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Preparation of Mono and Bis-Hydrazino-Substituted N-Heterocyclic Carbene Boranes
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We report the formation of NHC complexes of mono-and bis-hydrazino boranes with N-N-B and N-N-B-N-N chains via the reaction of NHC-boranes with electrophilic azo reagents. The influence of steric hindrance on the carbene and on the diazo reagent has been shown to be crucial for the reactivity. The hydroboration of dissymmetric azo reagents is regioselective only when the latter is sufficiently electronically twisted. Bis-hydrazino borane complexes with two different hydrazine arms could be obtained via sequential addition.

Introduction

N-Heterocyclic carbene (NHC) complexes of boranes have rapidly emerged as outstanding reagents for synthetic chemistry. [1,2] They are for example highly useful as hydrogen atom donors for radical chemistry, [3,4] or for the radical [5][6][7] or other [8][9][10][11] borylation of substrates, including the initiation of radical polymerizations. [12][13][14][15][16] Recent trends involve transient NHC-boron species that can be used catalytically. [17][18][19][20][21] Most of the organic and polymer syntheses however feature very simple NHC-BH3 reagents, i. e. complexes of borane itself. More complex boranes might unlock new reactivities. For example, NHC-boranes containing a B-S bond [22,23] can be photolyzed to generate NHC-boryl radicals capable of initiating radical polymerizations, i. e. the NHC-boryl sulfides were shown to be Type I photoinitiators. [24] Therefore, identifying new reactions of NHC-boranes leading to original structures is key for future progress. In contrast to the inorganic/main group side, where NHC (or CAAC) complexation is a way to generate and/or stabilize numerous BN architectures, [25][26][27][28][29][30] there are much less B-N bonds-containing NHC-boranes that could be of use for organic chemistry. [31][32][33] In a collaborative effort with the groups of Curran and Mayr, we identified that NHC-boranes are good hydride donors, [34] which can in some cases hydroborate imines, although it was the minor product of the reaction. [35] Interestingly, when radical conditions were used, the same hydroboration delivered the alternate regioisomers (B-C bond formation, no B-N). [36] In the present publication we report the hydroboration of azo reagents to generate NHC-boryl hydrazines (NHC-B-N-N) and bishydrazines (N-N-B(NHC)-N-N).

Results and Discussion

To start, a commercially-available azo, DTBAD (di tert-butyl azodicarboxylate) has been selected because it is strongly electrophilic and should enable the initial addition of a hydride from imidazolydinene NHC-borane Me-Imd-BH3, as expected from the reduction of imines (Table 1). [35] A typical reaction has been carried out by mixing the reagents in acetonitrile at 0°C under a Nitrogen inert atmosphere and letting the reaction warm to room temperature for 3h (Entry 1). The desired addition products featuring the boron-nitrogen bond(s) 1a-b were isolated alongside the reduced azo reagent (2), which was identified but not isolated. Reduced azo 2 may come from protodeborylation of 1a-b, or from trapping of the anion resulting from initial hydride transfer by adventitious water. Adducts 1a-b were identified by HRMS but proved impossible to separate. The overall mass balance of the reaction was good so we sought conditions that would improve its selectivity, toward either the mono-addition (1a) or bis-addition (1b) product. [a] Unseparable mixture of mono-and bis-addition products.

To improve the selectivity of the reaction, and steer it toward the formation of the mono-addition product, we carried it out in default of azo. Thus, 0.5 equivalent of DTBAD has been added on a NHC-borane solution, to keep the azo concentration small at all times. This provided mono-substituted 1a in 62% yield (based on DTBAD, entry 2) as sole NHC-borane adduct. The excess Me-Imd-BH3 was recovered nearly quantitatively, along with some reduced azo. Conversely, with 4 equivalents of DTBAD, only diaddition product 1b was generated (49%, entry 3) again along with the reduced azo 2 (obtained in visible higher concentration).

Changing the excess amount of azo reagent from 2 to 8 equivalents delivered similar but lower yields (34 to 39%, entries 4-5). Lowering the temperature at -30°C did not improve the formation of 2.

We obtained a structure which confirmed the BH2-N-NH topology (Figure 1, left). This first N-N-B-N-N chain was also confirmed by X-Ray crystallography (Figure 1, right). The B-N bond lengths are 1.543 Å in 1a. In 1b the two B-N bonds are slightly different. One is at 1.543 Å and the other at 1.582 Å. The length of the NHC-B (resp. N-N) bond is 1.631 Å (resp. 1.400 Å) in 1a and 1.631 Å (resp. 1.396 Å) in 1b. The absence of change of the NHC-B bond length suggests that the introduction of a second N-N arm does not introduce particular strain in the system, nor does it change the electronics much. As expected, the hydrazine cores are twisted in both 1a and 1b to limit the steric hindrance.

To evaluate the scope of the mono-hydroboration, various azo reagents 3a-i were considered next (Table 2, see supporting information for their preparations). The reaction of DiMe-Imd-BH3 in the conditions of Table 1, entry 2) with 3a-i delivered the monoadducts. The yields obtained from the electron-poor, symmetrical azo reagents were in the nineties. For example, 4a (resp. 5a, 6a, Table 2, Entries 1-3) was obtained in 90% yield (resp. 95%, 90%) from di-isopropyl (resp. dibenzyl, diethyl) azo dicarboxylate. In all cases, the products were isolated from their mixture with the unreacted excess NHC-Borane reagent (almost quantitative) and varied amounts of reduced azo that were discarded. When the dissymmetric azodicarboxylate (tert-butyl ethyl azodicarboxylate) was employed, both regioisomers of 7a were obtained for an overall yield of 81% (entry 4), but as an unseparable roughly 1:1 mixture of the regioisomers. Similarly, the tert-butyloxy and benzoyl azo dicarboxylate derivative 3h also leads to the hydroborated product 11a in 74% yield (entry 8), again as an unseparable mixture of both diastereomers. We could not estimate the selectivity in that case. We then sought to chip the electron density away. When one of the carboxylates was replaced by a phenyl group, the reaction proceeded much more slowly. Upon heating to 40°C over two days however, 9a was isolated in 31% yield as a single regioisomer (entry 6, see below). When more electron density was introduced on the aromatic group (as with a methoxy in 3e) the reaction was blocked and only traces of 8a were observed by mass spectrometry (entry 5). Conversely, installing a p-nitro reactivated the reaction and two regioisomers were observed (10a, 74%, 17-57, entry 7). Overall, this indicates that the reaction likely proceeds via initial hydride transfer from the NHC-Borane.

5 3e (CO2Et, pMeOC6H4) - -[b] 6 3f (CO2Et, Ph) 9a 31 [c] 7 3g (CO2Et, pNO2C6H4) 10a 74 [d] 8 3h (Boc, C(=O)Ph) 11a 81 [e] 9 , 3i 12a 
11 [f]
The azo reagent thus receives the hydride at its electrophilic end and less electrophilic reagents are less reactive. This entails that for 9a the boron atom is likely on the protected nitrogen.

We could obtain a structure for the minor regioisomer of 10a, which crystallized as a red solid (Figure 2). It showed that the boron atom was positioned on the "carboxylate"-end. The B-N bond is 1.571 Å long, the NHC-B bond is 1.612 Å and the N-N 1.403 Å, that is with very minor changes relative to the previous structures. Because of the p-nitro substituent the major hydride transfer is switched relative to the case of 9a. Finally, PTAD (4-Phenyl-1,2,4-triazoline-3,5-dione) 3i provided 12a but in a low 11% yield because it rapidly decomposed in the reaction conditions.

To conclude, hydride transfer-mediated hydroboration of diazo reagents by (excess) NHC-boranes generates the expected B-N-N chain could be prepared from. The reaction works preferentially with electron-poor azos. Dissymmetric azo reagents can be employed, in particular arylamine-derived, but there is a trade-off between reactivity and regioselectivity. Highly reactive, doubly activated azo reagents will lead to good yields but poor regioselectivities as the hydride can add at both ends of the N=N bond, while more electron-biased reagents lead to high regioselectivities but poorer reactivity, as the N=N bond is not activated enough toward hydride addition. With this in mind, we decided to address the bis-addition.

To access the N-N-B-N-N compounds via the bis-hydroboration of the azo reagents, we chose to use the conditions of Table 1, Entry 3, i. e. using 4 equiv. of the azo reagent at 0°C. We only kept the more reactive reagents from the above library (Table 3). As expected, the symmetrical diazo dicarboxylates led to the expected bis-adducts 4b-6b in yields up to 57% (Entries 1-3; 1b was obtained in 49%yield, see Table 1).

N N BH 3

Me-Imd-BH 3 (3a-i, 0.5 equiv.) With the unsymmetrical azo reagents all regioisomers possible (head/head, tail/tail, head/tail) were formed in inseparable mixtures, although the combined yields were similar to the previous ones (entries 4-5). Crystals of the head/tail isomer of 10b were obtained (Figure 3, bottom). All the features seen in the other structures remain valid. For the first time, one of the N-N bonds is slightly longer (1.42 Å vs. 1.40 Å), but the structure shows a clear p-stacking between the "tail" p-nitroaryl group of one adduct with the "head" one of the neighboring adduct, which might explain the slight deviation.

N N R 2 R 1 MeCN, 0°C to rt N N BH 2 N HN R 1 R 2 4a-12a + N H H N Boc Boc
We next decided to examine the influence of the carbene. To avoid dealing with the regioselectivity issue, we selected the symmetrical azo reagents 3a, 3c and 3d and reacted them with 4 NHC-boranes (Figure 4). Three imidazolydinene derivatives with increasing steric hindrance: iPr-Imd-BH3, Mes-Imd-BH3, dipp-Imd-BH3, and one triazolylidene derivative: Me-Triaz-BH3. We engaged the four NHC-boranes in the conditions of Table 1, Entry 3; i. e. toward the bis-hydroboration, as the formation of bisadducts was more likely to reveal the steric issues of the reaction (Table 4). NHC-borane iPr-Imd-BH3 reacted with the three diazodicarboxylates in average yields (entries 1-3), but delivered the bis-hydroborated compounds in all cases. The more sterically hindered Mes-Imd-BH3 delivered the bis adduct with DEAD, albeit in low yield and prolonged reaction times (13%, entry 6). With the more sterically hindered DIAD and DTBAD, the reaction stopped at the mono-adduct, even after more reaction times (entries 4-5). The yield was particularly low with the bis t-butylcarboxylate diazo reagent DTBAD (8%, entry 4). The reaction was not complete (71% conversion) and the product was accompanied by some protodeborated imidazolium and reduced azo. The even more hindered dipp-Imd-BH3 also led to mono-adducts with DEAD and DIAD (entries 8-9, the latter required heating to reach completion, and the product was only ~90% pure). No reaction took place with DTBAD (entry 7). Finally, all reactions of the triazolydinene derivative Me-Triaz-BH3 delivered the bis-adducts in yields similar to that of Tables 1 and2 (entries 10-12). The main by-product was again the reduced azo likely coming from protodeboration, that consumed part of the NHC-borane. The reactivities dropped sharply when the tetrazole-borane DiMe-Tetraz-BH3 [15] was used with only low conversions and trace amounts of hydroborated compounds observed. The previous observations indicate that the hydroborations do proceed via initial hydride transfer. DiMe-Tetraz-BH3 has a very weak hydridic character, [15] and is not able to significantly transfer its hydride to the diazo. This supports the conclusions drawn from the reactivity pattern in Table 2, as well as the regioselectivity observed.

With reactive enough NHC-boranes the reactions are very sensitive to steric hindrance. Indeed, when the NHC is small, as is the case for the two dimethyl-substituted carbenes the reactions proceed similarly. However, the larger the NHC, the slower the reaction. And with the same NHC, increased steric demand on the diazo also slows down the additions, with DTBAD generally less reactive than DEAD. The bis-addition shuts down with Mes-Imd-BH3 and DIAD, leading to mono-hydroborated products. And the latter shut down with dipp-Imd-BH3. Finally, we wished to see whether the diazo reagents could be introduced sequentially, which would lead to differently substituted bis-hydrazine borane reagents. For this, mono-adduct 1a (obtained from Me-Imd-BH3, see Table 1) was reacted with DIAD in the same conditions. Mixed bis-hydrazino reagent was 

NHC BH 3 N N CO 2 R RO 2 C + NHC BH 2 N CO 2 R HN CO 2 R (a) + NHC BH N CO 2 R HN CO 2 R (b) N CO 2 R HN CO 2 R
obtained in 23% yield (Scheme 1). The reverse sequence (first DIAD addition to 4a, then reaction with DTBAD) delivered a similar outcome (24% of 24). The yields for the second addition appear lower than those of the homo-bis addition, but are in fact similar to those of Table 3. It is difficult to separate the final product from the unreacted starting materials, which led us to discard the mixed fractions and thus underestimate the actual yields. We did not attempt to further optimize the reaction as the outcome matched the reactivity observed in Table 3. 

Conclusion

We have shown that NHC-Boranes can hydroborate electronpoor azo reagents, delivering both mono-or bis-hydrazino adducts in average to good yields. Steric hindrance and the electrophilicity of the azo are the key factors to consider in the synthesis of the boron-nitrogen backbones. Further work will examine the reactivity of the adducts, in particular with regard to the original N-N-B-N-N chains.

Experimental Section

General procedure for the synthesis of the mono-(resp. bis) hydrazinoborane complexes. The azo reagent (1 mmol, 0.5 equiv.

-resp. 8 mmol, 4 equiv.) dissolved in dry acetonitrile (4 mL) was added dropwise to a solution of NHC-Borane (2 mmol, 2 equiv.) in dry acetonitrile (20 mL) over 1h at 0°C under an inert atmosphere. The reaction was allowed to warm to room temperature for 2h. The solvent was removed in vacuo and the crude residue was purified by flash chromatography (40:60 ethyl acetate/cyclohexane to 100:0) to afford the expected products.

Figure 1 .

 1 Figure 1. X-Ray crystal structures of 1a (left) and 1b (right).

  [a] Two regioisomers (unseparable) ~1:1; [b] traces of 8a were observed by HRMS after prolonged heating at 70°C; [c] The reaction was heated at 40°C for 2 days; [d] Two regioisomers in a 77:23 ratio; [e] Two regioisomers (unseparable); [f] degradation upon treatment.

Figure 2 .

 2 Figure 2. Structure of the minor regio-isomer of 10a.

[a]

  7b is obtained as a mixture of the 3 possible adducts. [b] 10b is obtained as a mixture of the 3 possible adducts. We obtained structures for 4b and 6b, by slow evaporation of their dichloromethane solutions. They confirm the previously unknown N-N-B(carbene)-N-N topology (Figure 3, top). The N-N, (NHC)-B and B-N bonds have lengths close to that of the monoadducts, suggesting an absence of steric constraints. Oddly, the two B-N bonds have slightly different lengths despite the symmetry of the molecule. Generally speaking, the molecules adopt a propeller shape, likely indicating again that no significant electronic stabilization or H-bond exists.

Figure 3 .

 3 Figure 3. Structures of 4b (left), 6b (center), and one regioisomer of 10b (right)

2 Figure 4 .

 24 Figure 4. Variation of the NHC-boranes: NHC-boranes used.

Scheme 1 .

 1 Scheme 1. Acess to mixed bis-hydrazino derivative 24 via sequential reactions.

Table 1 .

 1 Hydroboration of DTBAD. Optimization of the conditions (Boc = t-butyloxy carbonyl).

	Entry	Temperature	Equiv.	Product	Yield mono (%)	Yield bis (%)
	1	r.t.	1	1a + 1b	-[a]	-[a]

Table 2 .

 2 Mono

	Entry	Azo reagent (R1,	Product	Yield
		R2)		(%)
	1	3a (R1,R2 = CO2iPr)	4a	90
	2	3b (R1,R2 = CO2Bn)	5a	95
	3	3c (R1,R2 = CO2Et)	6a	90
	4	3d (Boc, CO2Et)		81 [a]
			7a	

-hydroboration of diazo reagents with Me-Imd-BH3: scope.

Table 3 .

 3 Bis-hydroboration of diazo reagents with Me

-Imd-BH3: scope

  

	Entry	Azo reagent (R1, R2)	Product	Yield (%)
	1	3a (R1=R2=CO2iPr)	4b	36
	2	3b (R1=R2=CO2Bn)	5b	57
	3	3c (R1=R2=CO2Me)	6b	33
	4	3d (Boc, CO2Et)		51 [a]
	5	3g (CO2Et, pNO2C6H4)		47 [b]

Table 4 .

 4 Influence of the NHC over the reactivity. 18b was only ~90% pure. [b] The reaction was heated at 50°C for one day to reach completion.

	Entry	NHC-borane	Azo reagent	Conditions	Product	Yield (%)
	1	iPr-Imd-BH3	DTBAD	rt, 1 d.	13b	26
	2	iPr-Imd-BH3	DIAD	rt, 1 d.	14b	24
	3	iPr-Imd-BH3	DEAD	rt, 1 d.	15b	25
	4	Mes-Imd-BH3	DTBAD	rt, 5 d.	16a	8
	5	Mes-Imd-BH3	DIAD	rt, 2 d.	17a	40
	6	Mes-Imd-BH3	DEAD	rt, 4 d.	18a+18b	16+16 [a]
	7	dipp-Imd-BH3	DTBAD	rt, 5 d.	-	No reaction
	8	dipp-Imd-BH3	DIAD	rt, 6 d. [b]	19a	50
	9	dipp-Imd-BH3	DEAD	rt, 1 d.	20a	52
	10	Me-Triaz-BH3	DTBAD	rt, 1 d.	21b	59
	11	Me-Triaz-BH3	DIAD	rt, 1 d.	22b	65
	12	Me-Triaz-BH3	DEAD	rt, 1 d.	23b	52
	[a]					
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The hydroboration of electrophilic azo reagents with NHC-boranes leads to the formation of NHC complexes of mono-and bishydrazino boranes with N-N-B and N-N-B-N-N chains. Steric hindrance on the carbene (primarily) and on the diazo reagent (somewhat less) is crucial for the reactivity. Bis-hydrazino borane complexes with two different hydrazine arms could be obtained via sequential additions.