.0 mL, 8.84 mmol) was
ingly we have calculated the PA values foaand1b and4c. added to a dichloromethane solution (4 m&78 °C) of
B3LYP/6-31G* calculations on imidazol-2-ylidenes have also tetramethylformamidinium chloride (0.585 g, 4.29 mmol) under
been performed by Muchall et &. nitrogen. This was allowed to stir at room temperature for 30
Finally, one of the outstanding characteristics of these min before the volatile fractions were removed by application
carbenes is the extreme downfield shift of theufenein the of a high vacuum, giving a purple solid. This solid was heated
13C NMR spectrum. Experimental shifts between 200 and 300 gently in anhydrous diethyl ether (10 mL) and then sonicated
ppm downfield from TMS have now been observed, and some for 5 min. The purple supernatant liquid was discarded into
structural trends within this range are now becoming apparent. methanolic potassium hydroxide. This process was repeated until
We have therefore performed gauge-including atomic orbitals no purple color persisted. The salt was then dried by slow
(GIAO) calculations of the shifts fota, 1b, and some related  application of a high vacuum at<TC to yield the hygroscopic
species. The chemical shift tensor for one stable carbene hasalt (1.06 g, 99%) as a white powdek;(300 MHz; CD:CN)
been published and some calculations by a density-functional 3.15 (6 H, s, CH), 3.24 (6 H, s, CH), and 7.48 (1 H, s,
theory (DFT)-hybrid GIAO method on the chemical shift tensors  (C2)H); dc(75 MHz; CDCE) 35.4 (CH), 46.2 (CHy), 120.8 (q,
of related silylenes have been recently repofted. J 319, —CFR), and 156.9 (C2). This salt may alternatively be
prepared by reaction of the chloride salt with silver triflate.

L@ Preparation of a Solution of Bis(dimethylamino)carbene in

o H ® 4 THF-ds. n-Butyllithium (2.6 equiv, ca. 2.5 M in hexanes,
R‘N’ *N’R R\N'C\\N’R R\N’ \N/R recently titrated and containing no more than 0.1 M LiOH) was
R R R R R R reduced to a viscous oil by applying a high vacuum while raising
1a,R=H 2a R=H 3a,R=H the temperature from 78 °C to ambient to remove the solvent.
1b, R = Me 2b, R=Me 3b, R=Me This oil was cooled to-78 °C and deuterated solvent THlg-
1c,R=Pr 2c,R=Pr ) (0.4 mL) addedN,N,N',N'-Tetramethylpiperidine (1.2 equiv)
Pr was added to this solution, and the reaction mixture was allowed
R’ Bex R’ FProN - o PR to warm to room temperature. The resulting lithium amide was
TNONTT o P=C-SiMes & N then added to tetramethylformamidinium chloride (150 mg)
Z_( ’ PN —\ py suspended in the deuterated solvent (0.4 mE8 °C), and the
R R Me Me solution was allowed to warm to room temperature.
4a, R:=m?$"&gy R?=Cl 6 Dynamic NMR Measurementall data were acquired on a
4b, R1=P;, R?=Me JEOL GX400 spectrometer operating at 400 MHz. Temperatures
de. R=R "';,' . were calibrated by the usual methanol thermom&tévarming
.e Me~pCsn-Me and cooling were done slowly in 1T intervals, allowing 10
R‘N’C‘x \ min for equilibration at each stage beforé-aNMR spectrum
I R 8 was acquired. Near the coalescence temperature, the temperature
7o, X0, AP/, KM was stepped in iC intervals. Coalescence was deemed to have
& e T R ve occurred when a flat plateau was obtained between the two
7b, X=S, R=Pr, R=Me merging peaks
X . The coalescence temperatufig) (for N,N,N',N'-tetramethyl-
c BUK\N/t\N’BUt formamidinium trifluoromethanesulfonate (28 mg, 0.112 mmol)

9a, X = lone pair

in THF-dg (0.723 g) was determined as 38 from a peak
separation Av) of 40 Hz, giving a rotation barrierAG.) of
64.6 kJ motl. The peak separationA¢) for this salt was

9b, X = Li*
Me M ' Me M H strongly temperature-dependent, andAsoat T; (38 °C) was
e)i e ot e)i € determined by extrapolation of the peak separation frod0

H> NN 'H

H

11b

to 0 °C.

The temperature of coalescence for bis(dimethylamino)-
carbene in THFdg (Tc) was measured as51 °C with a peak
separation 4v) of 117 Hz, giving a rotation barrieNG*) of
43.5 kJ mot™.

Me~nN~ \N—Me Me\N’C\X’Me . . . .
— | 2. Theoretical Methods.All calculations in this work were
Mé Me Me performed using the suite of programs Gaussi_an94, Rgvision
13,X=0 E.132with Pople’s 6-31G* and Dunning’s correlation consistent
12 1;: ;ﬁ:sse cc-pVDZ basis sets, respectivéfyComputations in compounds

la, 1b, 23, 2b, 33, and3b were carried out using the B3LYP/
6-31G*//B3LYP/6-31G* model. In the dimerization dfa,

Experimental and Computational Procedures complete active-space self-consistent field (CASSCF), second-

1. Determination of Rotational Barriers. All solvents were order Mgller-Plesset perturbation (MP2), density-functional
anhydrous, and all manipulations where performed under atheory (DFT, with the B3LYP and BPW91 function#ls and
nitrogen atmosphere. Filtrations were performed using a sinteredQCISD(T) approaches were used. Owing to the larger size of
filter stick. 1b, only the DFT methods were used in the calculation of

Purification of N,N,N,N'-Tetramethylformamidinium Chlo-  stationary points for its dimerization. THEC NMR shielding



11202 J. Phys. Chem. A, Vol. 103, No. 50, 1999

TABLE 1: Optimized Geometries for the C,, Singlet/C,
Triplet 1a and C, Singlet/C, Triplet 1b2

singlet triplet
method/basis set Rcn a Yy  Ren a y AES—T)
la
(UMP2/6-31G*  1.346 1115 0 1.396 1219 113 220.6
(UMP2/cc-pvDZ 1.347 111.6 0 1.402 122.0 28.7 220.5
BPW91/6-31G*  1.349 1122 0 1.397 1219 104 211.1
BPW91/cc-pvDZ 1.347 1126 0 1.397 122.0 23.2 2135
B3LYP/6-31G* 1.344 1122 0 1.393 1222 22.7 217.8
B3LYP/cc-pvDZ 1.341 1125 0 1.393 122.3 25.0 220.9
1b
(UMP2/6-31G* 1.357 117.1 1.3 1.390 121.2 16.2 185.2
BPW91/6-31G*  1.361 119.8 0.2 1.393 121.3 12.7 168.5
BPW91l/cc-pvyDZ 1.360 120.3 0.2 1.393 121.2 12.1 169.0
B3LYP/6-31G* 1.354 119.7 0.3 1.389 121.8 12.7 172.9
B3LYP/cc-pvDZ 1.354 120.0 0.4 1.388 121.6 12.3 173.4

aSee Figure 2 for definition of geometry parameters= 360 —
(B + B2 + Ba) is the pyramidalization angle on nitrogen. Distances in
Angstrom, angles in degrees. (U)MP2 correspond to (triplet)singlet
calculationsAE(S — T) is the singlet-triplet splitting in kJ mot?, at
T = 0 K and without zero-point energy corrections.
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Figure 2. Geometrical parameters in the singlet and triplet diami-
nocarbenega (R = H) and1b (R = CHs). Rcy anda are the Gaens=N
distance andINCcamenN angle, respectively. The pyramidalization on
nitrogen is measured as= 360 — (61 + 2 + B3): vy = 0 indicates

a planar nitrogen; the larger, the more pyramidalized the nitrogen.

is the torsional angle fRli;—C3Na.

R

tensors for compounds 2, 4, and9—15 were computed using
the gauge-including atomic orbitals (GIAO) approdefhe
calculated!®C shifts were calibrated with respect to (a) TMS
as well as (b) Forsyth’'s equatih.

Results and Discussion

A. Electronic Structure. In this section we will be concerned
with the geometries, electronic configuration, and singleplet
(S—T) energy gaps in diaminocarbeha and bis(dimethylami-
no)carbenelb.

Table 1 and Figure 2 show the geometries, energies, afld S
energy gaps fofla and 1b in their singlet and triplet states.
The singlet stability in these species stems fromsthdonor,

Alder et al.

is planar Cz, symmetry), and singletb is close to planarQ,
symmetry, with~1° of pyramidalization on nitrogens).

As shown in Table 1, the €N distance andJNCN angle in
singlet and triplefLlaare relatively insensitive to the calculational
level. The C-N distance in singleta is significantly shorter
than that expected for an%psp? C—N bond length in a case
where there is na@-overlap although it is obviously longer than
that for a G=N double bond (a B3LYP/6-31G* geometry
optimization on HC=N—-CH=CH, with a C-N—C—C tor-
sional angle constrained to 9givesR(C=N) = 1.268 A and
R(N—C) = 1.410 A)36 The partialz-bonding is discussed later
in connection with rotational barriers. The—@l distance is
elongated in triplefa owing to the electronic repulsion between
the 2p, electron and the electrons in the nitrogen lone pairs,
and the geometry at the nitrogen atoms becomes pyramidal.
These changes further support partighonding in the singlet.
The ONCN angle opens up-10°, and the molecule loses its
C,, planarity for C, nonplanar symmetry. Heinemann and
ThielP” reported that tripletta had nonplanacC,, symmetry.
The preferred conformation of the tripléa has the nitrogen
lone pairs “in, in” (Figure 1a) rather than “in, out” or “out, out”
(Figure 1b,cy® Similar geometrical trends were found fibb
as forla(Table 1), the main difference being the nonplanarity
of the singlet in1b (C, symmetry). The pyramidalization on
nitrogens is barely 2 and therefore, apart from the hydrogens
in the methyl groups, the species is almost planar. In the singlet,
the slightly larger &N distance (by~0.01 A) andJNCN angle
(by ~6°) in 1b as compared tda can be attributed to steric
effects of the methyl groups. In the tripléb the GarpensN
distance anddNCcamenN angle show analogous trends as
compared tdla

It is well-known that (apart from being very reactive) the
methylene molecule CHs a triplet in its ground state, the-1S
gap being~40 kJ motl. Heinemann and Thi&l reported a
S—T gap forlaof 245 kJ mot? using an MP2/TZ2P//HF/TZ2P
wave function. As shown in Table 1 the-§ gaps forlaand
1b are, respectively, 221 and 173 kJ mb(B3LYP/cc-pVDZ
model), reversed in sign and about3 times larger than in
CH,. Carbenela has been observed in neutralizatioeion-
ization mass spectrometric (NRMS) experimeiitfyy one-
electron reduction of its corresponding radical cation. According
to McGibbon et al3? the relatively small ST gap and the
limited number of potential precursors make the prospects for
generatinglaas persistent species in the condensed phasélim.
However, in our opinion, a more important point is thatis
expected to undergo rapid intermolecular proton transfers in
solution to give formamidine, #;N—CH=NH, a much more
stable species. This is not a problem fidy, as shown by its
detection in solution by Alder and Blake.

B. Rotational Barriers about Ccammene—N. The z-bond
stabilization of the GumencCeNter in a diaminocarbene is closely
related to the barrier to rotation about thgygens"N bond, as
mentioned in the Introduction. Barriers to rotation have been
measured using dynamiti NMR techniques for carbentc
(AG* = 53 kJ mot?, coalescence temperatufe= —10 °C),
and its formamidinium ior2c (AG* = 55 kJ mof?, T, = 8
°C), and lower limits have been put on the barrier for the
aminooxycarben&a (AG* = 88 kJ mot?, T, > 105°C) 918 A
barrier for rotation in2b with an unusual organometallic
counterion has been report®dput we report the barriers for
1b and for2b-CFKSO; under the same conditions in THF.

Figure 3 and Table 2 show, respectively, the parameters and

o-acceptor nature of the amino substituents thereby efficiently optimized geometries for the protonated antl ¢dmplexed ions

withdrawing excesg-electron density from the GneneCenter
and diminishing itsz-electron deficiency via p-p, back-
donation from the nitrogen lone pairs. Consequently, siriget

2a, 2b, 3a, and3b, and for the transition states for the process
of rotation about the Grene=N bond in specieda, 1b, 2a, 2b,
3a, and3b using the B3LYP/6-31G* model. In Table &, R,
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R, TABLE 3: Thermal Corrections (T = 222.15 K,P = 1 atm
2 R Bl/ Ronror for All Species except 2a and 2b, withl = 311.15 K,P =1
R /G atm) to the Thermodynamic Activation Parameters in the
“‘\,Nm ;\N/R Barriers to Rotation about the Ccamene— N Bond for Species
o la, 2a, 3a, 1b, 2b, and 3b Using the B3LYP/6-31G* Modkl
3
’ @ R species AG* AH* AS AG*(exp)
la 81.0 81.2 0.9
2a 104.5 104.7 0.7
. 3a 97.0 97.6 2.7
H/ 1b 45.0 42.6 —11.0 438
Ro |7 R 2b 73.0 68.0 —~16.1 64.0
R\N/CJ\N/ 3b 62.0 57.9 —-18.5
é; ¢ F[‘ a AG* andAH* are in kJ mot?, andAS'is in J moft K= AG*(exp)
is the experimental activation free energy (in kJ Mpto rotation about
(b) the GarmensN bond.? Dynamical 3C NMR measure inlb with
coalescence temperatule = 222.15 K andP = 1 atm.¢2b with
coalescence temperatufe= 311.15 K andP = 1 atm.
M_~
v Rr% ; / - A H Ho, oH
FNCN/C/\ "R (M=HL) AT\ o _CiH
L \ o Symmetry Forbidden H
B3 R
R

(©)

Figure 3. Reactant and transitions state (TS) geometrical parameters
in the rotation ofJNR; about the Gamens—N bond. (a) R= (H,Me) —
(1aTS, 1b-TS). (b) R= (H, Me) — (23, 2b). (c) M =H, R = (H,

Me) — (2&TS, 2b-TS); M = Li, R = (H, Me) — (3&TS, 3b-TS).r,

Riot, and Ruon-rot are the (H, M)>Cearbene Cearbens=N (rotation), and
Cearbens—N (N0 rotation) bond distances, ands the[INCcamendN angle.

The pyramidalization on nitrogen is defined as in Figure 2.

TABLE 2: Optimized Geometries of Reactant and
Transition State (TS) and Energy Barriers (kJ mol™?) for
Rotation about the C.amene—N Bond in 1a, 2a, 3a, 1b, 2b,
and 3b?

Symmetry Allowed

H H

Figure 4. Least motion (A) and nonleast motion (B) pathways in the
dimerization of two methylene molecules.

calculated barriers to rotatioMH¥) are larger for the forma-
midinium ions2a and2b than for carbene$a and1b and are
larger for seriesa than forb. The activation free energies of

species r Rrot Rnon-rot a 4 AE rotationAG* in 1b and2b have been determined from dynamic
1aTS 1.480 1.316 105.2 50.1 82.9 IH NMR; coalescence temperatures are, respectivehl, and

2a 1.086 1314 1314 1254 0.0 38°C, and thermal corrections to the B3LYP/6-31G* calculated
2aTS 1096 1388 1287 1183 313 1106  yalyes were performed at these temperatures (and 1 atm of
g:TS 22_%23 11'_?4’3154 11?:’3?652 11%)58'_“2 3%_% 1013 pressure), through frequency calculations at the stationary points
1b-TS 1469 1323 1106 356 459 for reactants and transition states using the B3LYP/6-31G*
2b 1.086 1.324 1.324 131.0 12.6 model. The frequencies in the thermal corrections were scaled
2b-TS  1.098 1.387 1.294 1228 26.5 75.5 by afactor of 0.9804 (at the B3LYP/6-31G* levéf)Calculated

3b 2067 1346 1346  121.0 0.7 AG* values compare well with experiment for specldsand
3b-TS 2.000 1.469 1.323 110.6 35.6 62.4

a Calculations with the B3LYP/6-31G* model. See Figure 3 for
definition of geometry parameters. All calculations correspond to the
species afl = 0 K without zero-point energy corrections.

and Rnon-rot COrrespond, respectively, to the distance between
the cation (M and Li*) and the Gypenccenter, the GupensN
distance in the bond where rotation occurs, and the other
Cearbens—N distancep is the ONCearmendN angle. In all species,

Rt is elongated as the TS is reached owing to the loss of
m-bonding. The larger increase for the carbene and lithium

2b, the differences between theory and experiment being 1.5
and 9.0 kJ moll, respectively. This agreement may hide
significant problems, however, sin2a probably exists largely

as a lithium complex in THF solution. The calculated barrier
for lithium complex3b is substantially higher than that fab
however, so it seems possible that rotation occurs via low
concentrations of the free carbene. Also, we have repbrted
measurements fdrc (AG* = 53 kJ motl) and2c (AG* = 55

kJ mol1), and it is very hard to understand why changing Me
into Pr shouldincreasethe barrier for the carbene blatwer it

complex series may be due to repulsion between the lone pairfor the formamidinium ion. At present, we believe that the

on the nitrogen and the lone pair in the carbene.

experimental data fatb and2b is likely to be more representa-

Changes ifRqon-rot are not as dramatic as f&.; and do not tive than that forlc and 2c, but more experimental work on
vary much in thel, 2, and3 series. Other geometrical changes these barriers is clearly required.
are worth noting: (a) thee = ONCN angle closes as the rotation C.1. Dimerization of Diaminocarbene 1aThe dimerization
proceeds to the TS, and (b) the nitrogen atom involved in the of the simplest carbene, methylene, has been extensively
rotation pyramidalizes strongly. examined theoretically following the original suggestion by

Table 3 shows the computed thermodynamic activation Hoffmann et af? that this reaction cannot proceed by a least
parameters to rotation about theafgens=N bond for species motion pathway (A in Figure 4). Further theoretical studies (see
1a 1b, 23, 2b, 33, and3b. These calculations include thermal ref 23 and references therein) showed that the triplet dimeriza-
corrections, which are calculated at the temperature the experi-tion proceeds without a barrier by either the least motion (A)
ment was carried out (see below). As shown in Table 3 the or the nonleast motion (B) pathway, and that the singlet
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TABLE 4: Geometries of the Optimized Transition States (TS) for the Dimerization of 1a at Different Levels of Theory

method/basis set R. R Rs o y(Cy) y(N3) y(N4) T
CAS(4,4)/6-31G* 2.091 1.355 1.368 111.1 24.3 2.6 12.0 39.4
CAS(4,4)/cc-pVDZ 2.086 1.360 1.366 111.1 23.8 7.0 11.9 45.6
MP2/6-31G* 2.057 1.357 1.369 110.9 24.8 2.6 12.6 37.0
MP2/cc-pvDZ 2.060 1.360 1.373 110.9 24.6 4.6 15.5 36.4
BPW91/6-31G* 2.211 1.359 1.369 111.6 25.3 2.0 11.8 25.4
BPW91/cc-pvDZ 2.176 1.360 1.368 111.8 24.5 3.4 12.6 28.0
B3LYP/6-31G* 2.095 1.357 1.367 111.6 23.7 2.9 12.0 32.7
B3LYP/cc-pvDZ 2.072 1.358 1.366 111.8 23.0 4.5 12.7 34.3

a All TS haveC, symmetry (see Figure 5)R, = Ry, Rs = Rs, a. = o'; the pyramidalization angle is defined ps= 360 — (51 + 32 + f33) (see
Figure 2);y(C1) = y(C2), ¥(N3) = y(Ns), y(Ns) = y(Ne). The torsional angl& is defined as BC,—C;Ns. Angles in degrees. Distances in Angstrom.

TABLE 5: Energy Differences (kJ mol™2) in the
Dimerization of 1a at Different Levels of Theory with the
cc-pVDZ Basis Set

method AE(TS—R) AE(TS—P) AER-P)
CAS(4,4) 80.21 287.97 207.75
MP2 47.66 276.94 229.28
BPWO1 35.24 224.95 189.71
B3LYP 46.11 227.61 181.50
QCISD(T)/IMP2 48.33 251.08 202.75

aR, TS, and P stand for reactadi], transition state, and product,
respectively. All calculations correspond to the specie¥ at 0 K
without zero-point energy corrections.

Figure 5. Transition state geometry in the dimerizationlat . . ) .
plane of the paper in Figure 5 and bisects @€, line. The

dimerization by either pathway may lead to a Rydberg excited higher symmetry provides a smaller dipole moment for the TS
state of ethylene with the symmetry of the ground state. While (from 0.96 D, B3LYP/cc-pVDZ, to 1.26 D, BPW91/cc-pVDZ).
the ground state in methylene is a triplet witie(T—S) ~ 40 The most dramatic change with the inclusion of correlation
kJ moll, speciesla and 1b are singlets in the ground state energy stems from the pyramidalization 6 hence showing
with a AE(S—T) of 221 and 173 kJ mol (B3LYP/cc-pVDZ an important reorganization of the two diaminocarbene frag-
model), respectively, so that one should not in principle expect ments when passing fro@y to C, symmetry. As shown in Table
any triplet intrusion in the dimerization proceSs. 4, v(Cy) ~ 23—25° and the pyramidalization on nitrogens are
One of the most striking features bif is its slow dimerization within the valuesy(N3) = 3—5° andy(Ng) = 13—16°.
at ambient temperatures. We have studied this dimerization in  The product (P) in the dimerization @f s tetrakis(amino)-
the range of temperatures from 0 to 4G, obtaining good ethene, which haB, symmetry. Since we are more concerned
second-order kinetics, but we now recognize that the rate of with the barriers to dimerization dfa, we shall only give the
dimerization in THF solution is probably strongly dependent optimized geometrical parameters of P at the B3LYP/cc-pVDZ
on lithium ion concentration, so that appropriate experimental level. Using the same notation as in FigureBCC) = 1.355
data for comparison with calculated barriers is not available. A, R(CN) = 1.421 A,OONCN = 111.0, andy(N) = 26.4.
To study theoretically the dimerization of the real carb&hge Table 5 shows the\E(TS—R), AE(TS—P), andAE(R—P)
we first simplified the molecule substituting the methyl groups energy differences in the dimerization @& using different
for hydrogens and so started the calculations Wih Reactant methods. The B3LYP barrier compares very well with the MP2
(R, Cy, symmetry), transitions states (TS), and productP, and the QCISD(T)//MP2 values, the difference being that such
symmetry tetrakis(amino)ethene) were optimized using different a method as QCISD(T) is computationally very demanding as
levels of theory. Table 4 and Figure 5 show the optimized TS compared to the B3LYP method. The CAS wave function also
geometries in the dimerization && As this system is relatively  provides a good approximation to the QCISD(T)//MP2 value
small, one can use highly correlated wave functions for at least for the exothermicity.
the single-point energy calculations. The full geometry optimi-  To have a qualitative idea of the minimum-energy path (MEP)
zation of R, TS, and P was carried out using complete active in the dimerization ofLa, an intrinsic reaction coordinate (IRC)
space self-consistent field theory with four electrons in four calculatiorf® was performed following the reaction pathway
orbitals (CAS(4, 4)), second-order MgltePlesset perturbation  from the TS to R-like and from the TS to P-like geometries
theory (MP2), and density functional theory with the BPW91 using the BPW91/cc-pVDZ method, as shown in Figure 6. At
and B3LYP functionals. Single-point energy calculations at the this point it is necessary to emphasize that DFT, with the
QCISD(T) level of theory were performed with the MP2 implementations (functionals) provided in the current codes,
optimized geometries. Figure 5 shows the labeling of the atoms cannot describe even at a qualitative level such a simple process
in a general TS and the trans-bent conformation in the two as the bond breaking in the following reaction + H + H.46
diaminocarbenes. This conformation is similar to the one It is important to emphasize that the DFT density is obtained
predicted by Hoffmann et &kin the dimerization of methylene.  from a set of orbitals in a monodeterminantal wave function.
In the preliminary calculations for the dimerization bd, we The MEP in Figure 6 shows the high exothermicity and the
found that the HartreeFock (HF) model shows a dipolar TS relatively low barrier to dimerization irla; the MEP was
without symmetry, withd™(C;) ando~(C,) formal charges, and  followed froms = —4ay (R-like) to s = +4ag (P-like) with a
thus the TS geometry changes when including (nondynamic andstep of 0.2y, corresponding to a total number of 40 points along
dynamic) correlation energy: the symmetry of the TS augments the MEP without including the TS, which is given a valuesof
from C; to C,.* The C; axis of symmetry in the TS is inthe = 0.
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-299.90 , ; . ' : TABLE 6: Optimized Transition State (TS) Geometries in
the Dimerization of 1b Using the BPW91 and B3LYP
Functionals?®

method/basis set Ry Ry Rs R4 Rs a o

BPW91/6-31G*  2.267 1.369 1.367 1.370 1.430 117.5 111.6
BPWO91/cc-pVDZ 2.252 1.370 1.369 1.372 1.431 1175 111.8
B3LYP/6-31G*  2.140 1.366 1.363 1.367 1.437 116.7 111.1
B3LYP/cc-pvDZ 2.128 1.366 1.364 1.368 1.438 116.6 111.2

-299.91

-299.92

—-299.93

Energy

method/basis sety(C1) y(C2) y(N3) ¥(Ns) y(Ns) y(Ne) T

] BPW91/6-31G* 200 360 21 05 06 214 1065
] BPW9l/cc-pvDZ 20.1 361 21 06 05 217 106.3
B3LYP/6-31G* 181 352 27 07 05 240 1118
B3LYP/cc-pvyDzZz 181 353 27 07 04 244 1121

aAll TS have C; symmetry (see Figure 7). The pyramidalization
— BPW9l/cc—pVDZ angle is defined ag(atom)= 360 — (5; + S + f3) (see Figure 2).
209,95 b L ‘ ’ ‘ The torsiona] angld@ is defined as MC,—C;Ns. Distances in angstroms
o -3 5 1 0 1 2 3 4 and angles in degrees.
s
Figure 6. Minimum-energy path (MEP) for the dimerization t& ~0.05 A, the former being larger; this difference can be
calculated at the BPW91/cc-pVDZ level of theory. attributed to the steric repulsion between the methyl groups in
1b; this repulsion may also be the origin of the loss of symmetry
C, — C; when substituting the hydrogens by methyl groups in
the TS. In the work of Hoffmann et &.a C, TS region was
also found for the singlet dimerization of GHAs observed in
the bond distances (Table 6) one can distinguish a left-hand
side carbene fragment (short® and R; bond distances:
~1.36-1.37 A) from the right one, the latter having one larger
Rs bond distance (see Figure 7) with a value of 1.438 A
(B3LYP/cc-pVDZ). TheR, bond distance (1.368 A) in the right
fragment is similar to th&,, R; ones.Rs = C,—Ng is precisely
the bond to the strongly pyramidalized nitrogep & shown
in Figure 7. In other words there is an evident charge transfer
between the two carbon atoms in this TS, leading to a higher
Figure 7. Transition state geometry in the dimerizationldf. dipole moment (2.58 D at the B3LYP/cc-pVDZ level) as
) ] S compared to the TS in the dimerization Id Here we should

Thermal corrections to the barrier to dlmerlzatloriEnNe(e emphasize that the Hoffmann nonleast motion approach does
performgzd at the B3LYP/6-31G* Igvel; these results W'" be suggest the possibility of one carbene acting as a nucleophile
ShOW” n _due course for_ convenience when comparing the toward the other (and so becoming positively charged as it does),
barriers with those in the dimerization dib. Before proceeding . S .
to this discussion, it is worth noting that the nitrogen atoms in even though the c_alculanons on dimerization of methylene itself
the TS for the dimerization dfa are pyramidalized anti to the and our cglculatlons oria do not Sf“pF,’o”, much charge
forming C-+-C bond, leading to a relatively short contact SeParation inthe TS. Note the pyramidalization of theene
between pairs of hydrogen atoms on the two fragments, which in the dimerization ofib: Table 6 shows a clear difference
would develop into severe repulsion in the corresponding TS betweeny(Cy) and y(Cy). The torsional angld" in Figures 5
structure forlb. Several attempts were made to find alternative and 7 is a measure of the trans-like or cis-like conformation in
transition states in which the nitrogens were pyramidalized syn the TS geometry. Thus, a valueDf- 34° is found in the trans-
to the forming C--C bond, but no such stationary point could conformation for the TS in the dimerization @& this value
be found. We also searched without success for a TS in whichincreases t@ ~ 112 for the TS in the dimerization dfb (Table
the forming ethene fragment would be cis- rather than trans- 6); this difference shows the less clearly trans-bent conformation
bent. in the TS from Figure 7. The dramatic geometry changes shown
~ C.2. Dimerization of Bis(dimethylamino)carbene 1b.Turn- in Figures 5 and 7 might have their origin in the presence of
ing now to the dimerization ofb, we performed R, TS, and P methyl groups. A possible explanation is that the electronic
geometry optimizations using the BPW91 and B3LYP func- e |qcalization favoring quite a symmetric TS for the dimeriza-
tlo_nals. Ti geoLnetry optimizations in the dmﬁrli‘anonldnf tion in 1ano longer occurs fotb owing to the steric repulsion
using such methods as MP2 or QCISD(T) with the cc-pVDZ of the methyl groups. This repulsion provides a partial charge

and larger basis sets become prohibitive. Therefore, DFT .
provides a very good alternative for the calculations of activation '.[ransfer from one carbon to another at the TS for the dimer-

parameters in the dimerization bb. Figure 7 and Table 6 show ization of 1b (this would support the model disccused above,
the geometry of the optimized TS for the dimerizationlf where one carbene acts as a nucleophile toward the other). This

As shown in Figure 7, the TS lacks any symmetry; this is to be reasoning does not signify that we have located the only TS in
contrasted with the dimerization @ (see Figure 5). This lack ~ the dimerization oflb, since other TS's might exist on the
of symmetry is reminiscent of the HF TS fbabut now persists ~ potential energy surface. Owing to the expense of the calcula-
even in calculations including correlation energy. TRe tions, no other searches for TS’s were carried out in the
distances in the TS for the dimerizationsldf andl1a differ by dimerization oflb. What can be asserted is that Hartré®ck

299,94

—-299.95
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TABLE 7: (a) Energy Barriers (kJ mol ~1) in the
Dimerization of 1b Using the BPW91 and B3LYP
Functionals;2 (b) Thermal Corrections (B3LYP/6-31G*
Model, T = 293.15 K,P = 1 atm) to the Activation
Parameters in the Dimerization of 1a and 1b? (c)
Differences between the Energy Barriers in the Presence of
Solvent (THF, Dielectric Constante = 7.58 at 20°C) and in
the Gas Phase in the Dimerization of 1a and 1b:A(AE) =
AE(solvent) — AE(gas), in kJ molt¢

(@)

method/basis set AE(TS—R) AE(TS—P) AER-P)
BPW91/6-31G* 40.5 250.3 209.8
BPW91/cc-pvVDZ 48.0 245.7 197.7
B3LYP/6-31G* 48.5 258.4 209.9
B3LYP/cc-pvVDZ 56.9 253.6 196.7
(b)
dimerization AGH AH¥ AS AEF
la+1a 84.8 39.7 —154.1 42.1
1b+ 1b 102.0 48.8 —181.4 51.2
(c)
method/basis set A(AE) in 1a A(AE) in 1b
MP2/6-31G* 11.9
MP2/cc-pVDZ 12.9
BPW91/6-31G* 9.2 4.2
BPW91/cc-pvVDZ 10.8

2R, TS, and P stand for reactant, transition state, and product,
respectively? AG*, AH*, and AE* in kJ mol* and AS in J mol?
K~ ¢In the dimerization ofla, the reactant and transition state
geometry was reoptimized in the presence of the solvent. In the
dimerization oflb, the R and TS geometries were kept frozen (a single-
point energy calculation was performed).

MRre
Me 2\(’9 Me o M oY
WO e T
Me Me Cl THF Me Me

Figure 8. Experimental formation oflb from an amidinium salt in
the presence of a lithuspiperidine base in THRs as a solvent.

TS’s were first located for the dimerization @& and 1b and
that inclusion of correlation energy via MP2 or DFT approaches
led to a more symmetric TS fdra as compared tdb.

Table 7 shows the energy barriers in the dimerizatioflnpf
computed with the BPW91 and B3LYP functionals. The current
best estimate of experimental activation parameters (in @F-
at 20°C, probably involving lithium coordination) iAG* =
89.9 kJ mot?, AH* = 75.2 kJ mot?, AS" = —49.7 J mot?!
K~1, andAE* = 77.7 kJ mot. Experimentally the carberi
is produced by deprotonation of the amidinium salt [(€BZH
N).CH]*CI~ in the presence of a lithiumpiperidine base as
shown in Figure 8. It has been recently shéWthat the
complexation of carbenes with lithium, sodium, and even

Alder et al.

molecules than il transition structuresy, > $*). Considering

the carbene molecules to behave as an ideal gas (with weakly
coupled degrees of freedom), one then 8ag = Srans+ Sot

+ Sib. Following the same order we ha®& a1 = 2(175+
133+ 259) J mot! K-t andS ot = 166+ 110+ 98 J mot?

K~1 (B3LYP/6-31G* model). While the translational and
rotational entropies are quite similar, the vibrational entropy
difference isSvivt — Sivik= —420 J mot! K1,

It should be noted that there is a difference of 27 kJThol
between the thermal corrected calculated activation entEjy
(gas phase, Table 7) and the experimental one (liquid phase,
from an Arrhenius plot of loK versus 1IT). The presence of
Li™ ions is probably the most important factor, but solvent
effects might also be important. We performed several calcula-
tions using the Onsager modlein order to take into account
the effect of the solvent THEs on the energy barrier to
dimerization. These results are shown in Table 7 (bottom). For
the dimerization ofla reactants and transition states were
reoptimized in the presence of the solvent, while in the
dimerization oflb the geometries of reactants and transition
states were kept frozen. As is well-known, the Onsager model
considers the solvent as a continuum medium of dielectric
constant and the solute as an sphere of radigswhich can
be calculated by computing the gas-phase molecular volume
of the solute. Thus the difference between the experimental
activation energy and the theoretical barrier (B3LYP/cc-pVDZ)
for the dimerization ofLb is 77.7 kJ mol! — 56.9 kJ moi! =
20.8 kJ mot?, but as shown in Table 7 the solvent correction
only raises the barrier by4 kJ mol! (BPW91/6-31G*).

D. Proton Affinities of Carbenes. The computation of proton
affinities (PA) for carbeneda, 1b, 4c, and C(OH) at the
B3LYP/6-31G* level of theory, including zero-point energy plus
thermal corrections (298.15 K, 1 atm), provides the following
values, respectively (kJ mdl): 1075.2, 1150.7, 1081.0, and
939.0. Dixon and Arduengo’s calculation of the PA of the parent
imidazol-2-ylidene4c gave a value of 1076.5 kJ mdlat the
MP2 level?® almost identical to our value fata, and which
compares well with our calculation of 1081.0 kJ miblAs
expected from the inductive and polarizability effects of the
methyl groups,1b is calculated to have a significantly higher
PA. For comparison, we report the PA of C(Qldpove. Pliego
and DeAlmeidd report a PA of 909 kJ mol for C(OH), using
G2(MP2) theory®® Unfortunately, they do not specify which
conformer was the global minimum for C(Of§nd HC(OH)"
(protonated formic acid). We found that the global minimum
in both molecules corresponds to the-¢igans- or “sickle”-
conformer, in agreement with early MO calculatidf$roto-
nated formic acid is an almost statistical mixture of the sickle-
and W-conformers, according to NMR studies in superacid
solution® Pliego and DeAlmeida also report MP2/DZ//HF/DZ
calculation of the PA for PIC, 1151 kJ mot?, and fluore-
nylidene, 1140 kJ mok. Two aryl substituents on the carbene

potassium species can occur and the effect of this on the carbené&enter therefore produce almost the same PA as two dimethyl-

dimerization mechanism could be important. The calculated

amino groups, but two hydroxyl groups lead to a much lower

thermal corrections to the activation parameters for the dimer- PA. We feel that these trends are interesting but that the causes

izations ofla and 1b are shown in Table 7. The difference

are by no means obvious, since both carbene and carbocation

between the experimental and calculated activation parametersare clearly stabilized by-electron donation (the latter to a larger

AGF, AH*, AS, andAE" are, respectively, 12 kJ mid, 26 kJ
mol~%, 132 J molt! K71, and 16 kJ moil. The thermal
corrections for the dimerization dfa are introduced in Table

extent)26 while it might be expected that the carbene could also
be stabilized bys-electron withdrawal.

What can be asserted is that carbeftaslb, and4c are

7 for comparative purposes: all activation parameters in the among the strongest neutral bases, in accord with our measure-

dimerization oflb are larger (in absolute value) as compared
to 1a. The experimental and computd®’ values are negative
because there are more degrees of freedomNnc@rbene

ment of a K, of 24 in DMSO for4b. For comparison, the PA
for one of the strongest amine bases, 1,8-bis(dimethylamino)-
naphthalene (Proton Sponge) is calculated at the HF/6-31G*//
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Figure 9. Plot of calculated*C isotropic shielding constants versus
experimental chemical shifts for the carbedes10, and12 using the
optimized geometries at the levels of theory shown in the small frame
(top-right corner).
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HF/6-31G level to be 1031 kJ mdl5* while the experimental
value is 1030 kJ mot-.52

E. 13C NMR Chemical Shifts in Diaminocarbenes.This
section comprises the analysis of experimental and computed
13C NMR chemical shifts in the carbengésand9—15. Among
the different methods available in the suite of programs
Gaussian94 for the calculation of NMR shielding tensors, the
GIAO method of Ditchfield® has been efficiently implemented
by Wolinski et al*® and gives reliablé3C NMR chemical shifts.
These calculations need reliable optimized geometries, and
electron correlation energy should, in principle, be included.
Calculations at the HF/6-31G*//B3LYP/6-31G* level have been
recommended as the minimum model for NMR calculations,
although larger basis sets with DFT are considered as prefer-
able®>* We have performed all chemical shifts calculations using
the GIAO B3LYP/6-31G*//B3LYP/6-31G* model (however, we
will briefly discuss the values of isotropic shielding constants
as function of basis set size and inclusion of correlation energy).
In a recent paper, Forsyth et®lIshowed that this model gives
reliable3C NMR chemical shifts (root-mean-square errad
ppm) after empirical scaling on a set of 38 closed-shell stable
organic molecules. Before proceeding to the geometry optimiza-
tion calculations on the set of the above-mentioned carbenes,
we checked the correlation between the computed isottépic
magnetic shielding constants and the experimelF@INMR
chemical shifts with three carbenes for which the X-ray structure
is available: diaminocarbends, 10, and12, respectively. We
found a better correlation between the experimental shifts and
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a given model, buip(O) < o(<¢) and o(d) < o(a) when
including correlation energy. These two effects offset one
another, and hence the chemical shift on these centers will be
quite sensitive to basis set size and the amount of correlation
energy included.

We now turn to the comparison between computed and
experimental chemical shifts of thefpenecenters in carbenes
1 and 9—15. The molecules shown in Scheme 1 are divided
into three different groups: (ila 1b, 1c, 9a 10, 113 11b,
and12; (ii) 2a, 2b, 3a, and3b; (ii)) 13, 14, and15; this grouping
will become apparent below. Table 8 shows the calculated and
experimental chemical shifts for group i diaminocarbenes. These
shifts are correlated as depicted in Figure 10. Forsyth et al.

the optimized geometries (see Figure 9). Note the three clustersscaled chemical shifts are overestimated by-20 ppm. The

of points in Figure 9: The top-left cluster corresponds to the
spP® Ccarvenenuclei. The center cluster corresponds to ahGp
center in Arduengo’s carber®, and finally the GameneCenters
are gathered in the bottom-right cluster. As noted in this figure,
for a given experimental chemical shifakscissaaxis) the
isotropic shielding constants are ordere@é&3) > o(d, &) >
o(»). For a given model, HF or B3LYP, augmenting of the
basis set from 3-21G to 6-31G* givegO) > o(d) and (<)

> 0(»), which is immediate from the former inequality. For a
given basis set, inclusion of correlation energy (HF to B3LYP)
givesa(O) > o(<) anda(d) > o(a). In other words, the effects
of augmenting the basis set and including correlation energy
are additive for the gpand sp C centers. Notwithstanding, these
two effects are opposite for the;Shenecenters: a(O) > o(0)
ando(<) > o(a) as above when augmenting the basis set for

reason for this rather large deviation stems from the fact that
no carbene molecules were included in their 38-compound list,
the largest downfield chemical shift being that ofi@ bicyclo-
[2.2.1]heptan-2-on&dyp = 216.8 ppm). Our GIAO results show

a deviation<8 ppm, which can be considered as acceptable
given that the window on th¥C shifts is 206-300 ppm. The
CearbencChemical shift inlb is larger than the experimental one
by 2 ppm. All other shifts are smaller by-8 ppm. Conformers
1laand11b are calculated to almost equal in enerdy(11a)

— E(11b) = 0.1 kJ mot? at the B3LYP/6-31G*//B3LYP/6-
31G* level of theory. The preference fbibis rather surprising
but is partially supported by the fact that the corresponding
formamidinium ion and a potassium complex adopt this
conformatior?® The calculated shift fot 1b agrees better with
experiment: dcad 118 = 230.0 ppmocad1lb) = 232.7 ppm,
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TABLE 8: Experimental and Calculated Chemical Shifts
(ppm) for Group i Diaminocarbenes?

Alder et al.

TABLE 9: Calculated Chemical Shifts (ppm) for Group ii
Complexes 2a, 2b, 3a, 3b, and 9b

molecule C center Oexp daincd® o° complex C center Oexp daiac® 0°
CHy C 1281.1 1393.8 2a C 144.4 154.0
la C 226.0 2425 2b C: 145.7 155.4
1b Cy 244.4 246.9 265.1 C 41.6 42.6
C 43.4 44.6 3a C: 188.3 201.6
1c Ci 255.5 248.0 266.3 3b Ci 202.9 217.4
C 49.6 51.7 53.5 C. 44.1 45.3
Cs 24.2 24.1 23.6 9b C 236.8 203.9 218.5
9a C: 236.8 254.3 273.1 C 53.1 55.8 58.0
C 53.1 52.9 54.8 Cs 27.4 28.1 27.9
Cs 27.4 28.3 28.2 Cy 24.8 23.7 23.2
10 g‘l‘ 2%%2 2%57% 2255423 a All calculations performed at the GIAO B3LYP/6-31G*//B3LYP/
C, 557 555 57.6 6-31G* level of theory® The calculated chemical shifts refer to TMS:
C3 20.8 20.3 20.3 6GIAO = OT1mMs — O, with OTMS = 189.7 ppm at the B3LYP/6-31G*//
Cs 44.4 45.6 46.8 B3LYP/6-31G* level of theory® Using Forsyth’s scaling equatiah
11a C, 236.2, 219.1 230.0 246.6 = —1.084 + 203.1 (ppm) and the shielding constantalculated at
G, 58.2,57.4 590.4 61.8 the B3LYP/6-31G*//B3LYP/6-31G* level of theory.These experi-
Cs 21.4,20.6 24.0 23.4 mental chemical shifts are the same as those from cai®®imeTable
Ca 36.9,35.5 42.7 43.8 8. They are included here for comparative purposes.
Cs 22.4,21.4 24.6 24.1 . .
11b C 236.2, 219.1 2327 249.8 TABLE 10: Calculated Chemical Shifts (ppm) for Group iii
C, 58.2,57.4 60.2 62.7 Carbenes 13, 14, and 15
Cs 21.4,20.6 20.6 19.8 carbene C center Bexp deind® o
Cy 36.9, 35.5 34.7 35.1
Cs 22.4,21.4 23.7 23.2 13 C 267 263.9 283.5
12 Ci 213.7 210.9 226.1 Cz 42.8 43.8
C 35.2 36.2 36.7 Cs 27.7 27.5
Cs 123.0 117.8 125.2 Cs 58.6 61.0
Ca 9.0 10.8 9.2 14 Cy 297 305.8 328.9
C 52.1 53.9
a All calculations performed at the B3LYP/6-31G*//B3LYP/6-31G* Cs 39.3 40.0
level of theory.? The calculated chemical shifts refer to TM8gia0 Cy 24.9 24.5
= omms — 0, With orms = 189.7 ppm at the B3LYP/6-31G*//B3LYP/ 15 C 321.2 345.7
6-31G* level of theory £ Using Forsyth’s scaling equatien= —1.084» C; 52.1 53.9
+ 203.1 (ppm) and the shielding constantalculated at the B3LYP/ Cs 42.0 43.0
6-31G*//B3LYP/6-31G* level of theory? GIAO calculation on théA; Cy 20.4 19.5

state.® The first and second chemical shift correspond, respectively,
to measures under the following conditions: (1) KHMDS/THF, filtered,
NMR in C¢Dg and (2) LiTMP/toluene, NMR in €Ds (shift moves to
236 on addition of 12-crown-4).

40 — ‘ .
t -0 @ This work
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Figure 10. Plot of dcaic — Jexp VEISUSOexp for the 3Ccarencnuclei in

1b, 1c, 9a 10, 113 11b, and12. dcac correspond to GIAO B3LYP/

6-31G*//B3LYP/6-31G* calculated chemical shifts relative to TMS.

and dexp = 236.2 ppm. Table 8 gives two entries for the
experimental shift in carbenddaand11b. The first shift Qexy

(Cy) = 236.2 ppm) corresponds to a compound treated with
KHMDS/THF and filtered, and the NMR signal measured in
CeDs. The second shiftdexy(C1) = 219.1 ppm) corresponds to
the limiting shift observed with excess LIHMDS in toluedg-
and is one example of the effect of lithium ion coordinatén.

a All calculations performed at the GIAO B3LYP/6-31G*//B3LYP/
6-31G* level of theory® The calculated chemical shifts refer to TMS:
6GIAO = OTmMs — O, with OTMS = 189.7 ppm at the B3LYP/6-31G*//
B3LYP/6-31G* level of theory® Using Forsyth’s scaling equatiah
= —1.084 + 203.1 (ppm) and the shielding constantalculated at
the B3LYP/6-31G*//B3LYP/6-31G* level of theory.Referred to
carbenera. ©Referred to carben@b.

TABLE 11: Diamagnetic (o4) and Paramagnetic g;)
Contributions (ppm) to the °Camene Magnetic Isotropic
Shielding Constant @) in Group iii Carbenes 13, 14, and 18

carbene X o Op o
13 (o) 250.3 —3245 —74.2
14 S 257.2 —373.3 —116.1
15 Se 254.1 —385.6 —131.5

a All calculations performed at the GIAO B3LYP/6-31G*//B3LYP/
6-31G* level of theory.

In the other case, e.g9a, we cannot as yet disentangle the
effects of lithium (or other metal) ion coordination. Thus, for
9a, the Forsyth et al. scaling equation and our calculation
overestimate the chemical shift onaencby 36 and 17 ppm,
respectively. To study the effect of Licomplexation, a series

of calculations were performed on the charged carbene-derived
complexes [(RN).C—M]* with M = H, Li; these are the group

il compound<=2a, 2b, 3a, 3b, and9b shown in Scheme 1. Table

9 provides the calculated chemical shifts for these compounds.
Comparison of the GreneChemical shifts betweeba, 2a and

1b, 2b (see Tables 8 and 9) shows upfield shifts of 82 and 101
ppm, respectively, as expected for formamidinium ions. The
effect of Lit complexation on diaminocarbengg, 1b, and9a

can be compared to their counterpatts 2c, and 9b, the
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TABLE 12: Diamagnetic (o4) and Paramagnetic ¢p)
Shielding Tensors (ppm) on the Gamene Nucleus for CH,
(Singlet 'A;) and Carbenes 13, 14, and 15

cxx ny sz
6P= Oy Oy Oy
ze o-yz o-zz
CH, CH,
255.1 0.0 0.0 -3461.6 0.0 0.0
O,= 0.0 247.1 0.0 o= 0.0 -537.6 0.0
0.0 0.0 247.9 0.0 0.0 -46.3
13 13
269.9 3.7 0.0 -564.5 -68.8 0.0
o= 0.0 254.7 0.0 o= -70.0 -271.1 0.0
0.0 0.0 226.3 0.0 0.0 -137.8
14 14
276.9 2.9 0.0 -681.1 -38.5 0.0
C= 6.2 257.0 0.0 o= 7.7 -313.5 0.0
0.0 0.0 237.8 0.0 0.0 -1253
15 15
275.3 5.5 0.0 -689.1 -8.6 0.0
o= 7.3 254.1 0.0 c,= 57.9 -3289 0.0
0.0 0.0 232.8 0.0 0.0 -138.7

a All calculations performed at the GIAO B3LYP/6-31G*//B3LYP/
6-31G* level of theory. The orientation of GHs the same as that
shown in Scheme 1 fat3, 14, and15.

differences in the shifts being 38, 44, and 50 ppm, respectively.
This difference is about half that caused by protonation. Turning
back to carben®a and its Li" complex9b, Tables 8 and 9
show that the calculated chemical shift®a) = 254.3 ppm
andd(9b) = 203.9 ppm lie between the experimental vaddg

= 236.8 ppm, the differences beifd(9a) — dexs = 17.5 ppm
and|6(9b) — dexgl = 32.9 ppm. The smaller shift in solution is
readily attributed to a lower interaction with the metal ion, owing
to its complexation by solvent molecules.

The aminooxy- and aminothiocarbenés and 7b, respec-
tively, were recently isolated in our laboratd&To study the
influence of the substituents on the chemical shift of thguene
nucleus in amine X—carbenes (%= O, S, and Se), compounds
7aand7b were simplified to the group iii carbenés, 14, and
15. Since oxygen and sulfur have a similar atomic electronic
structure ([Ghs?np,* G = He,n = 2 and G= Ne, n = 3), the
aminoseleniumcarben&5 (Se = [Ar]3d1%4g4p%) was also
included for comparative purposes. The experimental and
calculated chemical shifts for&peneand the other C centers
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or downfield shifts upon substitution in carbenks; 14, and

15, the 13Ccamene GIAO magnetic isotropic shielding constant
(o) is split into the diamagneticof) and paramagneticof)
contributions as shown in Table 11. Clearly, the difference is
almost entirely due to the paramagnetic contributies{i(4) —
0d(13) ~ 7 ppm andop(14) — op(13) ~ 50 ppm when
substituting oxygen by sulfur). Substitution of sulfur by selenium
gives minor changes in the diamagnetic contributies{15) —
04(14) ~ —3 ppm) and a smaller change in the paramagnetic
contribution ¢p(15) — op(14) ~ 12 ppm). The dependence of
the Garenechemical shift on the substituents in carbed8s

14, and15 can be explained in terms of the tensor components
of the diamagnetic and paramagnetic shielding tensors, which
are shown in Table 12. The orientation of the molecules is
shown at the bottom of Scheme 1. As shown in Table 12 the
diamagnetic components follow the ordefxx > odyy > Odz:

in all three carbenes (however, note thatAy CHy, ogyy ~
04z2). The paramagnetic contribution to the chemical shift in
1A; CH; is unusually large and negathfein the x-direction,
and thus a chemical shift 6#2300 ppm is predicted for this
species’

Arduengo et al. first reported the experimental chemical
shielding tensor of a carbene (1,3,4,5-tetramethylimidazol-2-
ylidene, carben&?2) by means of solid-state NMR techniqués,
the experimental absolute shielding tensers<€ oqji + 0pji)
on Cearbenebeing oxx = —184(20) ppmoyy = 9(18) ppm, and
0,,= 104(15) ppm, the errors being given in parentheses. They
also performed IGL® and LORG@?® calculations at the Har-
tree—Fock and local density-functional theory (LDFT) levels
of theory on'A; CH,, CF,, carbenel2, imidazol-2-ylidene, and
the carbenium ion&2-H* and imidazolium itself. Their IGLO
and LORG!3C4menechemical shifts calculated using the LDFT/
TZVP model for carbenel?2 are 188.8 and 196.8 ppm,
respectively. It is clear from Table 8 that our GIAO B3LYP/
6-31G*//B3LYP/6-31G* calculation gjao = 210.9 ppm) is
closer to the experimental valu@eyx, = 213.7 ppm in THFdg
anddexp = 209.6 ppm in the solid (using cross-polarization (CP),
high-power proton decoupling, and magic angle spinning (MAS)
technique®).

Turning back to carbenek3, 14, and 15, it now becomes
apparent from Table 12 the origin of the large paramagnetic
contribution @) to the isotropic shielding constant: the large
and negativeopy, components double the,,, and opz,
counterparts. This effect is even more dramatictAn CH,
where theopxx component is 6 and 75 times larger than the
opyy and opz; ones, respectively. The explanation for such
differento, (deshielding) components (especiallyvigky) stems
from the singlet-triplet gap in a given carbene, or in other words
from then(ay) — a*(b,) transition. IntA; CH,, the virtual 2p
or t* orbital is practically empty (a CASSCF(6,6)/AUG-cc-
pVTZ calculation on the singléA; gives an occupancy ny
=1.90 and ng*) = 0.10, respectively), and in the presence of
a magnetic field in they-plane, the angular momentum operator
causes an electron in the lone paito jump into the emptyr*

in group iii compounds are gathered in Table 10. The agreementorbital (low-energy process), thus creating an electron “hole”

for the aminooxycarbené3 between the experimental and
calculated Gurheneshifts (A0 = 3 ppm) is perhaps fortuitiously
good, while that for aminothiocarberigl (A6 = ~9 ppm) is
probably acceptable, in view of the unknown effects of the bulky
substituents. As shown in Table 10, a difference of 30 ppm is
found in the experimental chemical shift upon substitution of
oxygen by sulfur, this difference being 42 ppm in the GIAO
calculation. Substitution of sulfur by selenium gives a further
15 ppm downfield GIAO shift. To study the origin of the up-

in the plane of the molecule into which the electron may then
jump back, permitting a facile circulation of electrons about
the x- andy-axes and a paramagnetic (downfield) shift. When
the out-of-planex* orbital is partially filled by o-acceptor
s-donor electron substituents (such as the ones in the carbenes
studied in this work), the paramagnetic current is reduced
depending on the electron density given intoAtierbital. This
reasoning explains why carbedd has a more negative and
larger paramagnetic shielding constant as compared to carbene
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vy ; A (11) Enders, D.; Breuer, K.; Raabe, G.; Runsink, J.; Teles, J. H.; Melder,
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