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ABSTRACT: Azomethine ylides are typically transient synthons, heavily used in constructing N-heterocycles by dipolar cycloaddi-

tion reactions. We report here a pyridyl-tethered isolable azomethine ylide (AY) that unprecedentedly acts as a Frustrated Lewis Pair 

(FLP) in activating a series of H−E bonds (E = B, Si, Al, O). The reactions are thoroughly probed mechanistically by the aid of DFT 

calculations and each case appears to be distinct from the rest. While the HBpin activation follows a stepwise mechanism, the same 

of PhSiH3 has a concerted route. The AlH3 activation is also stepwise but takes place across the 1,5-(C+/N−) dipole involving the 

pyridyl-N. The H2O activation is better fitted with a ‘relay’ mechanism with two H2O molecules rather than one to interact with AY. 

The B−B bond of B2pin2 is also cleaved but in an intriguingly different way, by an oxidative addition at a carbene center formed in 

situ through a 1,3-(C+ to C−) H+ shift. Though the imperative H2 activation fails, a transfer hydrogenation by NH3•BH3 is achieved 

readily and mechanistically elucidated as a stepwise process. The AY also undergoes FLP-like cycloadditions with various dipolaro-

philes, among which the addition of CS2 but not of CO2 is alluring and counter-intuitive. DFT analysis again justifies this dichotomy 

by showing the addition of CS2 as thermodynamically favored but of CO2 as disfavored, mostly due to the larger ring strain in the 

cycloaddition product in the CO2 case. 

Introduction 

Stephan’s report on the metal-free and reversible activation 

of H2 in 20061 by a so called “frustrated Lewis pair” (FLP) has 

truly revolutionized the chemistry of main group elements, par-

ticularly in the quest for drawing transition metal-like behavior 

from them.2 As the name suggests, a FLP consists of a Lewis 

acid and a Lewis base, intra- or intermolecularly, that are steri-

cally denied from a bonding interaction between them (Figure 

1). Due to this restraint, their unsatisfied Lewis characters can 

synergistically split or trap a new molecule. This innovative 

strategy has been a hot topic for the p-block in activating and 

catalytically sequestering strong bonds and small molecules, 

which is otherwise challenging and typically the forte of transi-

tion metals.3 Such processes are also well-inspected mechanis-

tically, especially by DFT calculation.4 Interestingly, seemingly 

robust Lewis adducts can also exhibit FLP-like nature, likely by 

transiently disengaging their acidic and basic sites.5  

Among the metal-free FLPs, the major choices are boron and 

phosphorus-centered acids and bases, respectively, while other 

donors (N, C, O, S) and acceptors (C, Si, P(V)) have also 

emerged in expanding and tuning this new chemistry frontier.6 

In this regard, ambiphilic and valence-unsaturated carbenes, es-

pecially Bertrand’s (alkyl)(amino)carbenes, are intriguing cases 

of purely C-centered FLPs, where singlet carbene centers act as 

both the Lewis acidic and basic sites (Figure 1).7 They are also 

able to activate a series of strong bonds and small molecules 

including the difficult H2, but in mostly stoichiometric fashion.8  

 

Figure 1. Schematic diagrams of a FLP (top) and a cyclic(al-

kyl)(amino)carbene (bottom) and bond activations by them. 

On a separate note, we have recently shown that a barrelene-

derived azomethine ylide (AY) with a pyridyl arm isomerizes 

to a cyclic(amino)(barrelene)carbene by a 1,3-H+ shift at 60 ⁰C 

driven by a CuCl (Figure 2).9 Without CuCl, AY isomerizes to 

its aziridine form at 80 ⁰C (Figure 2).9 Conceptually, the 1,3-

dipolar AY can be considered as another purely C-centered FLP 

while the aziridine as its ‘satisfied’ version. One can also imag-

ine AY as an ‘outstretched carbene’, where the single site am-

biphilicity is decoupled over two different carbons separated by 

an iminium-N. In fact, the cycloadditions of azomethine ylides 

with dipolarophiles, the prime uses of these synthons,10 can be 

viewed as FLPs (the azomethine ylides) activating small mole-

cules (dipolarophiles). Notably, azomethine ylides are mostly 
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transient in nature, often generated in situ under the cycloaddi-

tion reaction conditions. Their isolated variants like the present 

case are rare and stabilized by delocalizing the charges.11 

  

Figure 2. (top): An azomethine ylide (AY) and its isomerization 

into an aziridine and a carbene-CuCl complex;9 (bottom): the FLP 

nature of AY (this work). 

Given the decent kinetic stability of AY and sensing a poten-

tial FLP relation, we report here its truly FLP-styled activations 

of E−H (E = B, Al, Si, O) and B−B bonds, unprecedented for 

this organic class. In addition, though the difficult H2 activation 

fails, AY is a transfer hydrogenated by NH3•BH3 under a mild 

condition. The activation mechanisms are probed by DFT anal-

ysis, where each reaction proves to follow a distinct route than 

the rest. Furthermore, AY distinguishes between CO2 and CS2 

counter-intuitively by staying inert to the former but easily cy-

cloadding the latter, which is again validated by DFT analysis. 

Of note, FLPs are well explored in trapping and functionalizing 

the greenhouse gas CO2.
12 CS2 is also an environmental pollu-

tant as well as synthetically important, but a similar FLP treat-

ment is less explored13 and trapping by an azomethine ylide is 

unprecedented to the best of our knowledge. Lastly, AY also 

undergoes typical 1,3-dipolar cycloadditions with a bunch of 

other dipolarophiles. 

Results and Discussion 

E-H (E = B, Si, Al, O) and B-B bond activations  

AY readily cleavages the H−B bond of HBpin to give 1 at 

room temperature (Scheme 1) as a colorless solid, confirmed by 

X-ray crystallography (Figure 3) and supported by NMR 

chemical shifts. The three-coordinate boron is evident from its 
11B chemical shift at 20.1 ppm. DFT calculations show the fron-

tier molecular orbitals of AY spread over its 1,3-dipole with the 

HOMO-LUMO energy gap of 3.3 eV (Figure S74). The Fukui 

function analysis (see SI) marks Cpico as the most nucleophilic 

site. DFT analyses suggest not a concerted but a stepwise route 

for this H−B bond cleavage, where the Cpico first makes a bond 

with the Lewis acidic boron of HBpin to give a zwitterionic in-

termediate (Int) that delivers the hydride onto the Cpyrro (Figure 

4). The H transfer step is the rate determining step with an en-

ergy barrier of 20.5 kcal/mol, while 1 gets a net stability of 19.3 

kcal/mol. To check if the pyridyl moiety is critical, a modified 

pyrrolinium salt [2]Br is made by replacing the pyridyl with an 

aryl group. Its following deprotonation gives a new azomethine 

ylide 3, but that is far less stable than AY and is converted to 

the aziridine 4 at room temperature within 6 h (Scheme 1). Yet, 

an in situ formed 3 reacts readily with HBpin also by a similar 

H−B bond activation to give 5 as evident from NMR spectros-

copy and high-resolution mass spectrometry. Hence, the HBpin 

activation looks possible even without the pyridyl sidearm. This 

is also validated by computation that shows no potential inter-

action between AY-Npy and the Bpin moiety at any point of the 

reaction. A stable Lewis pair B(C6F5)3/DABCO cleaves HBpin 

to give [(DABCO)Bpin]+[HB(C6F5)3]
−.14 AY with non-hydridic 

and stronger Lewis acidic boranes like BF3 and B(C6F5)3 give 

stable zwitterionic borates 6 and 7 (Scheme 1) that resemble the 

proposed Int in the HBpin case. Borane adducts of carbenes and 

a phosphorus ylide are known.15 An attempt to deprotonate 6 

and 7 by KHMDS gives no isolable product in either case.  

The H−Si bond cleavage of PhSiH3 is also accomplished at 

room temperature to give 8 (Scheme 1) as a light-yellow oil. 

But the reaction is slower than HBpin activation and takes 

nearly 10 h to complete. Though the oily nature forbids an X-

ray characterization of 8, its NMR spectroscopic data agree well 

with the given bond connectivity. The two diastereotopic -SiH2 

protons appear as two doublets of doublets at 5.24 (2JHH = 6.8 

Hz and 3JHH = 2.4 Hz) and 5.08 (2JHH = 6.8 Hz and 3JHH = 2.8 

Hz) ppm, respectively. The corresponding 29Si resonance ap-

pears at −31.7 ppm (1JSi-H = 173 Hz). Interestingly, unlike the 

HBpin case, DFT analysis suggests a concerted route for the 

H−Si bond activation to give 8 (Figure 4). The difference likely 

arises from the more prominent Lewis acidic nature of HBpin 

than PhSiH3 due to the availability of an empty 2p orbital on 

boron that can readily interact with Cpico. In the case of PhSiH3, 

the NBO analysis (Table S4 and S5) of the TSHSi shows a sim-

ultaneous involvement of the  and * of the H−Si bond. The 

corresponding energy barrier (24.4 kcal/mol) is roughly 4 

kcal/mol higher than the H transfer (20.5 kcal/mol) in the HBpin 

case, which justifies the relatively sluggish activation of the 

H−Si bond. Cyclic(alkyl)(amino)carbenes (CAACs) cleave the 

same H−B and H−Si bonds within similar timelines as shown 

by AY.8c, 16 Notably, (Mes)2PCH2CH2B(C6F5)2 (Mes = 2,4,6-

Me3-C6H2), an intramolecular FLP, activates PhSiH3 reversi-

bly.17 

Scheme 1. Reactivity of AY towards HBpin, BX3 (X = F, C6F5), PhSiH3, AlH3(NMe2Et), H2O, PhCH2OH, MeI, B2pin2, H2, and 

BH3•NH3. Individual reactions are differently color-coded. 
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Figure 3. DIAMOND-rendered molecular structures of 1 (left) and 9 (right). Relevant ellipsoids are drawn at 50% probability level. The 

rest of the skeletons are depicted by wires. Only the relevant hydrogen atoms are shown. The phenyl ring on the pyridyl moiety is slightly 

disordered in 1 and is not shown explicitly. Selected bond lengths (Å): 9: N1-Al 2.0206(11), N2-Al 1.8899(12). 

 

Figure 4. DFT-proposed mechanisms for HBpin and PhSiH3 activations by AY (top) and the corresponding energy profile diagrams calcu-

lated at B3LYP-D3(BJ)/B2//B3LYP-D3(BJ)/B1 level of theory using benzene as an implicit solvent (SMD model) (bottom). 

Interestingly, unlike the H−E (E = B, Si) bond activations, 

AY uses its 1,5-dipole instead of 1,3- to cleave the more polar 

H−Al bond of AlH3, giving 9 (Scheme 1) as a dark red solid as 

shown by X-ray crystallography (Figure 3). Apart from the two 

terminal hydrides, the four-coordinate tetrahedral Al is also 

bound to the pyrrolidine-N to produce a five-membered 
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metallacycle. The dearomatized picolyl moiety is clearly evi-

dent in the 1H NMR spectrum.18 The DFT-suggested mecha-

nism (Figure 5) shows the dearomatized picolyl-N to bind the 

AlH3 first to give an aluminate intermediate [AY•AlH3] that 

self-adjusts by bond rotations to go to a higher energy form 

[AY•AlH3]’ before transferring the Al−H onto the Cpyrro to give 

9. The net barrier for the Al-H transfer is 15.1 kcal/mol, while 

the product 9 is 47.2 kcal/mol more stable than the starting 

combination of AY and AlH3. A hypothetical H−Al activated 

product (9’) across the 1,3-dipole of AY is found to be 10.6 

kcal/mol less stable than 9. CAACs undergo 1,1-hydroalumina-

tion with AlH3 at the carbene, which could be reversible as sug-

gested by variable temperature NMR experiments.19 Though 

aluminum is being heavily explored as a Lewis acidic site in the 

FLP context,20 we are not aware of cleaving an alane molecule 

by a FLP in the manner noted here. 

 

Figure 5. Proposed mechanism for alane activation by the 1,5-dipole of AY (top) and the corresponding energy profile diagram calculated 

at B3LYP-D3(BJ)/B2//B3LYP-D3(BJ)/B1 level of theory using benzene as an implicit solvent (SMD model) (bottom). 

Metal-free FLPs are usually moisture-sensitive, binding a 

H2O molecule or splitting it into H+ and OH− across its Lewis 

basic and acidic sites, respectively.21 Despite the decent thermal 

stability, AY is moisture sensitive and rapidly splits a molecule 

of H2O to give 10 (Scheme 1).9 This seemingly straightforward 

hydrolysis shows an interesting mechanistic twist on probing by 

computation. Given the stoichiometry is 1:1, calculation con-

sidering one H2O molecule suggests path A (Figure 6), where 

two tandem deprotonations would first give a picolyl-CAAC in-

termediate (IntAY-1•H2O) and a new H2O molecule. The CAAC 

would then add that H2O in an oxidative addition fashion to give 

10.22 If this is true, AY and D2O (1:1) should result into H/D 

scrambling in CAAC(H)(OH) of 10. But it is experimentally not 

the case and thus route A can be ruled out. An alternative ‘relay 

mechanism’23 with two H2O molecules gives a markedly differ-

ent route B (Figure 6). There, protonating the Cpico by the water 

dimer gives a transient ion pair [pyrrolinium]+[H2O---HO]− (In-

tAY-2) that goes on to give 10 by planting the OH− to the Cpyrro. 

In that case, AY should split D2O into D+ on Cpico and OD− on 

Cpyrro without scrambling the Cpyrro-H. It is indeed noticed ex-

perimentally. B is also an overall lower energy (ΔG‡ = 19.7 kcal 

mol-1) pathway than A (ΔG‡ = 24.0 kcal mol-1). PhCH2OH is 

similarly cleaved by its O−H bond to give the ether 11 (Scheme 

1) as shown by NMR spectroscopy and verified by X-ray crys-

tallography (Figure S71; SI). Activating a single molecule of 

H2O by an intermolecular B/P-based FLP is computationally 

modelled.21d Another B/P-based intramolecular FLP cleaves a 

phenolic O−H reversibly.24  

MeI adds the Me+ to the Cpico of AY to give a new pyrrolinium 

salt 12 (Scheme 1), which again reflects Cpico as the most nucle-

ophilic site. A subsequent deprotonation of 12 could potentially 

lead to a methylated-AY, but the reaction with KHMDS fails to 

yield any clean species.  

AY also cleaves the homo-dinuclear B−B bond of B2pin2, but 

in an intriguingly different manner than the aforementioned 

cases to give 13 (Scheme 1) as a light-yellow powder. The re-

action is also slower than even the H−Si bond activation, taking 

four days to complete at 40 ⁰C. Surprisingly, some of the critical 
1H and 13C{1H} NMR chemical shifts in C6D6 at room temper-

ature are broad, which makes it difficult to identify 13 that read-

ily. But the spectra at −20 ⁰C in tol-d8 show sharp signals that 

suggest the depicted bond connectivity. The picolyl-CH2 give 

two signature diastereotopic doublets (2JHH = 15.0 Hz) at 5.30 

and 4.60 ppm, respectively. Only a single broad signal at 21.9 

ppm is noted in the 11B NMR spectrum. Though it is yet to be 

structurally proved, 13’s high-resolution mass spectrum at least 

verifies its composition. The mechanism seems to be alluring 

and needs more deliberation. A simplified schematic diagram is 

given in the SI (Figure S75). The 1,3-H+ shift from Cpyrro to Cpico 

is evident, which could convert Cpyrro into a CAAC that can ox-

idatively add B2pin2 to give 13. As noted in the CuCl-driven 

CAAC generation from AY by a similar 1,3-H+ switch,9 B2pin2 

also likely plays a critical role here in steering that H+ shift. Ox-

idative addition of B2pin2 at Me2CAAC is facile at room temper-

ature.8g 
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Figure 6. Computed hydrolysis routes of AY considering one and two molecules of H2O, respectively (top) and the corresponding energy 

profile diagrams calculated at B3LYP-D3(BJ)/B2//B3LYP-D3(BJ)/B1 level of theory using benzene as an implicit solvent (SMD model) 

(bottom).  

No H2 activation but transfer hydrogenation by 
NH3•BH3  

Unfortunately, AY fails to activate the imperative H2 (pH2 = 

1 bar) within 25-80 ⁰C before it isomerizes into the aziridine.9 

DFT analysis on a hypothetical H−H bond cleavage across the 

1,3-dipole of AY shows a concerted route similar to Si−H bond 

activation with an activation barrier of 29.7 kcal/mol (Figure 7). 

Though it seems not unachievable, poor solubility of H2 may 

defer the process. The limited thermal stability of AY is also an 

issue since heating beyond 80 ⁰C is not an option. Increasing 

the pH2 to 10 bar shows a complete conversion but only to an 

intractable mixture, from which the hydrogenated product is not 

identified. It should be noted that unlike the CAACs, the less 

ambiphilic imidazolidine-based NHCs (N-heterocyclic car-

benes) are inert towards H2.
8e   

The ammonia-borane adduct (NH3•BH3; AB) has emerged as 

a promising hydrogen storage material, acting as a convenient 

H2 surrogate in transfer hydrogenation reactions.25 FLPs includ-

ing carbenes are known to dehydrogenate AB.26 Some of them, 

but not the carbenes, can be catalytic. In this case, though the 

direct hydrogenation fails, AY is transfer hydrogenated by AB 

at room temperature to give the hydrogenated product 14 

(Scheme 1) as a yellowish semi-solid. It is also characterized by 

X-ray diffraction (Figure 7). DFT analysis shows a stepwise 

route (Figure 7), adding a N−H first to the Cpico followed by a 

B-H transfer to the Cpyrro. Like in the HBpin case, here also the 

H transfer step has the highest energy barrier of 19.9 kcal/mol 

that is ~10 kcal/mol lower than the hypothetical H−H bond 

cleavage (ΔG‡ = 29.7 kcal mol−1). Furthermore, the transfer hy-

drogenation reaction with AB is more exergonic (ΔG = −30.7 

kcal mol−1) compared to the direct hydrogenation (ΔG = −21.8 

kcal mol−1). Thus, the lower kinetic barrier, higher product sta-

bility, and the far better solubility of AB than H2 explain the 

facile nature of this transfer hydrogenation. 
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Figure 7. DFT-established mechanism (top) for the transfer hydrogenation of AY by NH3•BH3 and the corresponding energy profile diagram 

calculated at B3LYP-D3(BJ)/B2//B3LYP-D3(BJ)/B1 level of theory using benzene as an implicit solvent (SMD model) (bottom). Another 

computed energy profile for the hypothetical hydrogenation is also included in the same diagram. Inset: DIAMOND-rendered molecular 

structure of 14. Relevant ellipsoids are drawn at 50% probability level. The rest of the skeleton is depicted by wires. Only the relevant 

hydrogen atoms are shown.  

Reactivity with dipolarophiles including CX2 (X = 
O, S) 

Intriguingly, like in the H2 case, AY stays inert towards CO2 

(1 atm) before isomerizing to the aziridine above 80 ⁰C. But it 

swiftly reacts with CS2 by [3+2]-cycloaddition to give 15 

(Scheme 2) as seen by NMR spectroscopy. Curiously, 15 exists 

in its tautomeric form 15’ in the solid-state (Figure 8), where 

the Cpico−H proton migrates onto the pyridyl-N and interacts 

with the exocyclic S−. The existence of 15’ is not noticed though 

in solution even at −80 ⁰C as suggested by the 1H NMR spec-

trum in toluene-d8. Carbenes in comparison typically form zwit-

terionic adducts with both CO2 and CS2.
27  

  

Scheme 2. Reactivity of AY towards CX2 (X = O, S), dimethyl maleate, dimethyl but-2-ynedioate, benzophenone, phenyl 

isocyanate, and acetonitrile. 
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Figure 8. DIAMOND-rendered X-ray crystal structure of 15’. Rel-

evant ellipsoids are drawn at 50% probability level. The rest of the 

skeletons are depicted by wires. Only the relevant hydrogen atoms 

are shown. Selected bond lengths (Å): C1-S1 1.8810(16), C3-S1 

1.7538(17), C3-S2 1.7052(18), C2-C3 1.3853(24), S2---H2 

1.989(26). 

Since CO2 is more electrophilic than CS2,
28 this dichotomic 

reactivity is counter-intuitive but can be justified by DFT anal-

ysis (Figure 9). Gas-phase calculations indicate that the reaction 

with CS2 is favored thermodynamically by 5.8 kcal/mol but dis-

favored with CO2 by 8.8 kcal/mol. This is rationalized by de-

composing the reaction energies (Etot) of the cycloaddition 

products 15 and the hypothetical 15CO2 by distortion and inter-

action energies; i.e. Etot = Edist + Eint.29 Although bonding 

interactions stabilize the CO2 adduct, the strain arising from dis-

tortion of the reactants while going from reactant to product 

would destabilize it. Calculations show that the Eint for CO2 

(−162.6 kcal/mol) is expectedly higher than that for CS2 

(−129.3 kcal/mol). But the ring strain, as evident from the 

changes in bond angles and lengths on going from the isolated 

reactants to the product (Table 1), is more severe at the same 

time for CO2 (Edist = 157.2 kcal/mol) than for CS2 (Edist = 

109.0 kcal/mol). Hence, the net electronic energy gain for the 

cycloaddition of CO2 is −5.4 kcal mol−1, which is much less 

than that of CS2 (−20.3 kcal mol−1). We further note that the 

electronic stabilization gained by the cycloaddition of CO2 is 

insufficient to overcome the entropic penalty, which essentially 

disfavors the reaction thermodynamically. Whereas CS2’s en-

tropic penalty is well compensated by the sufficient electronic 

stability of its product 15. Furthermore, the tautomeric 15’ has 

an additional thermodynamic stability of 1.5 kcal/mol com-

pared to 15, that supports the former’s dominance in the solid 

state. A hypothetically tautomerized 15’CO2 in contrast is desta-

bilized by 3.2 kcal/mol from 15CO2 for the same strain factor. 

Calculations also show the CS2 insertion from above and below 

the AY’s 1,3-dipole has similar activation barriers (Figure S76). 

Thus, the two chiral centers in 15 should not be stereoselective 

and the tautomeric 15’ should exist as a racemic mixture upon 

annulling Cpico’s chirality. Indeed, the unit cell of 15’ has both 

the enantiomers present. The lack of stereoselectivity at the Cpico 

in all the above bond activation cases are also evident experi-

mentally. 

 

Figure 9. DFT-established mechanism (top) for the cycloaddition of CS2 with AY and the corresponding energy profile diagram calculated 

at B3LYP-D3(BJ)/B2//B3LYP-D3(BJ)/B1 level of theory (bottom). The hypothetical CO2 addition is also included in the same diagram.  

DFT analysis performed on a series of P/N-based FLPs 

shows that ring strain can influence the relative energy barriers 

for the cycloadditions of CO2 and CS2.
13a, 13b, 30 Importantly, 

from the reactant perspective, the bond dissociation energy of 

C=S (105.3 kcal/mol) is smaller than C=O (127.2 kcal/mol), 

which implies that the CS2 insertion might be easier.31 But the 

reversal of polarity of C=S in CS2 with respect to C=O in CO2 

might lead to electrostatic repulsion of FLPs from CS2 as op-

posed to attraction to CO2.
13a, 13b  

Apart from CS2, AY is shown to undergo 3+2-cycloadditions 

with a few other dipolarophiles to give a range of N-heterocy-

cles (Scheme 2). For example, dimethyl maleate gives the pyr-

rolidene 16 which is also confirmed by X-ray crystallography 

(Figure S72; SI). Like CS2, dimethyl but-2-ynedioate undergoes 

cycloaddition followed by tautomerization to give the 2-pyr-

roline 17, as indicated by the NMR spectroscopy. Benzophe-

none and phenyl isocyanate afford the oxazolidines 18 and 19, 

respectively. 18 is additionally recognized by X-ray 
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crystallography (Figure S73; SI). Acetonitrile also follows the 

sequence of cycloaddition-tautomerization to give the 2-imid-

azoline 20 as indicated by NMR spectroscopy. 

Table 1. Selective list of bond distances and angles associ-

ated with the cycloaddition of AY with CS2 and hypotheti-

cally with CO2. 

 ∠Cpyrr-N-Cpico ∠X-C-X C−Xendo Cpico−C Cpyrr−Xendo 

AY 129.8 - - - - 

CO2 - 180 1.17 - - 

CS2 - 180 1.56 - - 

AY•CO2 129.7 177.3 1.17 3.08 3.34 

AY•CS2 129.7 179.1 1.56 3.41 3.42 

15CO2 104.2 123.9 1.35 1.54 1.47 

15 110.8 126.8 1.73 1.55 1.93 

15’CO2 101.7 122.2 1.38 1.43 1.47 

15’ 108.4 120.0 1.78 1.41 1.90 

X = O, S; Xendo = X on the ring. 

 

Figure 10. Variations in Edis, Eint, Etot between the CO2 and 

CS2 inserted products.  

Conclusion 

In summary, azomethine ylide, a versatile synthon in organic 

chemistry, makes a debut as a metal-free intramolecular FLP by 

unprecedentedly cleaving various E−H (E = B, Si, Al, O) and 

B−B bonds apart from cycloadding several dipolarophiles. 

Even in the latter reaction type, the present ylide counter-intui-

tively favors CS2 but disfavors a CO2 insertion. Though the 

ylide fails to activate H2, a transfer hydrogenation by NH3•BH3 

is easily accomplished. The reaction mechanisms including a 

rationale for the alluring ‘CS2 vs. CO2’ selectivity are intensely 

probed by DFT calculations. Overall, the findings open up 

newer avenues for both azomethine ylides and FLPs. What is 

more fascinating is the fact that the activation mechanisms are 

quite diverse, which advocates a vast range of potential out-

reach of azomethine ylides as FLPs. This could prove to be a 

powerful tool for mimicking transition metal chemistry on a 

purely organic platform. We now focus on designing other 

azomethine ylides that can be more effective as FLPs and also 

on implementing this concept into catalytic processes. 

Experimental Section 

General methods and instrumentation. 

All experiments were carried out under dry and oxygen-free 

nitrogen using standard Schlenk techniques or in an argon-filled 

glove box (MBraun), unless otherwise mentioned. Prior to use, 

glassware were dried overnight at 130 °C and solvents were 

dried, distilled and degassed using standard methods and stored 

in activated 4 Å molecule sieve in the glove box. AY,9 cyclic 

imine precursor (A)32 and 2-iodobenzylbromide33 were pre-

pared following our previously reported literature procedure. 

All other reagents are available commercially. 1H, 13C{1H}, 11B, 
19F and 29Si NMR spectra were recorded either in Bruker spec-

trometer (Avance NEO or Avance III) operating at 500 MHz or 

JEOL (JNM ECZL-400S) operating at 400 MHz at ambient 

temperature. Structural assignments were made with additional 

information from gCOSY, gHSQC, and gDEPT. experiments. 

Mass spectrometric analyses were done on a Waters Spectrom-

eter. X-ray diffraction data were collected on either a Rigaku 

Synergy i xtalab diffractometer or a Bruker D8 diffractometer. 

All NMR spectra (Figure S1-S70), the summary of crystal data 

and structural refinements (Table S1-S2), and a summary of 

computational details are given in their respective sections. The 

crystallographic data for the structures reported in this article 

have been deposited at the Cambridge Crystallographic Data 

Centre, under the deposition numbers 2392878 (1), CCDC- 

2392879 (9), CCDC- 2392881 (11), CCDC- 2394619 (14), 

CCDC- 2392882 (15’), CCDC- 2392883 (16), and CCDC- 

2392884 (18). The data can be obtained free of charge via 

https://www.ccdc.cam.ac.uk/structures/. 

1: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. Another benzene solution of HBpin (0.031 g, 0.239 

mmol) was slowly added into it and the reaction mixture was 

stirred at room temperature for 1 h, during which the color 

changed to light yellow. All volatiles were then removed under 

reduced pressure, and the residue was washed with chilled hex-

ane. Drying the solid under high vacuum gave 1 as a colorless 

microcrystalline solid (0.107 g, 0.187 mmol, 82%). Colorless 

X-ray suitable crystals were grown from concentrated hexane 

solution at low temperatures. 

1H NMR (400 MHz, CDCl3)  8.06 (d, J = 7.0 Hz, 2H, Ar-

H), 7.74 – 7.64 (m, 2H, Ar-H), 7.58 – 7.54 (m, 1H, Ar-H), 7.48 

– 7.42 (m, 2H, Ar-H), 7.42 – 7.33 (m, 2H, Ar-H), 7.32 – 7.22 

(m, 3H, Ar-H), 7.03 – 6.93 (m, 4H, Ar-H), 6.47 (d, J = 5.8 Hz, 

1H, olefinic-CH), 5.13 (d, J = 5.8 Hz, 1H, olefinic-CH), 4.28 

(d, J = 10.3 Hz, 1H, N-CH2), 4.21 (d, J = 10.3 Hz, 1H, N-CH2), 

4.10 (s, 1H, CHB), 1.40 (s, 6H, CH3), 1.33 (s, 6H, CH3), 1.09 

(s, 6H, CH3). 
13C{1H} NMR (101 MHz, CDCl3)  165.2, 165.0, 

156.1, 148.1, 148.0, 147.3, 147.0, 140.0, 137.2, 128.7, 128.6, 

127.3, 124.4, 124.3, 124.2, 122.9, 122.8, 120.7, 120.2, 119.9, 

118.0, 83.9, 61.8, 59.3, 51.6, 46.6, 26.0, 25.3, 25.2, 22.4. 11B 

NMR (128 MHz, CDCl3)  20.03. HRMS-(m/z): [M+H] calc. 

for [C38H39BN2O2], 567.3183 found 567.3160. 

2[Br]: A 100 mL thick-walled and teflon-capped tube with a 

J. Young-styled valve on the side was charged with A (0.730 g, 

2.690 mmol), 2-Iodobenzyl bromide (0.798 g, 2.690 mmol), 

and 8 mL of CH3CN. The reaction was then heated to 50 ⁰C for 
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48 h under stirring conditions. All volatiles were then removed 

under reduced pressure to obtain a white residue, which was 

further washed with Et2O to afford 2[Br] (1.187 g, 2.090 mmol, 

85%) as a white solid. 

1H NMR (400 MHz, CDCl3)  11.53 (s, 1H, iminium-CH), 

7.99 – 7.90 (m, 3H, Ar-H), 7.83 (t, J = 7.7 Hz, 1H, Ar-H), 7.74 

(d, J = 7.4 Hz, 2H, Ar-H), 7.69 – 7.65 (m, 1H, Ar-H), 7.52 – 

7.47 (m, 3H, Ar-H), 7.32 – 7.25 (m, 3H, Ar-H), 6.96 (t, J = 7.5, 

2H, Ar-H), 6.84 (d, J = 5.9Hz, 1H, olefinic-CH), 6.72 (t, J = 

7.6Hz, 2H, Ar-H), 6.49 (s, 2H, benzyl-CH2), 5.26 (d, J = 5.9 Hz, 

1H, olefinic-CH), 1.50 (s, 6H, CH3).
13C{1H} NMR (101 MHz, 

DMSO-D6)  178.4, 153.1, 144.1, 143.0, 140.6, 133.9, 132.8, 

132.3, 130.7, 129.7, 125.8, 124.7, 124.1, 121.7, 102.2, 79.3, 

66.4, 58.6, 50.4, 26.5. HRMS-(m/z): [M+H] calc. for 

[C27H23IN
+], 489.0904 found 489.0913. 

3 and 4: A Screw cap NMR tube was charged with 2[Br] 

(0.033 g, 0.058 mmol) and added to it a 0.6 mL C6D6 solution 

of KMHDS (0.012 g, 0.058 mmol). The color changed to light 

orange immediately after the addition. Recording the 1H NMR 

spectrum at this stage indicated the formation of 3. The color 

slowly turned to light yellow within 6 hours, and recording the 
1H NMR spectrum at this stage showed the complete conversion 

of 3 into 4. which is monitored by 1H NMR. 4 was also isolated 

at the end. 

3: 1H NMR (400 MHz, C6D6)  7.88 -7.84 (m, 2H, Ar-H), 

7.31 -7.29 (m, 1H, Ar-H), 7.16 – 7.08 (m, 3H, Ar-H), 7.08 – 

7.04 (m, 2H,Ar-H), 7.01 (s, 1H, NCH), 6.84 – 6.74 (m, 4H, Ar-

H), 6.38 (m, 1H, Ar-H), 6.12 (d, J = 5.9 Hz, 1H, olefinic-CH), 

5.89 (s, 1H, NCH), 4.75 (d, J = 5.8 Hz, 1H, olefinic-CH), 1.14 

(s, 6H, CH3), 0.04 (s, 18H, Si(CH3)3).  

4: 1H NMR (400 MHz, C6D6)  7.66 –7.64 (m, 1H, Ar-H), 

7.48 – 7.42 (m, 2H, Ar-H), 7.25 – 7.20 (m, 1H, Ar-H), 7.09 – 

7.03 (m, 2H, Ar-H), 7.02 – 6.94 (m, 2H, Ar-H), 6.89 – 6.87 (m, 

1H, Ar-H), 6.82 – 6.72 (m, 3H, Ar-H), 6.57 – 6.55 (m, 1H, Ar-

H), 6.10 (d, J = 5.9 Hz, 1H, olefinic-CH), 4.72 (d, J = 5.9 Hz, 

1H, olefinic-CH), 3.31 (d, J = 2.3 Hz, 1H, NCH), 3.08 (d, J = 

2.3 Hz, 1H, NCH), 1.13 (d, J = 1.9 Hz, 6H, CH3), 0.03 (s, 18H, 

Si(CH3)3).
13C{1H} NMR (101 MHz, CDCl3)  165.2, 147.8, 

146.7, 146.6, 142.2, 139.5, 129.0, 128.8, 127.9, 126.9, 124.9, 

124.9, 124.6, 124.4, 123.4, 122.9, 122.6, 119.6, 99.2, 66.7, 65.6, 

52.1, 48.4, 48.1, 33.5, 25.4. HRMS-(m/z): [M+H] calc. for 

[C27H22IN], 488.0870 found 488.0879. 

5: A screw cap NMR tube was charged with 2[Br] (0.063 g, 

0.110 mmol) followed by adding 0.4 mL C6D6 solution of 

KMHDS (0.022 g, 0.110 mmol) into it. The color changed to a 

light orange immediately following the addition. After 2 

minutes, a 0.2 mL C6D6 solution of HBpin (0.014 g, 0.110 

mmol) was added to the NMR tube and mixed well for 10 min, 

during which noticed a decolorization. Recording the NMR 

spectrum at this stage showed the formation of 5. 

1H NMR (400 MHz, C6D6)  7.99 (d, J = 7.8 Hz, 1H, Ar-H), 

7.71 – 7.45 (m, 2H, Ar-H), 7.27 (d, J = 7.4 Hz, 1H, Ar-H), 7.07 

(d, J = 1.9 Hz, 1H, Ar-H), 6.99 (t, J = 7.5 Hz, 1H, Ar-H), 6.93 

– 6.70 (m, 5H, Ar-H), 6.52 – 6.39 (m, 1H, Ar-H), 6.15 (d, J = 

5.9 Hz, 1H, olefinic-CH), 4.81 (d, J = 5.9 Hz, 1H, olefinic-CH), 

4.44 (d, J = 9.9 Hz, 1H, NCH2), 4.32 (s, 1H, BCH), 4.28 (d, J = 

9.9 Hz, 1H, NCH2), 1.14 (s, 3H, CH3), 1.03 (d, J = 4.4 Hz, 12H, 

CH3), 0.80 (s, 3H, CH3), 0.04 (m, 18H, Si(CH3)3).
13C{1H} NMR 

(101 MHz, C6D6)  165.6, 148.6, 147.7, 147.5, 146.8, 139.5, 

131.8, 125.0, 124.9, 124.8, 123.5, 123.4, 120.9, 120.4, 99.3, 

84.4, 63.1, 59.7, 52.2, 49.7, 26.3, 25.3, 25.3, 22.1, 3.0. 11B NMR 

(128 MHz, C6D6)  24.54. HRMS-(m/z): [M+H] calc. for 

[C33H35BINO2], 616.1884 found 616.1887. 

6: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. BF3.Et2O (0.033 g, 0.228 mmol) was slowly added 

into it and the reaction mixture was stirred at room temperature 

for 1 h, during which a white solid was precipitated. The solid 

was isolated by filtration and washed with hexane (5  5 mL). 

Finally, drying the solid under high vacuum gave 6 as a color-

less and air-moisture sensitive solid (0.090 g, 0.177 mmol, 

78%). 

 1H NMR (400 MHz, CDCl3)  10.30 (s, 1H, pyr-H), 7.88 (m, 

2H, Ar-H), 7.77 (t, J = 7.7 Hz, 1H, Ar-H), 7.54 – 7.48 (m, 4H, 

Ar-H), 7.47 – 7.43 (m, 2H, Ar-H), 7.38 – 7.35 (m, 1H, Ar-H), 

7.30 (dd, J = 7.4, 1.6 Hz, 1H, Ar-H), 7.19 – 7.15 (m, 1H, Ar-

H), 7.10 – 7.03 (m, 2H, Ar-H), 6.91 (m, 1H, Ar-H), 6.83 (d, J = 

5.9 Hz, 1H, olefinic-CH), 6.34 (t, J = 7.5Hz, 1H, Ar-H), 5.29 

(d, J = 5.9 Hz, 1H, olefinic-CH), 4.82 (s, 1H, pico-CH), 1.63 (s, 

3H, CH3), 1.22 (s, 3H, CH3). 
13C{1H} NMR (101 MHz, CDCl3) 

 173.2, 157.5, 155.4, 153.7, 143.7, 143.6, 142.6, 140.6, 137.6, 

129.7, 126.0, 125.7, 125.7, 125.1, 123.8, 123.6, 121.8, 121.2, 

120.2, 119.8, 78.3, 67.0, 51.6, 27.0, 26.3. 19F NMR (376 MHz, 

CDCl3)  -149.9. 11B NMR (128 MHz, CDCl3)  1.08 (d, J = 

50.3 Hz). HRMS-(m/z): [M+Na] calc. for [C32H26BF3N2], 

529.2039 found 529.2025. 

7: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. Another 1 mL benzene solution of B(C6F5)3 (0.117 

g 0.228 mmol) was slowly added into it and the reaction mixture 

was stirred at room temperature for 3 h to give a colorless solu-

tion. All volatiles were removed under reduced pressure and the 

residue was washed with hexane (5  5 mL) to obtain a colorless 

solid. Drying the solid under high vacuum gave 7 as a colorless 

solid (0.174 g, 0.182 mmol, 80%). 

 1H NMR (400 MHz, C6D6)  10.12 (s, 1H, pyr-H), 7.55 – 

7.49 (m, 2H, Ar-H), 7.39 – 7.35 (m, 1H, Ar-H), 7.24 – 7.04 (m, 

7H, Ar-H), 6.92 – 6.83 (m, 2H, Ar-H), 6.80 (dd, J = 7.4, 1.1 Hz, 

1H, Ar-H), 6.69 (dd, J = 7.8, 0.9 Hz, 1H, Ar-H), 6.65 – 6.59 (m, 

2H), 6.55 (m, 1H, Ar-H), 6.36 (m, 1H, Ar-H), 5.84 (d, J = 6.0, 

1H, olefinic-CH), 5.80 – 5.74 (m, 1H, pico-CH), 4.48 (d, J = 

6.0 Hz, 1H, olefinic-CH), 1.29 (s, 3H, CH3), 0.20 (s, 3H, CH3). 
13C{1H} NMR (101 MHz, C6D6)  176.7, 158.9, 157.6, 153.6, 

150.3, 148.0, 144.4, 143.8, 143.6, 143.2, 141.1, 139.7, 139.3, 

138.6, 138.1, 136.8, 129.7, 129.4, 129.25, 128.9, 127.9, 126.7, 

126.2, 125.5, 125.4, 124.4, 124.1, 122.0, 120.6, 119.8, 119.7, 

82.3, 67.2, 51.7, 30.5, 26.0. 19F NMR (376 MHz, C6D6)  -

127.61 (br, 6F), -158.38 (t, J = 21.0 Hz, 3F), -163.75 (br, 6F). 
11B NMR (128 MHz, CDCl3)  -11.66 (s).  

8: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. Another 1 mL benzene solution of PhSiH3 (0.049 

g, 0.456 mmol) was slowly added and the reaction mixture was 

stirred at room temperature for 10 h, during which the color 

changed to light yellow. Removing under reduced pressure 

gave 8 as an oil (0.115 g, 0.209 mmol, 92%). 

 1H NMR (400 MHz, C6D6)   8.03 (d, J = 7.0 Hz, 2H, Ar-H), 

7.68 (d, J = 4.8 Hz, 2H, Ar-H), 7.36 (dd, J = 7.0, 1.6 Hz, 1H, 

Ar-H), 7.23 (m, 4H, Ar-H), 7.19 – 7.10 (m, 4H, Ar-H), 7.05 (d, 

J = 6.3 Hz, 4H, Ar-H), 6.81 (m, 4H, Ar-H), 6.17 (d, J = 5.9 Hz, 

1H, olefinic-CH), 5.24 (dd, J = 6.9, 2.9 Hz, 1H, SiH2), 5.08 (dd, 

J = 6.9, 2.9 Hz, 1H, SiH2), 4.80 (d, J = 5.8 Hz, 1H, olefinic-
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CH), 4.54 (d, J = 9.8 Hz, 1H,NCH2), 4.50 – 4.44 (m, 2H, NCH2 

and NCH), 0.95 (s, 3H, CH3), 0.80 (s, 3H, CH3). 
13C{1H} NMR 

(101 MHz, C6D6)  165.4, 165.1, 156.7, 148.6, 148.4, 147.4, 

147.4, 140.2, 137.5, 140.0, 136.5, 133.1, 130.4, 130.3, 129.5, 

129.2, 128.9, 127.8, 125.1, 125.0, 124.8, 124.7, 123.5, 123.4, 

121.3, 121.1, 120.4, 118.0, 62.9, 56.0, 52.6, 52.2, 47.8, 26.3, 

23.2. 29Si NMR (79 MHz, C6D6)  -31.7(t, JSi-H = 173 Hz). 

HRMS-(m/z): [M+H] calc. for [C38H34N2Si], 547.2570 found 

547.2582. 

9: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. A 0.5 M toluene solution of AlH3.N(Me)2Et (456 

L, 0.228 mmol) was added dropwise into it and the reaction 

mixture was stirred at room temperature for 5 h, during which 

the color changed to dark red. Removing the volatiles under re-

duced pressure gave 9 as a dark red solid (0.091 g, 0.193 mmol, 

85%). X-ray quality single crystals were grown from a concen-

trated hexane solution at – 30 ⁰C. 

 1H NMR (500 MHz, C6D6)   7.85 (d, J = 7.5 Hz, 2H, Ar-H), 

7.21 (t, J = 7.6 Hz, 2H, Ar-H), 7.13 – 6.98 (m, 5H, Ar-H), 6.92 

– 6.80 (m, 3H, Ar-H), 6.76 (t, J = 7.4 Hz, 1H, Ar-H), 6.70 (t, J 

= 7.6 Hz, 1H, Ar-H), 6.22 (dd, J = 9.3, 6.3 Hz, 1H, dPy-H), 6.07 

(d, J = 6.0 Hz, 1H, olefinic-CH), 5.57 (d, J = 9.2 Hz, 1H, dPy-

H), 5.31 (d, J = 6.3 Hz, 1H, dPy-H), 4.71 (d, J = 6.0 Hz, 1H, 

olefinic-CH), 4.68 (d, J = 12.9 Hz, 1H, NCH2), 4.51 (br, 2H, 

AlH2), 4.13 (s, 1H, NCH), 4.06 (d, J = 12.9 Hz, 1H, NCH2), 

1.16 (s, 3H, CH3), 1.14 (s, 3H, CH3). 
13C{1H} NMR (101 MHz, 

C6D6)  161.6, 153.2, 148.5, 147.6, 146.7, 146.5, 146.4, 141.3, 

132.4, 129.7, 129.6, 129.4, 128.9, 128.9, 127.3, 126.0, 125.3, 

125.2, 125.2, 124.6, 123.4, 123.2, 122.0, 120.4, 113.7, 101.0, 

96.8, 69.3, 59.8, 58.0, 52.2, 25.4, 22.2. Elemental analysis for 

C32H29N2Al: Calculated C 82.02; H 6.24; N 5.98; Found C 

81.88; H 6.32; N 5.89. 

10-D2O: A screw cap (fitted with a septum) NMR tube was 

charged with a C6H6 solution of AY (0.050 g, 0.114 mmol). De-

gassed D2O (0.005 g, 0.249 mmol, 5 L) was then added into it 

through a microliter syringe. The NMR tube was sonicated for 

10 minutes to obtain a colorless solution. Recording the 2H 

NMR spectrum at this stage showed the formation of 10-D2O.  

2H NMR (77 MHz, C6H6)  5.61 (br, 1H), 4.10 (m, 1H). 

11: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. Another 1 mL benzene solution of PhCH2OH 

(0.025 g, 0.228 mmol) was added to it and the reaction mixture 

was stirred at room temperature for 1 h to obtain a colorless 

solution. Removing the volatiles under reduced pressure gave 

11 as a colorless solid (0.101 g, 0.184 mmol, 81%). X-ray suit-

able single crystals were grown from its concentrated hexane 

solution.  

1H NMR (500 MHz, C6D6)  8.29 (d, J = 8.4, 2H, Ar-H), 8.22 

– 8.15 (m, 1H, Ar-H), 7.66 (d, J = 7.6, 1H, Ar-H), 7.41 – 7.28 

(m, 7H, Ar-H), 7.26 – 7.17 (m, 2H, Ar-H), 7.15 – 7.10 (m, 3H, 

Ar-H), 7.08 – 7.03 (m, 1H, Ar-H), 6.93 (m, 1H, Ar-H), 6.88 (m, 

1H, Ar-H), 6.86 – 6.82 (m, 2H, Ar-H), 6.35 (d, J = 6.0 Hz, 1H, 

olefinic-CH), 5.85 (s, 1H, NCHO ), 4.97 (d, J = 11.4 Hz, 1H, 

pico-CH2), 4.86 (d, J = 6.0 Hz, 1H, olefinic-CH), 4.74 (d, J = 

11.4 Hz, 1H, pico-CH2), 4.48 (d, J = 15.8 Hz, 1H, OCH2), 4.12 

(d, J = 15.7 Hz, 1H, OCH2), 1.19 (s, 3H, CH3), 0.95 (s, 3H, 

CH3).
13C{1H} NMR (101 MHz, C6D6)  163.9, 162.5, 156.4, 

149.0, 148.5, 148.2, 146.3, 140.4, 139.3, 137.3, 129.4, 129.3, 

128.9, 127.9, 127.6, 126.2, 125.3, 125.1, 124.9, 124.7, 124.6, 

123.5, 123.3, 121.9, 121.1, 118.5, 95.9, 73.2, 62.5, 61.0, 52.7, 

51.0, 27.1, 25.6.  

12: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. Another 1 mL benzene solution of CH3I (0.033 g, 

0.233 mmol) was added to it and the reaction mixture was 

stirred at room temperature for 12 h, during which a white pre-

cipitate appeared. The precipitate was washed with benzene (3 

 5 mL) and dried under vacuum to obtain 12 as a colorless 

powder (0.125 g, 0.215 mmol, 94%).  

1H NMR (500 MHz, CDCl3)  10.93 (s, 1H, pyr-CH), 8.45 

(d, J = 7.7 Hz, 1H, Ar-H), 8.03 (d, J = 7.5 Hz, 2H, Ar-H), 7.90 

(t, J = 7.6 Hz, 1H, Ar-H), 7.72 (d, J = 8.0 Hz, 1H, Ar-H), 7.58 

(dd, J = 15.1, 7.4 Hz, 4H, Ar-H), 7.38 (d, J = 7.9 Hz, 1H, Ar-

H), 7.25 (br, 1H, Ar-H), 7.09 (d, J = 5.6 Hz, 2H, Ar-H), 7.01 (d, 

J = 7.0 Hz, 1H, Ar-H), 6.95 (d, J = 7.5 Hz, 1H, Ar-H), 6.91 – 

6.82 (m, 2H Ar-H and olefinic-CH), 6.20 (t, J = 7.6 Hz, 1H, 

pico-CH), 5.28 (d, J = 5.4 Hz, 1H, olefinic-CH), 2.32 (d, J = 6.9 

Hz, 3H, pico-CH-CH3), 1.93 (s, 3H, CH3), 1.44 (s, 3H, CH3). 
13C{1H} NMR (126 MHz, DMSO-d6)  179.5, 157.9, 154.7, 

152.7, 144.5, 144.5, 143.5, 143.5, 140.1, 138.8, 131.2, 130.3, 

129.6, 128.1, 126.6, 126.3, 125.6, 124.8, 124.7, 124.6, 122.1, 

121.9, 121.6, 121.5, 79.9, 67.3, 60.6, 50.9, 27.0, 26.1, 24.3. 

HRMS-(m/z): [M]+ calc. for [C33H29N2]
+, 453.2325 found 

453.2318. 

13: A 50 mL storage flask with a J. Young-type Teflon valve 

and fitted with a magnetic bead was charged with a benzene 

solution of AY (0.200 g, 0.456 mmol) and B2Pin2 (0.116 g, 

0.456 mmol). The reaction mixture was stirred at 40 °C for four 

days, during which the solution turned from deep yellow to faint 

yellow. Removing the volatiles under reduced pressure gave a 

light-yellow residue, which was washed with hexane (5  5 mL) 

to obtain a light-yellow solid. Drying the solid under high vac-

uum gave 13 as a light-yellow powder (0.252 g, 0.364 mmol, 

80%). 

1H NMR (500 MHz, -20 °C, Tol-d8)  8.26 (d, J = 7.8 Hz, 

1H, Ar-H), 8.18 (d, J = 7.7 Hz, 2H, Ar-H), 7.99 (dd, J = 42.8, 

7.4 Hz, 2H, Ar-H), 7.32 (t, J = 7.7 Hz, 1H, Ar-H), 7.25 – 7.17 

(m, 4H, Ar-H), 7.14 (d, J = 8.2 Hz, 3H, Ar-H), 7.04 (d, J = 7.6 

Hz, 2H, Ar-H), 6.76 (t, J = 7.4 Hz, 1H, Ar-H), 6.27 (d, J = 5.9 

Hz, 1H, olefinic-CH), 5.30 (d, J = 15.1 Hz, 1H, pico-CH2), 4.74 

(d, J = 5.8 Hz, 1H, olefinic-CH), 4.60 (d, J = 15.0 Hz, 1H, pico-

CH2), 1.83 (s, 3H, CH3), 1.31 (s, 6H, CH3), 1.07 (d, J = 19.2 Hz, 

18H, CH3), 0.74 (s, 3H, CH3).  

13C{1H} NMR (126 MHz, −20 °C, Tol-d8)  167.6, 165.2, 

154.9, 151.1, 150.2, 145.7, 145.3, 140.1, 136.1, 129.1, 128.5, 

128.2, 127.1, 126.9, 126.5, 124.5, 123.4, 123.1, 123.0, 122.8, 

122.6, 122.2, 121.1, 117.7, 83.9, 83.6, 65.1, 63.2, 53.6, 52.1, 

36.6, 25.5, 25.3, 25.1, 24.9, 24.8, 22.4. 11B NMR (128 MHz, 

C6D6)  21.9. HRMS-(m/z): [M+H] calc. for [C44H50B2N2O4], 

693.4035 found 693.4013. 

14: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. A 2 mL benzene suspension of NH3BH3 (0.008 g, 

0.260 mmol) was added to it and the reaction mixture was 

stirred at room temperature for 10 h, during which the solution 

color changed to light yellow and a solid was precipitated. The 

solution was filtered and the volatiles were removed from the 

filtrate under reduced pressure to obtain 14 as a pale-yellow 

semi-solid (0.085 g, 0.193 mmol, 85%). X-ray quality single 
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crystals were grown from a concentrated toluene solution at – 

40 ⁰C.  

1H NMR (400 MHz, C6D6):  8.33 – 8.21 (m, 2H, Ar-H), 7.57 

(m, 1H, Ar-H), 7.39 – 7.27 (m, 4H, Ar-H), 7.21 – 7.14 (m, 1H, 

Ar-H), 7.13 – 7.05 (m, 5H, Ar-H), 6.86 – 6.75 (m, 4H, Ar-H), 

6.21 (d, J = 5.9 Hz, 1H, olefinic-CH), 4.80 (d, J = 5.9 Hz, 1H, 

olefinic-CH), 3.96 (s, 2H, NCH2), 3.74 (s, 2H, NCH2), 0.87 (s, 

6H, CH3). 
13C{1H} NMR (126 MHz, C6D6):  165.7, 162.1, 

156.9, 148.4, 147.5, 140.5, 137.7, 129.3, 128.7, 127.7, 125.2, 

124.8, 124.8, 123.4, 120.9, 120.6, 118.7, 61.6, 59.7, 55.4, 52.2, 

49.4, 23.1. HRMS-(m/z): [M+H] calc. for [C32H28N2], 441.2331 

found 441.2310. 

15’: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. A 5 mL hexane solution of CS2 (0.050 mL, 0.228 

mmol) was slowly added into it and the reaction mixture was 

stirred at room temperature for 5 h, during which the color 

changed to dark red. The volatiles were removed under reduced 

pressure to obtain 15’ as a red solid (0.107 g, 0.207 mmol, 

91%). X-ray quality single crystals were grown from a concen-

trated toluene solution at −30 ⁰C. The NMR spectral data as 

listed below suggest the existence of 15’ as 15. 

1H NMR (400 MHz, C6D6)   8.31 (s, 1H, pico-CH), 8.17 – 

8.11 (m, 2H, Ar-H), 7.39 (t, J = 7.2 Hz, 2H, Ar-H), 7.29 – 7.16 

(m, 6H, Ar-H), 7.14 – 7.11 (m, 1H, Ar-H), 7.00 (dd, J = 7.0, 1.2 

Hz, 1H, Ar-H), 6.85 – 6.75 (m, 2H, Ar-H), 6.65 (m, 1H, Ar-H), 

6.56 (m, 1H, Ar-H), 6.28 (d, J = 6.1 Hz, 1H, olefinic-CH), 5.35 

(s, 1H, pyr-CH), 4.76 (d, J = 6.0 Hz, 1H, olefinic-CH), 1.18 (s, 

3H, CH3), 0.96 (s, 3H, CH3). 
13C{1H} NMR (101 MHz, C6D6) 

 246.4, 162.9, 159.2, 158.1, 148.3, 147.6, 146.9, 144.5, 140.1, 

137.8, 129.7, 129.4, 128.9, 127.8, 127.0, 125.7, 125.1, 124.9, 

124.7, 123.8, 123.6, 123.5, 122.2, 120.2, 120.0, 86.9, 84.8, 65.0, 

64.6, 52.4, 30.9, 25.3.  

16: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. Another 1 mL benzene solution of dimethyl maleate 

(0.033 g, 0.228 mmol) was slowly added into it and the reaction 

mixture was stirred at room temperature for 10 h, during which 

the color changed to light yellow and the solution became tur-

bid. All volatiles were removed under reduced pressure and the 

residue was washed with chilled hexane (3  5 mL). Finally, 

drying the solid under high vacuum gave 16 as a colorless mi-

crocrystalline solid (0.119 g, 0.205 mmol, 90%). X-ray suitable 

single crystals were grown from a concentrated hexane solution 

at −30 ⁰C. 

1H NMR (500 MHz, CDCl3)  8.02 (d, J = 7.0 Hz, 2H, Ar-

H), 7.81 (d, J = 7.4 Hz, 1H, Ar-H), 7.74 – 7.67 (m, 2H, Ar-H), 

7.56 (dd, J = 7.1, 1.7 Hz, 1H, Ar-H), 7.51 – 7.46 (m, 2H, Ar-

H), 7.44 – 7.40 (m, 1H, Ar-H), 7.30 (m, 2H, Ar-H), 7.22 (m, 

1H, Ar-H), 7.09 (m, 1H, Ar-H), 7.01 (m, 1H, Ar-H), 6.96 – 6.89 

(m, 2H, Ar-H), 6.55 (d, J = 6.1 Hz, 1H, olefinic-CH), 6.09 (d, J 

= 9.2 Hz, 1H, pico-CH), 5.09 (d, J = 6.1 Hz, 1H, olefinic-CH), 

5.05 (d, J = 8.5 Hz, 1H, Pyr-CH), 4.48-4.42 (m, 1H, COCH), 

4.38 (t, J = 9.5 Hz, 1H, COCH), 3.77 (s, 3H, OCH3), 3.22 (s, 

3H, OCH3), 1.13 (s, 3H, CH3), 1.03 (s, 3H, CH3). 
13C{1H} NMR 

(126 MHz, CDCl3)  173.0, 172.0, 166.7, 162.5, 156.3, 148.9, 

147.9, 147.0, 146.5, 139.7, 137.3, 129.0, 128.5, 127.2, 125.4, 

124.8, 124.6, 124.3, 124.3, 123.5, 122.8, 121.6, 121.5, 120.3, 

118.9, 66.8, 65.9, 61.6, 61.4, 56.3, 52.5, 52.3, 51.7, 49.9, 29.9, 

26.4. HRMS-(m/z): [M] calc. for [C38H34N2O4], 582.2519 found 

583.2596. 

17: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. Another 1 mL benzene solution of dimethyl but-2-

ynedioate (0.0325 g, 0.228 mmol) was slowly added into it and 

the reaction mixture was stirred at room temperature for 5 h, 

during which the color changed to light yellow. All volatiles 

were removed under reduced pressure and the residue was with 

chilled hexane (3  5 mL). Finally, drying the solid under high 

vacuum gave 17 as a colorless microcrystalline solid (0.118 g, 

0.203 mmol, 89%).  
1H NMR (400 MHz, CDCl3) d 8.01 – 7.95 (m, 2H, Ar-H), 

7.88 (m, 1H, Ar-H), 7.85 – 7.76 (m, 2H, Ar-H), 7.64 (m, 2H, 

Ar-H), 7.47 – 7.34 (m, 3H, Ar-H), 7.31 – 7.23 (m, 2H, Ar-H), 

7.06 (m, 1H, Ar-H), 7.02 – 6.90 (m, 3H, Ar-H), 6.53 (d, J = 6.1 

Hz, 1H, olefinic-CH), 6.19 (d, J = 6.8 Hz, 1H, NCH), 5.71 (d, J 

= 6.8 Hz, 1H, COCH), 5.08 (d, J = 6.0 Hz, 1H, olefinic-CH), 

3.79 (s, 3H, OCH3), 3.63 (s, 3H, OCH3), 1.15 (s, 3H, CH3), 1.07 

(s, 3H, CH3). 
13C{1H} NMR (126 MHz, CDCl3)  167.4, 165.1, 

163.5, 161.1, 156.2, 148.3, 148.1, 147.6, 147.3, 146.2, 139.3, 

137.8, 131.1, 129.1, 128.9, 128.5, 127.0, 125.9, 124.8, 124.6, 

124.4, 124.4, 123.2, 122.7, 122.5, 121.9, 120.5, 119.1, 73.6, 

70.0, 64.0, 60.8, 52.8, 52.6, 52.5, 32.5, 24.9.HRMS-(m/z): 

[M+H] calc. for [C38H32N2O4], 581.2440 found 581.2448. 

18: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. Another 1 mL benzene solution of benzophenone 

(0.042 g, 0.228 mmol) was slowly added into it and the reaction 

mixture was stirred at room temperature for 10 h, during which 

the color changed to light yellow. All volatiles were removed 

under reduced pressure and the residue was with chilled hexane 

(3  5 mL). Finally, drying the solid under high vacuum gave 

18 as a colorless solid (0.123 g, 0.198 mmol, 87%). X-ray qual-

ity single crystals were grown from a concentrated hexane so-

lution at – 30 ⁰C. 

 1H NMR (500 MHz, C6D6)  8.91 – 8.80 (m, 1H, Ar-H), 8.55 

(t, J = 6.5 Hz, 2H, Ar-H), 8.23 (t, J = 6.3 Hz, 2H, Ar-H), 7.71 

(m, 3H, Ar-H), 7.43 – 7.34 (m, 3H, Ar-H), 7.26 (m, 5H, Ar-H), 

7.15 – 6.98 (m, 5H, Ar-H), 6.89 (m, 5H, Ar-H), 6.76 (br, 1H, 

NCHO), 6.23 (d, J = 5.0 Hz, 1H, olefinic-CH), 5.97 (br, 1H, 

pico-CH), 4.87 (d, J = 5.1 Hz, 1H, olefinic-CH), 1.09 – 0.82 (m, 

6H, CH3). 
13C{1H} (126 MHz, C6D6)  165.2, 162.9, 156.0, 

148.8, 147.7, 147.5, 145.8, 143.4, 140.4, 137.5, 132.4, 130.6, 

129.5, 129.4, 128.9, 128.9, 127.6, 127.6, 127.3, 126.6, 

125.7,125.3, 125.2, 125.1, 125.0, 123.7, 123.6, 121.6, 120.3, 

118.8, 97.8, 94.3, 74.7, 64.2, 62.1, 52.8, 30.3, 28.5. HRMS-

(m/z): [M+H] calc. for [C45H36N2O], 621.2906 found 621.2945. 

19: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. Another 1 mL benzene solution of phenyl isocya-

nate (0.027 g, 0.228 mmol) was slowly added into it and the 

reaction mixture was stirred at room temperature for 5 h, during 

which the color changed to light yellow. All volatiles were re-

moved under reduced pressure and the residue was with chilled 

hexane (3  5 mL). Finally, drying the solid under high vacuum 

gave 19 as a light-yellow sticky solid (0.104 g, 0.186 mmol, 

82%). 

 1H NMR (400 MHz, C6D6)  8.07 – 8.03 (m, 1H, Ar-H), 8.03 

– 7.99 (m, 2H, Ar-H), 7.71 – 7.64 (m, 3H, Ar-H), 7.35 – 7.26 

(m, 2H, Ar-H), 7.24 (m, 1H, Ar-H), 7.16 – 7.05 (m, 6H, Ar-H), 

6.90 – 6.79 (m, 4H, Ar-H), 6.76 (m, 1H), 6.67 (m, 1H, Ar-H), 

6.53 (m, 1H, Ar-H), 6.49 (s, 1H, NCHO), 6.16 (d, J = 6.0 Hz, 
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1H, olefinic-CH), 5.12 (s, 1H, pico-CH), 4.74 (d, J = 6.0 Hz, 

1H, olefinic-CH), 0.92 (s, 3H, CH3), 0.83 (s, 3H, CH3).
13C{1H} 

(101 MHz, C6D6)  171.3, 166.1, 161.0, 157.3, 148.6, 147.9, 

147.7, 145.7, 140.0, 138.3, 137.6, 129.6, 129.3, 129.1, 127.9, 

127.8, 126.9, 126.2, 125.5, 125.5, 125.3, 124.6, 124.1, 123.9, 

123.9, 122.1, 121.1, 119.6, 81.0, 68.9, 63.1, 61.3, 53.5, 31.8, 

24.7. HRMS-(m/z): [M+H] calc. for [C39H31N3O], 558.2545 

found 558.2565. 

20: A 10 mL glass vial fitted with a magnetic bead was 

charged with AY (0.100 g, 0.228 mmol) and dissolved in 1 mL 

of benzene. CH3CN (0.019 g, 0.456 mmol) was then added 

dropwise into it and the reaction mixture was stirred at room 

temperature for 5 h, during which the color changed to light 

yellow. All volatiles were removed under reduced pressure and 

the residue was washed with chilled hexane (3  5 mL). Drying 

the solid under high vacuum gave 20 as an off-white solid 

(0.093 g, 0.193 mmol, 85%). 

 1H NMR (400 MHz, CDCl3)  8.31 – 8.25 (m, 1H, Ar-H), 

8.11 – 8.04 (m, 2H, Ar-H), 7.80 (dd, J = 8.1, 7.4 Hz, 1H, Ar-

H), 7.70 – 7.66 (m, 2H, Ar-H), 7.62 (m, 1H, Ar-H), 7.54 – 7.41 

(m, 3H, Ar-H), 7.34 – 7.24 (m, 2H, Ar-H), 7.07 – 6.91 (m, 4H, 

Ar-H), 6.81 (m, 1H, NCHCH3), 6.56 (d, J = 6.1 Hz, 1H, ole-

finic-CH), 5.16 (d, J = 3.5 Hz, 1H, pico-CH), 5.11 (d, J = 6.1 

Hz, 1H, olefinic-CH), 2.35 (d, J = 1.9Hz, 3H, NCHCH3), 1.21 

(s, 3H, CH3), 1.04 (s, 3H, CH3).
13C{1H} (101 MHz, CDCl3)  

174.4, 165.8, 160.3, 156.7, 147.9, 147.9, 147.5, 146.5, 139.6, 

137.9, 129.2, 129.0, 128.6, 127.1, 125.2, 124.8, 124.5, 124.5, 

124.3, 124.2, 123.0, 122.8, 120.5, 120.0, 119.1, 93.4, 74.3, 61.7, 

61.2, 52.4, 31.1, 25.8, 18.2. HRMS-(m/z): [M+H] calc. for 

[C34H29N3], 480.2440 found 480.2440. 
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