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Abstract

In the N-heterocyclic carbene (NHC), the carbene carbon adopts the sp?
hybridization with a special 6°n° electronic structure, and shows the ability of stronger
o-electron donor and weak m-electron acceptor. The ¢ dative bond between NHC and
the transition metal (TM) results in a rich electron TM center with high catalytic
reactivity. As a nucleophilic catalyst, NHC combines with an electrophilic aldehyde to
yield a nucleophilic Breslow intermediate with high activity, which can initiate
abundant chemical reactions with a variety of electrophilic reagents. For the aldehyde
containing the unsaturated conjugate chain, the active site can be transmitted to a
remote o-carbon with the aid of NHC moiety, which triggers 1,4— and 1,6—Michael
addition reactions. An aluminum carbenoid NacNacAl has an electronic structure
similar with NHC, and as a main-group metal catalyst, its Al(l) center has the ability
of strong c-electron donor and suitable accepting n-feedback.

Experimentally, the oxidative additions of a series of strong ¢ bonds, including
H-X (X =H, B, C, Si, N, P, 0), F-C, and O—C bonds at the single Al(l) center have
been reported. However, the detailed catalytic mechanisms are still less known up to
now. Here we performed extensive DFT calculations to explore the electronic
structures and catalytic mechnisms of N-heterocyclic carbenes and its analogues, and
the main conclusions are summarized as follow:

1. The interactions between bare first-row transition metals and NHC ligands
have been investigated by DFT calculations. In [NHC-TM] complexes, NHC serves
as a o-electron donor, while TMs are generally c-electron acceptors. The relatively
large bond dissociation energies of 26.2 and 29.7 kcal/mol appear in the o-type
[NHC-V] (X*A;) and [NHC-Ni] (X'A:) complexes, respectively, whereas the
dissociation of [NHC-Mn] (X°A;) just requires 0.6 kcal/mol. Such sharp difference
can be ascribed to the half- and full-filled stable electronic configurations (3d> and
3d') of V and Ni atoms after accepting the o-lone pair electrons of NHC. The free

Mn with 3d° is unlikely to capture the lone pair of NHC, yielding a loosely associated
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[NHC-Mn]. These o-type [NHC-TM] complexes may accommodate second NHC
ligand to form the stable o-type [NHC-TM-NHC] complexes in D,y and Dy
symmetries. The n interactions between C=C double bond and TM give rise to
metastable nz-type [NHC-TM] © complexes, and the second NHC can ligate to the
n?-type [NHC-TM] to form more stable n-type complexes of [NHC-TM-NHC]. The
predicted bond dissociation energies indicate that multiple NHC ligands have
cooperation role in enhancing the interactions between TM and NHC.

2. Extensive DFT calculations suggest that the nucleophilic NHC may induce
the umpolung of the a,f—y,0—unsaturated aldehyde from the electron acceptor to
donor, and their adduct can be oxidized to an active homoenolate cation. The active
site can be transmitted to &-carbon through the conjugate chain and triggers
1,6—Michael addition reaction with 1,3—diketone. The newly-formed Breslow
intermediate can initiate abundant reactions with the electrophilic reagent. As a large
steric phenyl group is introduced to the P site of unsaturated aldehyde, the regios- and
chemo-selectivities in reaction can be enhanced. The electron-withdrawing group R
can lower the barrier of Michael addition reaction. The electron-donating group R’ in
diketone can increase the nucleophilicity of C8 carbon atom and lower the energy
barrier, which may benefit the reaction.

3. Density functional calculations have been used to explore the oxidative
additions of robust ¢ X—H bonds (X=H, Si, B, Al, C, N, P, and O) to the AI(I) center,
and plausible = reaction mechanisms and optimized structures of reactants,
intermediates, transition states, and products have been predicted. Calculations reveal
that these oxidative additions follow different reaction mechanisms and they may be
concerted, concerted but asynchronously, or stepwise. In particular, the oxidative
addition of H; to Al follows a conventional transition-state-like catalysis, the addition
of 6 Al-H bond is initiated by the hydride transfer, and the combination of Lewis
acids and bases is involved in the oxidative additions of ¢ B—H, N—H, P—H, and O—H
bonds to the Al(l) center. For Group IVA elements, the oxidative addition of strong
C—H bond is driven by the proton transfer prior to the Al-C bond formation, while the
low-energy reaction channel for the addition of ¢ Si—H bond follows a stepwise

v
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mechanism, including the Al-Si bond formation coupled with the hydrogen transfer
and the intramolecular rotation. These oxidative additions of robust ¢ X—H bonds are
calculated to be much favorable thermodynamically and the B97-D predicted free
energy barriers range from 8 to 32 kcal/mol. For most cases, the remarkable steric
interactions may encumber the formation of initial reactant complex and result in
relatively long reaction periods although they are favorable both thermodynamically
and dynamically.

4. Both M06-2X and B97-D functionals have been used to explore the
oxidative additions of robust ¢ X—C bonds (X=F and O) to the Al(l) center, and the
optimized structures of reactants, intermediates, transition states, and products have
been determined. Based on DFT calculations, plausible reaction mechanisms, such as
concerted and synchronously, and concerted but asynchronously, were proposed. In
particular, the sp? aryl-F bond adds to the AIl(l) follows a conventional
transition-metal-like catalytic mechanism, while the oxidative addition of strong sp®
alkyl-F bond is driven by the F anion transfer to the p—like empty orbital of Al atom,
which is prior to the AI-C bond formation. The oxidative additions of robust ¢ X—C
bonds are calculated to be much favorable thermodynamically, although the predicted
free energy barriers strongly depend on the choice of methodologies. The present

results provide a basis to understand the oxidative additions of such robust ¢ bonds.

Keywords: N-Heterocyclic Carbene (NHC); Aluminum Carbenoid; Oxidative

Addition of 6 bonds; DFT Calculations; Catalytic Mechanisms; Electronic Structures.
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1964 4, Fischer #— KM T &)/ E5 (Metal carbene) &%y, 1974 4F
Schrock I & pH 26— B 4 )8 £ FE (Metal carbyne) Bt &4, Mitt, KEAR
RSk AN H 205 B 2 SRR M D 2, e RAa L. B Al
oy B . RN B RO R, R R R ARSI, BRI T
Hh (VG 3 AR, JURR IR P S MRHIEE FL AL 5 . @AM AU AL
SEGURAT R 7 BN

1968 4 Ofele A1 Wanzlick P54/ 41 oy 5 ¥ R £ Bl 7 R 44 3% F 5%
(N-Heterocyclic Carbenes, NHC)&JEELE4: B A K =R B &R E IR
RREEAAEY . YNNI EES R EIAGIEAAE, NHC B Hih
8 T B — KA, R LR AR ZHVE & (Figure 1.1). M5, Lappert
NRARIE T LR IR S e A T T M R A, BB 1901 4F, 5B —BlRE )
AR T AR (B2 A —3) . Arduengol®V25 A s ahih oy B B S, 45k
M2 <0 46T Hermannt VRl Nolan™ & 5 & i T 21 B2 R =4 R I
Y, IR AR SN b BRI R R SR A S A5 2] 1K 2R
RIEMNH, B2 20 28R, KTRAM-REITHIH AR 7 R RE.

X

,, 5o
P
C
\ W ™

Bl 1.1 JBRBECHAAT NHC Foigk, Horb P IRTAEN o- B F41K, opp* LB T] LAE
N n=52AK; NHC F2 5% C WERN o- 4RSS I ne—32 4K . A 7 RoRiE M,
FS B LT R s B I3 (] A R v L
Figure 1.1 Ligands of PX3 and NHC, where the P atom can serve as the 6—electron
donor, and the op.y* orbital serves as the m—electron acceptor; the carbene carbon in
NHC can serve as the strong c—electron donor and a weak n—electron acceptor. The
bonding orbital and anti-bonding orbital all showed for clarity.

TEERHEF PR 45 i (Yves Chauvin) T 1970 4, 7EHS LA T &8 K =i
E A N T2 o il S SIHLER . 55 B RL 2% 538 A 4 9 B 5 (Richard R
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Schrock) 12 145 % i 47 (Robert H Grubbs) 435 T 1990 4EA1 1992 4, 7E4HK 44
FIRBAR IR KR Bib] ORI 0 S B I R AL S MR VRN EE Ak
D e 5 53 R (Olefinmetathesis) AL 7], 7EZ I KIARIR G . 1ESE/S, 2005 4F
AT = N TR AT RN T, FF HARA I = N SLRRE 42 718 DURME 2

14Nk, BT SR TTVE A MTHE, G R SR VE 22 8 I T R A R K e R i
PRt S E S AR R AT RS, ERE R B N T
1) AR 11T SEEAN ] PR A 38R (Figure 1.2).
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JNTONT NN

/{V\J" "\:]? HNN/
R R

N

| AN R’N\)

B 1.2 BAEHREGTED.

Figure 1.2 Derivatives of the N-heterocyclic carbenes.

R R IR —FE AN 5 TR T BGR ISR, BAAAF T &SRR
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A RIFIRGEYE. 40 BAAREE S TS, BErT hs e S s B 2,
AT AR A M BE EASR BRI SEBL D fE . 5y Hils R IR RN SR
AP, 6. ERSBECALEMNHERE . BTREARENEA
R A, TR BT (R o 4y T RS S R A I AT, A T R
AR TR RE /T, 1S E A ECALBE AT REBCE & e O RIS, AR AL
J7 I A BBOR S AL, HES) T EORM R A 1 RO, SOy



Howm iR

WL

1.2 FREME

RGBT 5 P 5 T B BT, R34y Fischer AT Schrock

BRR, BT EZEX ORI T %R =ik e T i B . 25 Bt 2/ —
R R TR REA SR 8, XK REJET Fischer R, T RE
W5 C B SUPEARRS T 2% 51 N BN, 38 % Fischer R EREEULIE R #EEA
o WHLFREST, FEINEA p 4. BT, thin-OMe. —NMe, 5, XK 5K
JR T A IR, BRI E R R 7 IR S 1F o 52 H T ER
IF 7 4y TR, W8 T Schrock YR 5%, SEEAEIL T, XKFERIE T
A ER > R, 8 A SRR AR ST B BB TN R R AT A,
‘B J& T Fischer B <52,

T 28R AR AL 22507 )2 B, R R B
4B AP TS R T BRI SEIG R A SRR T s A e A R Y
BCAz b, Fischer Rl H /2 R AL, WA RERE T L1 o B4 T
EJERET M BET(C-M), B LHZH p PUER DR T4, %2R
T M ) d® BT R TR AR B B (C— M) S1%855 . 11 Schorek Y- sz A L
FElfist: Fischer RET&EIE T M B4 -RERET C B C—M BIRHATE I
(B 1.3). 8% Schorck ZY-R FEiEid — 28355 1PN oA O HL 8] i AH ELAE
H, TR EE, T C IR THIE AR T M g, R R R
TN A G (Figure 1.3).

R R
R R
R,/ ~f— R/,/ B e
§L PGP
R/g<— R/

Fischer Schrock
B 1.3 Fischer T4 A Schrock %K 5 5 4 J& 5l T #iE FIAH BAEH K.

Figure 1.3 Schematic representations of donor-acceptor and covalent bonding
interactions in Fischer and Schrock carbene complexes, respectively.

—MIEBL R, Fischer s FE MR B I F AN 2 U & Js IR 1 IO 446 2, T Schrock



Degree papers are in the “Xiamen University Electronic Theses and
Dissertations Database”.

Fulltexts are available in the following ways:

1. If your library is a CALIS member libraries, please log on
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary
loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn

for delivery details.



