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Abstract

Recent synthetic efforts have uncovered several bond activation pathways mediated by beryllium.
Having the highest charge density and electronegativity, the chemistry of beryllium often diverges
from that of its heavier alkaline earth metal congeners. Herein, we report the synthesis of a new
carbodicarbene beryllacycle (2). Compound 2 converts to 3 via an unprecedented
cyclic(alkyl)(amino) carbene (CAAC)-promoted ring expansion reaction (RER). While CAAC
activates a carbon—beryllium bond, N-heterocyclic carbene (NHC) coordinates to beryllium to give
the tetracoordinate complex 4 which contain the longest “**"*C—Be bond to date at 1.856(4) A.
All of the compounds were fully characterized by X-ray crystallography, FT-IR, 'H, 3C, and °Be

NMR. The ring expansion mechanism was modeled with both NHC and CAAC using DFT



calculations. While, the activation energy for the observed beryllium ring expansion with CAAC
was found to be 14 kJ mol, the energy barrier for hypothetical NHC RER is significantly higher

(199.1 KJ mol™).

Introduction

The chemistry of beryllium has witnessed a resurgence of interest due in part to discoveries in
subvalent and hydridic beryllium compounds.'*> Many of these highly reactive beryllium species
have been stabilized by neutral singlet carbenes,’ which are divalent carbon-based ligands that are
o-donating (HOMO) and m-accepting (LUMO) in character.®” The first stable carbene, a
(phosphino)(silyl)carbene, was discovered by Bertrand in 1988.8 Nearly three years later,
Arduengo structurally characterized the first stable N-heterocyclic carbene (NHC).? In comparison
to NHCs, cyclic(alkyl)(amino) carbenes (CAAC), reported by Bertrand in 2005, show enhanced
o-donor and m-acceptor properties.!® Hill prepared the first structurally characterized
organoberyllium hydrides supported by NHCs, [(NHC)Be(CH3)H]>>* Interestingly, the reaction
of this dimeric complex with phenylsilane results in beryllium insertion into a C—N bond to
produce a six-membered beryllacycle (Figure 1A). Braunschweig isolated the first molecular
beryllium(0) complex, Be(Y*CAAC), [R = CH3, or Cy], by reducing (M*2CAAC)BeCl; with two
equivalents of potassium graphite (KCs) in the presence of free *?CAAC (Figure 1B).! Our
laboratory recently synthesized [Be(F?CAAC),] and demonstrated the utility of these subvalent
compounds as reducing agents and ligand transfer agents.? This ultimately led to the isolation of
the first carbene—bismuthinidene, which could not be isolated by traditional reduction strategies

(Figure 1C).?



Carbodicarbenes (CDC), a class of carbon(0) ligands categorized as carbones, were theorized in
2007 by Frenking!! and isolated by Bertrand'? in 2008. Since then, Ong has developed new
synthetic pathways that have diversified the library of CDCs, which include symmetric'® and
unsymmetric'* analogues. CDCs are exceptionally stronger c-donors than NHCs and CAACs, and
are m-donating instead of m-accepting.!> Owing to their unique electronic properties CDCs have
been shown to activate small molecules via a 1,2-addition reaction,'® however, NHCs and CAACs
proceed by 1,1 addition pathways.!”*! While the coordination chemistry of NHCs and CAACs to

6, 22-24

main group elements is well known, there are only a handful of reports which employ

carbones.?>?’ Due to our group’s interest in studying the coordination chemistry of alkaline earth

29-31

metals and their potential to activate chemical bonds, we recently synthesized the first

examples of CDC s-block complexes and demonstrated that a heteroleptic (CDC)BeCI[N(SiMes3)2]

complex undergoes a formal C—H bond activation to form a five-membered beryllacycle (Figure

3,29, 32-34 3, 34-39

1D).? While several examples exist for five- and six- membered N-containing
beryllacycles, there are currently no examples of ring expansion reactions involving beryllium

rings.
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Figure 1. (A) Beryllium-mediated C-N bond activation and ring expansion; (B) Synthesis of
molecular beryllium(0) complexes (R = methyl or cyclohexyl); (C) Beryllium(0) as a reducing
agent for the synthesis of the first carbene-bismuthinidene; (D) C—H activation and cyclization at
a beryllium center.

Herein, we report the synthesis, molecular structure, and computations of a new five-membered
beryllacycle (2). Compound 2 undergoes an unprecedented CAAC-mediated ring expansion
reaction to yield the six-membered beryllacycle 3. While diamidocarbenes have been shown to
facilitate the Biichner ring expansion of arenes,*’ this is the first example of CAAC promoting a
ring expansion reaction via activation of a Be-C bond. This behavior is in contrast to that of an
NHC ligand, sIPr (sIPr = 4,5-dimethyl-1,3-diisopropylimidazolin-2-ylidene), which readily

coordinated to the beryllium center in 2 to form the tetrahedral compound 4.



Results and Discussion
Synthesis and Reactivity of Carbodicarbene Beryllacycle

Scheme 1. Beryllacycle Anion Exchange Reaction.
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NHC and CAAC do not react with compound 1 due to the larger steric bulk, therefore a solution
of compound 1 in a toluene/hexane mixture was treated with beryllium dichloride dietherate,
(Et20)2BeCly, and allowed to stir. This metathesis reaction formed BeCI[N(SiMes)2],*' which was
confirmed by °Be NMR (Figure S10). After two days, compound 2 was isolated as a yellow solid
in 76% yield. The "H NMR in C¢Ds showed two heptets at 5.58 ppm and 3.31 ppm, which were
shifted slightly from the starting material 1 (5.57 ppm and 3.36 ppm).?° Interestingly, the two
doublets (2.84 ppm and 2.79 ppm) attributed to the diastereotopic methylene protons on the carbon
atom adjacent to beryllium were shifted downfield from 1 (2.75 ppm and 2.60 ppm) and had
merged significantly (Figure S1).%° This can be explained by the less sterically demanding chloride
allowing for facile rotation of the N-heterocyclic carbene (NHC) moiety in compound 2 with
respect to 1, which is hindered by the bulky [N(SiMe3).]~ group. The '*C NMR showed a singlet
at 164.9 ppm which was attributed to the carbone carbon. This is consistent with our previously
reported CDC beryllium complexes (160.3-164.4 ppm).?’

Yellow block-shaped crystals of compound 2 suitable for X-ray diffraction were obtained from
a toluene/hexane mixture at —37 °C (Figure 2). The beryllium atom resides in a distorted trigonal
planar environment with two carbon—beryllium bonds [Be1-C3: 1.769(3) A and Bel-C1: 1.743(3)

A] and one beryllium—chloride bond [Bel1-Cl1: 1.916(2) A]. The C1-Bel bond in 2 [1.743(3) A]



is significantly shorter than that in 1 [1.796(5) A] suggesting a stronger “"*°"*C—Be interaction for
2. In support of this greater electronic contribution from the carbone to the beryllium, the C1-C2

bond distance in 2 [1.391(2) A] is longer than that in 1 [1.373(4) A].

Figure 2. Molecular structure of 2 (thermal ellipsoids at 50% probability; H atoms and non-
coordinating solvent omitted for clarity). Selected bond distances (A) and angles (deg): Be1-Cl1:
1.916(2); Bel-Cl1: 1.743(3); C1-C2: 1.391(2); C2-N1: 1.378(2); N1-C3: 1.471(2); Bel-C3:
1.769(3); C1-C13: 1.403(2). C1-Bel-C3: 101.01(14); C1-Bel-Cl1: 129.41(14); C3-Bel-Cl1:

129.56(14); C2—C1-C13: 125.28(15) C2—C1-Bel: 103.55(14).



Scheme 2. CAAC-Promoted Ring Expansion and NHC Coordination to Beryllium.
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Due to the open coordination site on compound 2, we were motivated to explore its coordination
chemistry with carbenes. In toluene, a solution of *>)CAAC was added to a stirring suspension of
2. Immediately upon addition, a yellow product formed in solution. After workup, compound 3
was isolated as a yellow solid in 84% yield. The 'H NMR showed two doublets at 2.98 and 2.25
ppm, attributed to diastereotopic methylene protons of the five-membered CAAC ring. This is in
contrast to a singlet at 1.71 ppm for free *2CAAC. Interestingly, two heptets at 4.96 and 4.79 ppm
for the methine protons of the diisopropylphenyl (Dipp) moiety suggest that the rotation of the
Dipp group is hindered by steric crowding.

Yellow rod-shaped crystals of 3 were obtained by slow evaporation of toluene. The structure
revealed that the ®2CAAC carbene carbon (C24) inserted into the Be1—C3 bond of 2 to form a six-
membered beryllacycle (Figure 3). The trigonal planar geometry surrounding the beryllium is

significantly less distorted than 2 with a C1-Bel-C24 angle of 114.46(17)°, compared to



101.01(14)° for 2 (C1-Be1-C3). The Be1-C1 bond (1.754(3) A) is longer than that of 2, indicating
less electron donation from *"°C to Be. While CAAC has been shown to insert into d-block
metal—carbon bonds,*** this is the first example where CAAC inserts into an s-block metal—

carbon bond.

Figure 3. Molecular structure of 3 (thermal ellipsoids at 50% probability; H atoms omitted for
clarity). Selected bond distances (A) and angles (deg): Bel—-Cl1: 1.973(3); Be1-C1: 1.754(3); C1—
C2: 1.387(3); C2-N1: 1.392(2); N1-C3: 1.467(2); C3—C24: 1.531(3); Bel-C24: 1.791(3); C1-
C13: 1.428(3). C1-Bel-C24: 114.46(17); C1-Bel-Cl1: 119.13(16); C24-Bel-Cl1: 126.13(16);
C2-C1-C13: 118.63(17); C2—C1-Bel: 115.70(18).

We considered that the carbene insertion into the Be1-C1 bond of compound 2 might be related
to the enhanced electrophilicity of ®2CAAC. Therefore, we reacted 2 with sIPr, a traditional NHC.
A solution of sIPr was added to a stirring suspension of 2 in toluene. Immediately upon addition,
a yellow product formed in solution. After workup, compound 4 was isolated as a yellow solid in
86% vyield. The peaks in the 'H NMR of compound 4 in CsDs were broadened significantly,
therefore, the '"H NMR spectrum was obtained in CD>Cl,. Two heptets at 5.35 and 3.77 ppm are

attributed to the methine protons of the isopropyl groups on the CDC moiety. A heptet at 5.16 ppm



was attributed to the methine protons of the isopropyl groups for a coordinated sIPr ligand. The
13C NMR revealed a peak at 181.5 ppm was attributed to the carbene carbon of the coordinated
sIPr, which is comparable to the tetrahedral [(sIMe);BeCl]Cl (sIMe = 1,3-dimethylimidazolin-2-
ylidene) and [BeClx(I'Pr)2] (I'Pr = 1,3-diisopropylimidazolin-2-ylidene) (174.9 and 176.6 ppm,
respectively).*4

Yellow rod-shaped crystals of 4 were obtained by slow evaporation of a toluene/hexane mixture
(Figure 4). The structure features a beryllium atom in a distorted tetrahedral geometry, with the
C1-Bel-C3 angle (94.65(17)°) being the largest deviation from 109.5°. The *"°C—Be bond of
4 is 1.862(4) A, which is significantly longer than those of the beryllacycles 1-3. In support of this
significantly elongated “****C-Be dative bond, the allenic bond lengths C1-C2 and C1-C13
(1.387(3) A and 1.373(4) A, respectively) are in agreement with greater <™"C to cabeneC g
donation. The Bel-Cll bond distance is 2.084(3) A, which is close to 2.091 A for
[(sMe);BeCl]CL* The C24-Bel bond distance in 4 (1.856(4) A) is the longest reported “*°"°C—
Be bond to date, while previously reported “****C—Be bonds are within the range of 1.765-1.822

A.23

Figure 4. Molecular structure of 4 (thermal ellipsoids at 50% probability; H atoms omitted for

clarity). Selected bond distances (A) and angles (deg): Bel—CI1: 2.084(3); Bel-C24: 1.856(4);



Bel-Cl1: 1.862(4); C1-C2: 1.387(3); C2-N1: 1.361(3); N1-C3: 1.474(3); Be1-C3: 1.833(4); C1-
C13:1.373(3). C1-Bel—C3: 94.65(17); C1-Bel—-Cl1: 106.38(15); C3—Bel-Cl1: 106.89(16); C3—
Bel—-C24: 113.08(18); C24-Bel-Cl: 118.46(19); C24-Bel-Cll: 115.07(16); C2-C1-C13:
125.3(2).

Compounds 2—4 were also analyzed by infrared spectroscopy (Figures S11-S13). Broad bands
representative of the allene asymmetric stretching frequency were observed at 1548 cm™ and 1541
cm’! for compounds 2 and 4, which is only slightly less than 1552 cm™! for compound 1.2° A broad
band at 1518 cm™! was assigned to the allene asymmetric stretching mode for compound 3. This
shift to lower wavenumbers is a result of decreased ring strain. It is noteworthy that these trends
were reproduced by calculations at the B3LYP-D3(BJ)/def2-TZVP level of theory (Figure S14).

The °Be NMR data were obtained for the tricoordinate compounds 2 and 3, as well as the
tetracoordinate compound 4. These gave resonances at 18.2, 14.0, and 5.3 ppm, respectively. The
“Be NMR spectra for compounds 2 and 3 show broad signals, which are consistent with reported
tricoordinate beryllium complexes.!™ 2344 The “Be NMR signal for compound 4 falls within the
range of known tetrahedral beryllium compounds (0.8-5.5 ppm),3% 48 and is notably sharper than
the tricoordinate complexes 2 and 3. This broadening is attributed to the quadripolar coupling
effect associated with the anisotropic *Be nuclei, which is expected to be zero for perfectly
symmetric tetrahedral beryllium complexes.*® Distortion from this ideal geometry or lower
coordination numbers results in broadened chemical shifts.

Theoretical Analysis

A theoretical exploration of the mechanism for the ring expansion of 2 with both CAAC

(observed) and NHC (unobserved) was carried out. Model NHC and CAAC ligands with N-Me
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substituents (labelled M*NHC and MSCAAC, Figure 5) were utilized for computational efficiency,
which has been demonstrated to yield equivalent results to bulky substituents.*->

The expected difference in reactivity between NHC and CAAC is shown in the reaction energy
profile for the ring expansion reaction (RER) of 2 (Figure 5). Initial adduct formation is favorable
between 2 and both M*NHC 4 and M°CAAC 5 (AG = -24.5 and -33.2 kJ mol™, respectively).
However, the barrier for Be—C bond activation with MNHC TS1nuc is 199.1 kJ mol!, which was
inaccessible under the given experimental conditions. Moreover, the ring expanded product with
MeNHC is 58.3 kJ mol ™! higher in free energy relative to the free reactants (2 and M*NHC). Clearly,
RER of 2 by NHC is both kinetically and thermodynamically unfavorable, which is consistent with
the lack of observed RER with NHC. In contrast, with MCAAC the TS1caac barrier for Be-C
bond activation is low (14.0 kJ mol"), which readily leads to the thermodynamically favorable

ring expanded product 3 (-40.9 kJ mol'). The low barrier is consistent with non-forcing

experimental conditions for the reaction to produce 3.
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Figure 5. Ring expansion pathway for 2 with MNHC and M*CAAC. Calculated relative free
energies (AG, kJ mol!) at the B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP (SMD,
toluene) level of theory.

Consideration of the molecular and electronic structure provides further insight into the observed
reactivity. The B3LYP-D3(BJ)/def2-SVP (SMD, toluene) optimized geometries are consistent
with the crystal structures, with C1-Bel bond distances of 1.801 A (1), 1.760 A (2), 1.751 A (3)
and 1.865 A (4). The shorter C1-Bel bond in 2 compared to 1 is reflected in the NBO Wiberg
bond index (WBI) values of 0.18 (1) and 0.20 (2). Quantum theory of atoms in molecules
(QTAIM) analysis also supports the stronger interaction in 2, with the electron density at the C1-
Bel bond critical point (BCP) being greater in 2 (0.073 e/A3) compared to 1 (0.069 e/A%). The
QTAIM charge on the carbone carbon is also higher in 2 (-0.54) than in 1 (-0.50), reflecting a
larger contribution from the carbone in 2 that is consistent with the analysis described above.

For compounds 1 and 2 the HOMO is a n-symmetric lone-pair centered on the carbone carbon

(Figure 6), which is suggestive of a dative “*®"°C—Be bonding interaction. The LUMO of 2 is

12



situated primarily on the NHC moiety of the CDC with sizable coefficients at the carbene C, which
suggests potential for m-accepting behavior on the carbene C, and is consistent with recent
experimental observations with CDC.'® The LUMO of 1 is calculated to be 0.17 eV higher in
energy than for 2 (Table 1), making 1 less electrophilic and less reactive towards the carbenes.
Indeed, both the electronic structure and the steric repulsion of the bulky N(SiMe3)> group opposes
the potential for reactivity of 1 with carbenes. Similarly, the lower energy LUMO of M*CAAC
compared to MNHC (Table 1) results in the interaction between 2 and M°CAAC being more

favorable, as expected.

« [ Formatted: Line spacing: single

[Formatted: Line spacing: 1.5 lines

Figure 6. Plots of HOMO and LUMO of 1 (a) and 2 (b).
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Table 1. B3LYP-D3(BJ)/def2-SVP (toluene) calculated MO energies_and HOMO-LUMO gap

(eV). and vertical singlet-triplet gap (kcal/mol).

Compound HOMO LUMO m AEst
NHCMe -6.07 0.42 6.49 93.1
CAACMe -5.35 0.11 5.25 56.6
CDC -4.32 -0.42 3.91 65.2
1 -4.62 -1.00 3.62 60.3
2 -4.87 -1.17 3.70 473
3 -4.09 -1.26 2.83 455
5 == e — e e =L
6 -4.15 -1.25 2.90 459

It is instructive to compare the nature of the carbene adducts, 4 (NHC) and 5 (CAAC), to explore

why the RER is observed for 5 but not for 4. While the HOMO and LUMO energies of both

carbene adducts are similar in character, both the HOMO-LUMO gap and AEsr are larger in 4,

providing greater electronic stability in 4 compared to 5. EDA and ETS-NOCYV analysis of 4 and

5 highlights the interaction between the carbene and the beryllacycle (Table 2). The bonding

interaction in both 4 and 5 is well-described by a dative bonding model, with 63-65% electrostatic

character and 36% orbital character. The interaction energy of the carbene, AEiy, is greater in 4

(NHC), which largely arises from reduced Pauli repulsion (AEpauii). ETS-NOCYV analysis indicates

that the dominant pairwise orbital interaction Ap; arises from c-donation from the carbene C to

the Be atom, as illustrated in Figure 7. Back-donation to the empty pn orbital of the carbene C

atom (Ap») is significantly weaker in energy.

Table 2. EDA analysis of carbene adducts 4 and 5, and transition state structures TS1 (kcal/mol).
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transition state structures TS1 (kcal/mol).

4 (NHC) 5 (CAAQ) TS1anuc TS1b.caac « [ Formatted Table
AEint -40.1 -36.2 -35.3 -36.6 D [Formatted: Tab stops: 1 cm, Decimal aligned
AEpaui 94.8 105.7 321.7 2753 < [Formatted: Tab stops: 1 cm, Decimal aligned
AEelec? -86.2 (63.9) -90.4 (63.7) -192.5 (53.9) -172.2 (55.2) « [Formatted: Tab stops: 1 cm, Decimal aligned
AEoib? -48.7 (36.1) -51.5(36.3) -164.4 (46.1) -139.6 (44.8) “ [Formatted: Tab stops: 1 cm, Decimal aligned
AE1 (6)° -31.4 (64.6) -32.8(63.7) -131.0 (79.7) -103.6 (74.2) « [Formatted: Tab stops: 1 cm, Decimal aligned
AE> (Tc)b -3.69 (7.6) -4.61 (9.0) -19.9 (12.1) -21.6 (15.5) “ [Formatted: Tab stops: 1 cm, Decimal aligned

# Values in parentheses give the percentage contribution to the attractive interactions, AEeiec +

AEqm. ® Values in parentheses give the percentage contribution to the orbital interaction, AEom.

(@)

Ap1, AE1=-32.8 kcal/mol  Apa, AE> =-4.61 kcal/mol

(b)
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Ap1, AE1 =-103.6 kcal/mol  Apa, AE; = -21.6 kcal/mol

Figure 7. Plots of the deformation densities of the interactions for the pair-wise orbital interactions

of the two strongest orbital interactions with the associated interaction energies for (a) compound

5 (interaction between MCCAAC and 2), and (b) TS1caach. Charge flow is from red to blue. ( Formatted: Subscript

Conclusion

We have synthesized a tricoordinate beryllacycle with a terminal chloride (2) and explored its
reactivity with carbenes. While sIPr coordinated to Be to give a tetrahedral beryllium complex (4),
E2CAAC inserted into a beryllium—carbon bond to form a ring expanded product (3). This
represents the first example of CAAC promoting a ring expansion reaction. DFT calculations on
the transition states for CAAC (14.0 KJ mol™!) and NHC (199.1 kJ mol!) insertion corroborate the
experimental data. In addition, the HOMO-LUMO gap for the NHC adduct 4 was found to be

larger than that of a CAAC adduct. These results highlight a new bond activation event involving

16



beryllium and the first example of a beryllium ring expansion reaction, which contributes to a
better understanding of s-block CDC chemistry.

Experimental Section

General Considerations. All manipulations were carried out under an atmosphere of purified
argon using standard Schlenk techniques or in a MBRAUN LABmaster glovebox equipped with
a =37 °C freezer. All solvents were distilled over sodium/benzophenone or calcium hydride.
Glassware was oven-dried at 190 °C overnight. The NMR spectra were recorded at room
temperature on a Varian Inova 500 MHz ('H: 500.13 MHz), a Bruker Avance 600 MHz
spectrometer ('H: 600.13 MHz, *C: 150.90 MHz, and °Be: 84.28 MHz). 'H and '3C chemical
shifts are reported in ppm and are referenced using the residual proton and carbon signals of the
deuterated solvent ('H; CeDs, & 7.16, '3C; CsDs, & 128.06; 'H; CD2Cl, § 5.32, 13C; CD2Cl, &
53.84). All °Be NMR spectra were referenced to the reported diethyl ether beryllium dichloride
(Et20)2BeCl, § 1.15.4! Reference samples were sealed in a capillary tube and placed in the NMR
sample tube. IR spectra were recorded on an Agilent Cary 630 FT-IR equipped with a diamond
ATR unit in an argon filled glovebox. Single crystal X-ray diffraction data were collected on a
Bruker Kappa APEXII Duo diffractometer running the APEX3 software suite using the Mo Ka
fine-focus sealed tube (A = 0.71073 A) for 2 and 3, and an Incoatec Microfocus IuS source (Cu
Ko, A = 1.54178 A) for 4. The structures were solved and refined using the Bruker SHELXTL
Software Package within OLEX2.°!"* Non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed in geometrically calculated positions with Uiso = 1.2Uequiv of the
parent atom (Uiso = 1.5Uequiv for methyl). In compound 2, the toluene solvent molecule that was
located on a crystallographic inversion center was modeled at half-occupancy with a PART-1

command. The crystal data is summarized in Table S1. -Deuterated solvents were purchased from

17



Acros Organics and Cambridge Isotope Laboratories dried the same way as their protic analogues.
Due to the toxicity of the beryllium compounds no combustion analysis was performed. Instead,
purity was accessed by 'H, '*C, and °Be NMR. CAUTION! Beryllium and its compounds are
regarded as HIGHLY TOXIC and carcinogenic. Please adhere to protocols outlined in safety data
sheets including using a respirator/mask and working in a well-ventilated fume hood.

Synthesis of compound 2. To a 20 mL scintillation vial
(carbodicarbene)(hexamethyldisilazide)beryllacycle (1) (558 mg, 1.055 mmol) was stirred in dry
toluene (5 mL). A solution of (Et20)2BeCl» (132 mg, 0.633 mmol) in toluene was added to the
stirring solution. After filtration and drying in vacuo, compound 2 was isolated as an air- and
moisture-sensitive yellow solid (324 mg, 76% yield). Yellow block-shaped -(crystals suitable for
a single crystal X-Ray diffraction were obtained from a toluene/hexane mixture (5:1) at =37 °C.
"HNMR (500.13 MHz, C¢Ds, 298K) & 7.07 (m, 1H, Aryl), 7.02 (m, 2H, Aryl), 6.90 (m, 4H, Aryl),
6.52 (m, 1H, Aryl), 5.58 (hept, J =7.1 Hz, 1H, N-CH(CHs)2), 3.31 (hept, J =7.1 Hz, 1H, N-
CH(CHa)2), 2.85 (d, /=15 Hz, 1H, N-CHH-Be), 2.78 (d, /=15 Hz, 1H, N-CHH-Be), 2.59 (s, 3H,
N-CHs), 1.82 (d, J =7.1 Hz, 3H, CH(CH:)2), 1.09 (d, J=7.0 Hz, 3H, CH(CH3)2), 0.99 (d, J =7.1
Hz, 3H, CH(CH3)2), 0.74 (d,J=7.0 Hz, 3H, CH(CHs)2). *C NMR (151 MHz, C¢Ds, 298K) & 164.9
(Carbone), 159.1, 137.7, 133.5, 132.9, 130.9, 122.3, 122.1, 121.8, 118.9, 111.3, 110.1, 108.9,
108.1, 49.5, 48.9, 31.8, 31.2, 20.8, 20.5, 19.7, 18.9. °Be NMR (84.28 MHz, ;CsDs, 298K) & 18.2.
m.p.: decomposed at 174 °C.

Synthesis of compound 3. A suspension of compound 2 (50 mg, 0.124 mmol) in dry toluene (5
mL). A solution of B2CAAC (39 mg, 0.124 mmol) in dry toluene (5 mL) was added to the stirring
suspension. Upon addition, a yellow product went into solution. The reaction mixture was stirred

for 15 minutes. After filtering, drying in vacuo and triturating with hexanes, compound 3 was
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obtained as an air- and moisture-sensitive yellow solid (75 mg, 84-% yield). Yellow block-shaped
crystals suitable for X-ray diffraction were obtained from a saturated toluene solution at room
temperature. 'H NMR (500.13 MHz, C¢Ds, 298K) § 7.44 (m, 1H, Aryl), 7.29 (m, 4H, Aryl), 7.01
(m, 1H, Aryl), 6.90 (m, 2H, Aryl), 6.80 (m, 1H, Aryl), 6.72 (m, 1H, Aryl), 6.53 (m, 1H, Aryl),
5.73 (hept, J=6.7 Hz, |H, N-CH(CH3)2), 4.96 (hept, J= 6.7 Hz, 1H, Dipp-CH(CHs)2), 4.79 (hept,
J=6.4 Hz, 1H, Dipp-CH(CH3)»), 4.55 (d, J=12.6 Hz, 1H, N-CHH-CR2Be), 3.52 (d, /= 12.6 Hz,
1H, N-CHH-CR2Be), 3.10 (hept, J= 6.7 Hz, 1H, N-CH(CH3)2), 2.98 (d, /= 13.1 Hz, 1H, EbRC—
CHH-CNMe»), 2.73 (m, 1H, R.C(CHH-CHj3)2), 2.25 (d, J = 13.1 Hz, 1H, EtRC-CHH-CNMe,),
2.19 (m, 1H, R.C(CHH-CHjs)2), 2.07 (m, 1H, R:C(CHH-CH3)2), 1.99 (m, 1H, R.C(CHH-CHa)2),
1.97 (d,,J=6.9 Hz, 3H, CH(CH:)2), 1.73 (s, 3H, RoC(CHs)2), 1.56 (d, J= 6.7 Hz, 3H, CH(CH3)>),
1.52 (d, J=6.7 Hz, 3H, CH(CH3)2), 1.47 (d, J= 6.5 Hz, 3H, CH(CH3)2), 1.39 (s, 3H, R2C(CH:)2),
1.15 (t,J=17.5 Hz, 3H, R.C(CH>—CHs)2), 1.10 (d, /= 6.9 Hz, 3H, CH(CH3)2), 0.98 (d, /= 7.0 Hz,
3H, CH(CHs)2), 0.87 (d, J = 6.8 Hz, 3H, CH(CH:)2), 0.74 (t, J = 7.5 Hz, 3H, R2C(CH—CH:)z2),
0.64 (d, J = 7.0 Hz, 3H, CH(CH3)2). *C NMR (151 MHz, C¢Ds) 3 161.6 (carbone), 157.6, 154.8,
154.4, 141.0, 136.2, 133.1, 131.6, 130.7, 126.0, 124.6, 124.5, 123.1, 122.8, 122.0, 120.0, 112.5,
110.1,109.4, 108.4, 74.3,59.9, 52.0, 51.1, 51.0, 49.0, 48.6, 31.5, 31.1, 31.0, 30.4, 28.2, 27.7, 27 4,
27.0,24.7,23.7,22.8,22.7,19.6, 19.5,19.4, 10.2, 9.6. "Be NMR (84.28 MHz, CsDs, 298K) & 14.0.
m.p.: 179-180 °C.

Synthesis of compound 4. Compound 2 (50 mg, 0.124 mmol) was suspended in dry toluene (5
mL) and stirred vigorously. A dry toluene (5 mL) solution of sIPr (22.3 mg, 0.124 mmol) was
added to the stirring suspension Upon addition, a yellow product went into solution. After drying
the filtrate in vacuo, compound 4 was isolated as an air- and moisture-sensitive yellow solid (68

mg, 94% yield). Yellow crystals suitable for X-ray diffraction were obtained from a toluene
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mixture at —37 °C prior to purification. 'H NMR (500.13 MHz, CD>Cl>, 298K) & 7.36 (m, 1H,
Aryl), 7.20 (m, 5H, Aryl), 7.04 (m, 2H, Aryl), 6.91 (m, 1H, Aryl), 5.37 (hept, J= 6.5 Hz, 1H, N-
CH(CHa)2), 5.22 (hept, J = 6.8 Hz, 1H, N-CH(CH3)2), 3.78 (hept, J = 6.7 Hz, 1H, N-CH(CHs)2),
3.42 (s, 3H, N-CH3), 2.36 (s, 2H, N-CH>-Be), 2.18 (s, 6H, C(backbone)-CHs), 1.64 (d, J=7.0
Hz, 2H, N-CH(CH3)2), 1.41 (d,J="7.0 Hz, 2H, N-CH(CH3)2), 1.28 (m, 12H, (sIPr-N—CH(CH3),),
1.24 (d, J = 7.1 Hz, 2H, N-CH(CH:),), 1.20 (d, J = 6.4 Hz, 2H, N-CH(CH;)2). 3C NMR (151
MHz, Cs¢Ds, 333K) & 181.5(carbene), 162.8(carbone), 138.8, 135.3, 123.8, 121.5, 121.1, 120.4,
118.5, 109.6, 108.0, 49.1, 35.7, 22.0, 20.6, 20.3, 19.6, 19.2, 9.8. °Be NMR (84.28 MHz, C¢Ds,
333K) 6 5.3. m.p.: decomposes at 165 °C, further melts at 192-196 °C.

Theoretical Calculations. All calculations were performed using Gaussian 16 revision A.035%
unless noted. Geometry optimisations were performed using the B3LYP density functional® and
the def2-SVP3® basis set inclusive of solvent effects using the polarisable continuum model (IEF-
PCM) with Truhlar’s SMD model with parameters for toluene (¢ = 2.3741).%7 Grimme’s D3
dispersion with Becke-Johnson damping was included, labelled D3(BJ).’® Harmonic vibrational
frequencies were computed analytically at the same level of theory in order to characterise the
stationary points as minima or transition states (TSs). For all TSs, intrinsic reaction coordinate
(IRC) calculations were carried out to ensure connectivity between the local minima along the
reaction path. Vibrational frequencies were also utilised to determine corresponding
thermochemical data (within the harmonic limit and determined at 1 atm and 298 K)). NPA analysis
was performed using NBO 6.0 integrated within Gaussian 16.% In order to provide more accurate
energetics, single-point calculations at the optimised geometries were performed at the B3LYP-
D3(BJ) level of theory with a def2-TZVPP basis set, inclusive of solvent effects using the

polarisable continuum model (IEF-PCM) with Truhlar’s SMD model with parameters for Toluene.
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Reported free energies were determined by adding the thermal corrections determined at the
B3LYP-D3(BJ)/def2-SVP level of theory to the B3LYP-D3(BJ)/def2-TZVPP solvent-corrected
single point energies, which is labelled B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP
(SMD, toluene).
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A five-membered carbodicarbene beryllium complex has been synthesized and shows divergent
reactivity with N-heterocyclic carbene and cyclic(alkyl)(amino) carbene. Notably, CAAC

activates a beryllium-carbon bond and promotes the first ring expansion reaction of a beryllacycle.
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