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DFT computational energies for free alkoxy- and thio-substitued free carbenes correlate with
experimental steric data (Taft parameters) showing the importance of the steric volume at the expense of
the electronic interaction in determining the conformation of free carbenéd. The shorter €O bond
distances in the alkoxy derivatives render alkoxycarbene more sensitive to steric effects than thiocarbenes.
This strong dependence of the conformation with the steric hindrance is not applicable to metal-complexed
carbenes. Thio-substituted carbene complexes exist exclusivelynasomers due to the combination
of an interaction of the sulfur lone pair with two CO ligands and the steric repulsion with the “CO-wall".
The stronger Grhens=S bond compared to &wene O is responsible for the increasegn—anti rotation
barrier observed for the alkylthio-substituted metal carbene complexes compared to their oxygen analogues.
The differences of polarity betweayn-andanti-isomers of alkylthio-substituted metal carbene complexes
explain also the increment of the isomerization barrier with the polarity of the solvent. The effect of the
substituent attached to the carbene carbon is not decisive in the conformation of these compounds.

Introduction carbene carbon and (b) the electronic repulsive interaction
o o between the carbene electron pair and the two nonbonding
The textbook, classic vision of carbenes as electron-deficient, gjectron pairs of the oxygen (Figure 1).

highly reactive electrophilic intermediates, thence capable of The model was further extended to Fischer-type carbene
addition to alkenes, €H insertion, and reaction with heteroatom  compjexes Typically, in these complexes one of the substit-
lone pairs to yield ylided,is only partial. Substitution on the  ents on the carbon linked to the metal acts as-@onor,
carbene carbon by one or two heteroatoms (e.g., O, N, 0r S)g|iowing for an electronic stabilization of the electron-deficient
renders the species nucleophilic. This modulation in reactivity carhene carbon atom, whereas the other carbene substituent may
by the heteroatom (which extends also to the stability of the pe gjther a saturated or unsaturated group. Evidently, these
different species) is attributable to the electronic delocalization compounds lack the electronic repulsive interaction between the
of the lone pair in the vacant p-orbital of the carbene carbon, ¢arhene lone electron pair and the two nonbonding electron pairs
which can compensate for the electronic deficiency at the of the heteroatom (Figure 1). Hence, only steric effects have to
carbené. be considered in these cases. The decreased difference of

~ Free carbenes may exist in two conformaticsys)andanti, energies between the preferragti-isomer and theynisomer
interchangeable by rotation through the-ieteroatom bond  y3jidates the model.

(Figure 1). In a recent papewe developed a model explaining

a clear bias for theanti-isomer in some alkoxy-substituted o R)
carbenes. This conformational preference was explained on the AN | (R'
basis of two additive effects. Thayrisomer has two unfavor- R(O\;R ..\\“IO\,,/
able interactions: (a) the steric repulsion between the substituent --ZZ
directly bonded to the hetereoatom and the substituent of the anti - isomer syn - isomer
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contribution to the stability of these species. The corresponding have positive definite Hessian matrices. Transition structures (TSs)
metal-complexed species will be useful compounds to validate show only one negative eigenvalue in their diagonalized force
our model, as well as to determine the importance of the constant matrices, and their associated eigenvectors were confirmed
stereoelectronic effect between the substituent attached at théo correspond to the motion along the reaction coordinate under
carbene carbon and the metal ligands, compared to the stericconsideration using the intrinsic reaction coordinate (IRC) method.
repulsion with the “CO-wall’. Reported herein is a DFT Nonspecific solvent effects were described by using the self-

computational study addressing these aspects of carbene angonsistent reaction field (SCRF) approach in its Onsafékwood

metal-carbene speciés.

Computational Details

All the calculations reported in this paper were obtained with
the GAUSSIAN 03 suite of prograntsElectron correlation was
partially taken into account using the hybrid functional usually
denoted as B3LYPand the standard 6-31G* basis set for
hydrogen, carbon, oxygen, and sulfur and the Haladt small-
core effective core potential (ECP) including a doublealence
basis sétfor chromium and tungsten (LanL2DZ keyword). Zero-
point vibrational energy (ZPVE) corrections were computed at the
B3LYP/LANL2DZ&6-31+G* level and were not scaled. Reactants
and products were characterized by frequency calculdfiarsl
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formalism!2 Donor—acceptor interactions have been computed
using the natural bond order (NB®)method. The energies
associated with these two-electron interactions have been computed
according to the following equation:

[p* |F|pld

-n,————
—
€y — €,

@)
AE2),

@

whereF is the DFT equivalent of the Fock operator apdnd¢*
are two filled and unfilled natural bond orbitals haviagand e
energies, respectivelyy, stands for the occupation number of the
filled orbital.

Results and Discussion

DFT calculations (B3LYP/ 6-31G*) were carried out
starting with thesynandanti forms of methylcarbenes—14.
Data in Table 1 show that thanti conformation is the preferred
one for both alkoxy- 1—7) and thiocarbenes9¢14). The
exception is complex, which prefers thesyn conformation.
The energy difference between both conformations is in all cases
higher for alkoxy carbenes. These results point to a clear steric
effect. Since steric repulsion may be responsible for the energy
difference betweeranti (preferred) andsyn (disfavored, see
Figure 1), theAE between both conformers should correlate
with the steric volume of the substituent attached to the
heteroatom, measured by tRgTaft constant3? Figure 2 plots
the Es Taft constants of the different substituents against the
calculatedAE(syn—anti) values for alkoxycarbends-7 (circles)

Table 1. Relative Energies AE,2" kcal mol~1) of synand
anti Conformations of Free Alkoxy- and Thiocarbenes +14

R4
X __M \
R1/ Y e —_— X\/Me
anti syn
AE(syn—anti) AE(syn—anti)
Ry Es (Taft)c X=0 Ry X=S
1,H 0.00 +3.19 8 H —-1.39
2, Me —1.24 +8.46 9, Me +1.44
3,'Pr —-1.71 +9.90 10, 'Pr +2.40
4,"Bu —1.63 +8.50 11, "Bu +2.07
5,'Bu —2.78 +12.95 12,'Bu +4.12
6, cyclohexyl —1.81 +9.86 13, cyclohexyl +2.42
7, phenyl - +8.12 14, phenyl +1.93

a All values have been calculated at the B3LYP/6+&*+AZPVE level.
bAE(syn—anti) values computed asE = E(syr) — E(anti). ¢ Esvalues have
been taken from ref 14.
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Wong, M. W.; Wiberg, K. B.; Frisch, M. JJ. Am. Chem. S0d.992 114,
1645.

(13) (a) Foster, J. P.; Weinhold, F. Am. Chem. Sod98Q 102 7211.
(b) Reed, A. E.; Weinhold, F.. J. Chem. Phys1985 83, 1736. (c) Reed,
A. E.; Weinstock, R. B.; Weinhold, RI. Chem. Phys1985 83, 735. (d)
Reed, A. E.; Curtiss, L. A.; Weinhold,.FChem. Re. 1988 88, 899.
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tions in Chemistry and BiologyACS Professional Reference Book:
Washington, DC, 1995.
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14 4 between the group attached to the heteroatom and the “CO-
. wall”.15> The consequence is a decreaseAii between both
conformers, with thenti-isomer being still the preferred form
cyc | for these compounds.

=-0.98, SD= 0.55 %o P This situation reverses when alkylthio (Fischer) carbene

. * Me complexes are considered. Table 2 compiles the relative energies
] B of syn and anti conformers of complexe$5—26. All these
6 compounds show a marked bias for tegrisomer, with
chromium(0)carbened5—20 having higher AE(syn—anti)
values than tungsten(0)carbenes. This last result is due to the
longer M=C distance in tungsten complexes (2.£25219 A)
compared to Cr (2.0532.106 A), which reduces the unfavorable
steric interaction of the thioalkyl group with the carbonyl ligands
? present in theanti but not in thesynform.
T

12 4 tBu

-
o
|

o
-

L}
] tBu cyc iPr .
2] =s, Me H
r=-0.99,SD=0.19 nBu ™

AE (syn-anti) / kcal mol”

E SR £ P P N L T Table 2. Relative Energies AE,2? kcal mol~1) of synand
e e ., - = ' anti Conformations of Fischer-Type Thiocarbenes 1526
E_(Taft) and M=Camene Bond Lengths (in A, in parentheses; first

Figure 2. Plot of Es versusAE(syn—anti) for alkoxy- (circles) value corresponds totrt]gei{]:ir_lis,s%rpn(aerr)and the second one to
and thiocarbenes (squareis)13.

R\
S S—R

and thiocarbene8—14 (squares). Both classes of compounds [M]=< e [M]=<
gave very good linear relationships (correlation coefficient of Me Me
—0.99 and standard deviation of 0.19 for thiocarbenes; correla- anti syn
tion coefficient of —0.98 and standard deviation of 0.55 for
alkoxycarbenes). Furthermore, the higher slope found in alkoxy- AE(syn-ant)
carbenes {3.49 + 0.27 kcal/mol) compared to thiocarbenes — —
(—1.99 + 0.09 kcal/mol) reflects the higher sensitivity of R M= Cr(COk R M= WI(COx
carbenesl—7 compared to carbends-14. The lack of steric 15 Me _(%'223 2.073) 21, Me _1('20%5 2.103)
hindrance in compoun@ (R; = H) should be responsible for 16, ipr “134 22,iPr —077
the bias of this compound for tleynrisomer. The reduced steric (2.070, 2.088) (2.182,2..207)
hindrance should result in a higher conjugation between the 178U _%-827 ) 078 23, "Bu _1-21‘1179 ) 105
heteroatom and the carbene carbon in thiocarbenes comparedg g, _(6:50 2:078) 24, Bu _5(.44 £ 2:199)
to alkoxycarbenes. This statement is supported by the higher (2.078, 2.106) (2.197,2.219)
C—X NBO (Wiberg) bond order values isyn8 (1.73 au) 19, cyclohexyl  —1.20 25, cyclohexyl  —0.78
compared to the alkoxycarbesgn1 (1.33 au). The resulting (2.064,2.096) (2.183, 2.206)

; A LN 20, phenyl —-3.79 26, phenyl -3.13
effect is that the electronic stabilization factor overcomes the (2.054, 2.063) (2.171, 2.184)

steric effects and simultaneously the electronic repulsions are . 5\ \ajues have been calculated at the B3LYP/LANL2DZ&6-
minimized. As a consequence tegn8 isomer is more stable  31+G*+AZPVE level.PAE(syn—anti) values computed adE = E(syn)

than theanti-8 isomer. — E(anti).
The shorter €heteroatom bond distance in the alkoxy HOCH g
derivatives correlates the higher sensitivity of alkoxycarbenes WAy,
to the bulkiness of the substituent attached to the carbene carbon, e 'Tr“'
compared to alkythiocarbenes. Thus, the distance between the AN Tco
carbon atoms of the respective methyl groups in the alkoxy-
AE(2)= -0.33 keal/mol AE(2)= -0.80 kcal/mol

carbenesyn2 is 0.414 A shorter than the same distance in the
corresponding thiocarbersgn9 due to the bulkier sulfur atom.
This clearly decreases the value of the steric interaction betweeng
the groups attached to the carbene. The effect is also seen in
the differences in energies between both conformers of the same |

Figure 3. Two-electron interactions and associated second-order
erturbational energies between an alkyl group and a CO ligand in
nti-Fischer carbenes.

carbene (Table 1), which are considerably smaller in thiocar- Lp Lp |
benes. odf
The good correlations obtained between experimental steric Q ,”2‘13';:“ 3=<?n, Cri
(Taft parameters) data and computational energies (Figure 2) % oo 0"l
show the importance of the steric volume at the expense of the
electronic interaction in determining the conformation of free oyl y i S ey e

ca_rbeneis 14.1n acc_ord_wnh our previously proposed model Figure 4. Two-electron interactions and associated second-order
(Figure 1)7 the coordination of the alkoxycarbene to a pentac- perturbational energies between the lone electron pair of the sulfur
arbonylmetal(0) moiety eliminates the electronic repulsion or oxigen atom and a CO ligand synFischer carbene complexes.
between the electron pairs. Furthermore, #rgi-isomer of ” X X

(15) Hegedus, L. STransition Metals in the Synthesis of Complex

alkoxy (Fischer) Carbene_complexes (the.more St.ablle form .Of Organic Molecules2nd ed.; University Science Books: Sausalito, CA,
the free carbene) experiences a repulsive steric interaction1999.
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E,=18.8

15-anti

E,=178

21-syn 21-TS 21-anti

Figure 5. Stationary points found in the isomerization reaction in Fischer carbene complax&5 — anti-15 andsyn21— anti-21. All

structures correspond to fully optimized B3LYP/LANL2DZ&6-8G(d) geometries. Bond distances and energies are given in A and kcal/

mol, respectively. Numbers over the arrows correspond to the activation energies of the corresponding processes. Zero-point vibrational
energy corrections have been included (kcal/mol). Unless otherwise stated, white, gray, red, and yellow colors denote hydrogen, carbon,
oxygen, and sulfur atoms, respectively.

The preference of alkylthio(Fischer)carbene complexes for the synisomers. These computational findings fully match the
the synisomers is not explainable on pure steric grounds. The crystallographical data for the few reported X-ray structures of
NBO analysis of compoundnti-15 shows a two-electron  Fischer thiocarbene complexgs.

stabilizing interaction between the-#e group hydrogen atoms The strong preference for theynisomer in thio-substituted
and the CO ligandis to the carbene moiety. Thus, the two- carbene complexes is also reflected in the dynasyic— anti
electron donation from thecy-orbital of the S-Me group to isomerization compared with the process in their alkoxy
the 7* co-orbital of the CO ligand £0.33 kcal mot?) coupled  analogues. Alkoxychromium(0)- or tungsten(O)carbenes show
to the feedback donation of the-g-orbital to theo* cn-orbital two signals, one for each isomer, in théid NMR spectra

(—0.80 kcal motf?) results in a significant stabilizing contribu-  yecorded below-25 °C (average coalescence temperature). In
tion in the anti-isomer that is not present in trgynisomer contrast, théH NMR spectra of Fischer thiocarbenes show a
(Figure 3), which leads to a lower value &fE(syn—anti). single signal even at low temperatures, which correspond to
However, alkylthiochromium(0) and tungsten(0) carbenes exist the synisomerl® The experimental activation energy for the
assynisomers. Obviouslysyrisomers lack the steric interaction  gnti—syntransformation in the pentacarbonyl[methoxymethy!]-
with the “CO-wall". Nevertheless, the stereoelectronic effect ¢hromium(0)carbene complex is 124 1 kcal/moll? The
prevails over the steric repulsion in alkoxycarbene complexes, yotation barrier for Fischer thiocarbenes lies in the range 15
which, as stated above, exist mainlyagi-isomers. Therefore,  1g kcal/mol, with coalescence temperatures from 68 t6@4

an additional stabilizing effect should be present in alkylthio- The stronger Guuens-S bond compared to dgpens-O is the
chromium(0)- and tungsten(O)carbenes. Moreover, this effect yasponsible for the increased rotation barrier. This is supported
should stabilize thesynisomer in alkylthio Fischer carbene by the Gaens-O NBO (Wiberg) bond order in the pentacarbonyl-
complexes but should not be present in the analogous alkoxy-imethoxymethyljchromium(O)carbene complex (1.10 au) com-

carbene complexes. ) , ) pared t0 a Gubene=S NBO bond order (1.51 au) for the
The stabilizing effect was found in the interaction of the lone jsostryctural thiocarbene complds.

pair of electrons in the sulfur atom and th&-orbital of the
CO ligand (Figure 4). This strong interaction@.42 and—0.44
kcal mol1) with the two CO ligands flanking the sulfur atom
is almost negligible with the less polarizable oxygen atom of
the metal alkoxycarbenes—0.07 and —0.08 kcal mot?). . . :
Therefore, both the lack of the steric repulsion with the “CO- 19§126)1§'55°1h5%“ E. O.; Leupold, X.; Kreiter, C. G.."Mer, J. Chem. Ber
wall” and the RS-CO stereoelectronic interaction favor thyat (17) (a) Kreiter, C. G.; Fischer, E. @ngew. Chem., Int. Ed. Engl969
isomer. This explains the bias of thio-substituted carbenes for 8, 761. (b) Kreiter, C. G.; Fischer, E. ®ure Appl. Chem1971, 6, 151.

Figure 5 represents the calculated reaction coordinate for the
syn15— anti-15andsyn-21— anti-21 isomerization processes.
The computed activation energies are 18.8 kcal/mol for complex
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Table 3. Calculated Activation Energies E,," in kcal/mol) to higher activation and reaction energies of the isomerization
and Reaction Energies AE(syn—anti),2¢ in kcal/mol) for the process, compared to that observed in vacuo.
syn— anti Isomerization Process in Different Solvents Finally, the effect of the substituent attached to the carbene
Me, atom in the isomer preference was addressed. Three substituents
S—Me S . - -
[M]:< M :< were compared: Me, Ph, and the linear ethynyl moiety.
Me M] M Substitution at the carbon has no effect on the preferred
. © conformation of free or metalla-thiocarbenes. The preference
syn anti for the anti-isomer was maintained for free thiocarbenes, while
the syndisposition was observed in chromium-carbenes. More-
Ea AE(syn-ant) over, the conformational preference of ethynyl-substituted
e(solvent)  M=Cr(COy M=W(CO); M =CrCO) M =W(CO) alkoxychromium(O)carbene complexes (which existed irstre
1 (gas phase) 118.80 1784 168 103 disposition opposite other alkoxyca_rbene complexes) pr_eviously
4.9 (CHCH) +20.42 +19.57 254 -1.79 reported by us, was also found in the ethynylchromium(0)-
5.621 (GHsCl) ~ +20.51 +19.67 —2.58 —-183 complex30. The reason for this behavior is found in the linear
20.7 (acetone) +21.04 +20.30 —2.85 —2.07 ; ; ;
32,63 (MeOH)  +21.10 150,39 589 510 structure of the triple bond. In this case, and according to our

model3 the decrease in the steric interaction between the linear
aAll values have been calculated at the B3LYP/LANL2DZ&6- triple bond and the S-methyl group stabilizes furtherme

31+G*+AZPVE level.’E, values computed ak, = E(TS) — E(syn. . - . . -
cAE(syn-anti) values computed aAE = E(syr) — E(anti). isomer, leading to a highayn—anti energy difference.

Table 4. Relative Energies AE,2? kcal mol~1) of synand Conclusions
anti Conformations of Free and Fischer-Type Thiocarbenes
9, 15, and 2730 and M=C_capene Bond Lengths (in A, in Excellent correlations between DFT computational energies
parentheses; first value corresponds to thesynisomer and for free alkoxy- and thio-substituted carbenes and experimental
the second one to theanti-isomer) steric data (Taft parameters) have been obtained. These results
Me, clearly show that the steric volume determines the conformation
S S—Me of free carbenesl—14, at the expense of the electronic
[M]=< = [M]:< interaction. Alkoxy derivatives are more sensitive to steric
R effects than thiocarbenes due to the shortgfngeO bond
anti syn distances compared to the longegGens—S bonds. This strong
steric dependence of the conformation with the steric hindrance
[M] = none [M]= (CO)Cr is not applicable to metal-complexed carbenes. Thio-substituted
9. R= Me 1144  15R=Me 168 carbene complexes exist exclusively sygrisomers due to a
(2.053, 2.073) combination of an interaction of the sulfur lone pair with two
27,R=Ph +2.17 29, R=Ph —2.77 CO ligands and the steric repulsion with the “CO-wall”. In
(2.051,2.082) contrast, the stereoelectronic interaction of the alkyl substituent
28, R=C=CH +1.34  30,R=C=CH -3.19 . X X S .
(2.054, 2.070) and the CO prevails against the steric repulsion in alkoxy Fischer

aAll values have been calculated at the B3LYP/LANL2DZ&6- carbene complexes, leading mti-isomers. -The stron_ger
31+G*+AZPVE level.°2AE(syn-anti values computed a&E = E(syn) Cearbene=S bond compared to thehene-O bond is responsible
— E(ant). for thg |ncrea§ed;yn—ant| rotation barrier observed for the
alkylthio-substituted metal carbene complexes. The differences
in polarity betweersyn-andanti-isomers of alkylthio-substituted
15 and 17.8 kcal/mol for comple®1.18 These energies match  metal carbene complexes also explain the increment of the
the values experimentally determined by NMR. isomerization barrier with the polarity of the solvent. The
The effect of the solvent in the latter process was also substituent attached to the carbene carbon has no effect on the
computed by using the SCRF approach, under the Onsager conformation of these compounds.
Kirkwood formalism, with sequential single-point calculations
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