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The formation of a CÿN bond from an olefin and an amine
or amide is a very desirable transformation.[1] A catalytic
version of this reaction could be a valuable alternative to
classical industrial preparations of amines or amides. How-
ever, the few catalytic examples reported so far for this
reaction are either slow or limited in scope (specific substrate
or intramolecular reaction).[2] Therefore, any new approach to
formation of CÿN bonds from olefins is of great interest. In
this context we wish to report the two-step formation of a
CÿN bond from an olefin, with hydrogen peroxide and a
nitrile (as an amide equivalent), via a 2-rhodaoxetane (1-oxa-
2-rhodacyclobutane) complex.

Recently, we described the oxidation of [(tpa)RhI-
(ethene)]� , 1�, (tpa�N,N,N-tri(2-pyridylmethyl)amine) with
H2O2 to the 2-rhodaoxetane 2� (Scheme 1).[3] The isolation of
2� gave us the unique opportunity to study the reactivity of an

Scheme 1. Step-wise amidation of the RhI(ethene) complex 1�; oxidation
with H2O2 to 2-rhodaoxetane 2�, formation of imino ester 32� by reaction
with NH�

4 /MeCN, and thermal rearrangement to amide 42�.

unsubstituted 2-metallaoxetane.[4, 5] The 2-rhodaoxetane 2� is
stable in neat CH3CN. However, addition of one mole of
NH4PF6 per mole of 2� to a solution of 2 ´ BPh4 in CH3CN at
room temperature results in quantitative conversion into the
dicationic imino ester 32� within four hours (Scheme 1). We
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precipitated pure 3 ´ (BPh4)2 ´ 1.5 H2O by addition of NaBPh4

and MeOH. Crystals of 3 ´ (BPh4)2 ´ MeOH that were suitable
for X-ray diffraction were obtained by crystallization from a
saturated solution of DMSO layered with MeOH. The crystal
structure of 32�[6] shows that the O,C-coordinated 2-oxyethyl
fragment in 2� has been converted into a N,C-coordinated
2-(acetimidoyloxy)ethyl fragment, which is in accordance
with the NMR data (see Table 1). The acetimidoyl-NH
fragment of 32� shows a clear NOE contact with the nearby
axial NCH2-Py protons in the 1H NOESY spectrum.

The 1H NMR spectrum recorded immediately after the
addition of NH4PF6 to a solution of 2 ´ BPh4 in CD3CN shows
(besides signals of 2� and 32�) signals indicative of the
presence of a C-coordinated 2-hydroxyethyl group.[7] It seems,
therefore, that the reaction proceeds via the intermediate
2-hydroxyethyl complex [(tpa)RhIII(CH2CH2OH)(MeCN)]2�

2 a2�, which results from protonation of the 2-rhodaoxetane
oxygen atom and solvation by MeCN. This complex rear-
ranges to imino ester 32� by addition of the 2-hydroxyethyl
group to the activated C�N bond of the coordinated CH3CN
molecule.[8] This rearrangement is analogous to a Pinner
reaction[9] (Scheme 2, path a).

Heating a solution of 2 ´ BPh4 in CD3CN to 65 oC for four
hours in the presence of approximately one equivalent of
NH4PF6 results in the formation of the trideuterated amide
[D3]42� via the trideuterated imino ester [D3]32�, as evident by
1H NMR spectroscopy (Scheme 1). We obtained undeuter-
ated 42� as pure 4 ´ (BPh4)2 ´ MeCN through the analogous

Scheme 2. Reaction of alcohols with nitriles in acidic media. a) Formation
of the imidate by Pinner addition; b) formation of amide by Ritter
reaction; c) rearrangement of the imidate to an amide.

reaction in MeCN, followed by addition of one equivalent of
NaBPh4 and partial evaporation of the solvent.

Opaque, colorless crystals of 4 ´ (BPh4)2 ´ CH3CN that were
suitable for X-ray diffraction were obtained by the slow
cooling of a hot, saturated solution of 4 ´ (BPh4)2 in CH3CN.
The crystal structure of 42� (Figure 1)[10] confirms the re-
arrangement of the N,C-coordinated 2-(acetimidoyloxy)ethyl
group in 32� to the O,C-coordinated 2-(acetylamino)ethyl
group in 42�. Bond lengths observed for 42� are comparable to
those of other rhodium and iridium amide complexes.[11]

Figure 1. X-ray crystal structure of amide 42�. Selected bond lengths [�]
and angles [8]: Rh1 ± N1 2.034(4), Rh1 ± N2, 2.048(4), Rh1 ± N3 2.142(3),
Rh1 ± N4 2.007(4), Rh1 ± O1 2.051(3), Rh1 ± C1 2.063(5), C1 ± C2 1.496(9),
C2 ± N5 1.443(7), N5 ± C3 1.319(6), O1 ± C3 1.261(5), C3 ± C4 1.487(6); O1-
Rh1-C1 91.1(2), Rh1-C1-C2 111.7(4), C1-C2-N5 114.5(5), C2-N5-C3
124.9(5), N5-C3-O1 121.4(5), C3-O1-Rh1 126.8(3), C4-C3-O1 118.9(4),
C4-C3-N5 119.7(5).

Heating a CD3CN or [D6]DMSO solution of a sample of
pure 3 ´ (BPh4)2 ´ MeOH to 65 oC resulted in quantitative
rearrangement to 42� within 3.5 hours. The lack of incorpo-
ration of CD3CN upon rearrangement of 32� to 42� in CD3CN
demonstrates that the transformation is truly intramolecular.
The rearrangement was found to be unaffected by the
presence of up to ten mol H2O per mol 32� in both CD3CN
and [D6]DMSO, which showed that imino ester 32� and amide
42� are both relatively stable towards hydrolysis.

The observed bands nÄC�N (1634 cmÿ1) for 32� and nÄC�O

(1600 cmÿ1) for 42� are in accordance with their crystal
structure. Selected NMR data for the RhCH2CH2O fragment
of 2�, the RhCH2CH2OC(Me)�NH fragment of 32�, and the
RhCH2CH2NHC(Me)�O fragment of 42� are summarized in
Table 1. The significant up-field shifts in the 1H and 13C NMR
spectra of the CH2N fragment in 42� relative to the CH2O
fragment in 2� and 32� are diagnostic of the conversion of 32�

to 42�.
The overall rearrangement of intermediate 2 a2� to 42� is

analogous to the Ritter reaction[9] (Scheme 2, path b). To the
best of our knowledge, the conversion of Pinner-type product
32� into Ritter-type product 42� is an unprecedented example
of the rearrangement of an alkylalkanimidate to an N-
alkylalkanamide (Scheme 2, path c: R,R'� alkyl). The heat-
ing of alkylalkanimidates generally results in elimination of

Table 1. Selected NMR data for 2�, 32�, and 42�.[a]

2� 32� 42�

Y�O Y�O Y�N

1H NMR:
(d)RhCH2CH2Y 2.37 3.38 3.47
(2J(Rh,H)) (2.4) (2.7) (2.4)
RhCH2CH2Y 4.92 4.26 3.23
(3J(H,H)) (7.5) (5.6) (5.9)
13C NMR:
(d)RhCH2CH2Y 1.3 28.5 33.3
(1J(Rh,C)) (18.4) 26.6) (27.7)
RhCH2CH2Y 78.7 71.8 41.5
(2J(Rh,C)) (4.0) (0) (0)

[a] 1H NMR: in CD3CN; 13C NMR: in [D6]acetone (2�) or in [D6]DMSO
(32�, 42�).
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alcohols.[12] However, the BF3-catalyzed rearrangement of
alkyltrichloroacetimidates (Scheme 2, path c: R� alkyl, R'�
CCl3) to N-alkyltrichloroacetamides has been reported.[13]

The mechanism proposed for this reaction involves the
formation of an alkyl cation ± trichloroacetimidate ion pair
(Scheme 3).

Scheme 3. Proposed mechanism for the BF3-catalyzed rearrangement of
alkyltrichloroacetimidates to N-alkyltricloroacetamides.[13]

We propose that the mechanism for the transformation of
32� to 42� proceeds via the route shown in Scheme 4. b-
elimination of the acetimidato group gives an acetamidato ±
ethene complex, which then reacts through the migratory
insertion of the ethene into the RhÿN bond.

Scheme 4. Proposed mechanism for the thermal rearrangement of 32� to
42�.

The overall conversion of ethene complex 1� into a k2-N,C-
2-(acetylamino)ethyl complex 42� (Scheme 1) is the first
example of a two-step amidation of a coordinated olefin by
H2O2 and H�/MeCN. The synthetic applicability of this
reaction is currently under investigation.

Experimental Section

3 ´ (BPh4)2: NH4PF6 (25 mg, 0.15 mmol) was added to a solution of 2 ´ BPh4

(100 mg, 0.13 mmol) in CH3CN (10 mL), and the solution stirred at room
temperature for 4 hours. Subsequently, a solution of NaBPh4 (45 mg,
0.13 mmol) in CH3CN (5 mL) was added, and the solvent was partially

evaporated under vacuum to about 5 mL. Compound 3 ´ (BPh4)2 ´ 1.5H2O
was precipitated as a white powder by adding MeOH (ca. 10 mL). Opaque
colorless crystals of 3 ´ (BPh4)2 ´ MeOH were obtained by slow crystalliza-
tion of the above powder from DMSO/MeOH at ÿ10 8C. Yield: 131 mg
(88 %). The presence of approximately 1.5 mol water and 1 mol MeOH
per mol 32� in the powder and the crystals, respectively, was confirmed by
1H NMR spectroscopy. 1H NMR (200.13 MHz, CD3CN, 298 K): d� 8.70 (d,
1H, 3J(H,H)� 5.6 Hz; Pya-H6), 8.32 (d, 2H, 3J(H,H)� 5.9 Hz; Pyb-H6),
8.0 ± 6.8 (m, 9H; py-H4, -H5, and -H3), 7.31 (m, 8 H; BAr-H2), 7.03 (t, 8H,
3J(H,H)� 7.3 Hz; BAr-H3), 6.87 (t, 4H, 3J(H,H)� 7.3 Hz; BAr-H4), 5.48
(d[AB], 2 H; 3J(H,H)� 16.8 Hz; NCH2-Pyb), 5.08 (d[AB], 2H, 3J(H,H)�
16.8 Hz; NCH2-Pyb), 4.84 (s, 2 H; NCH2-Pya), 4.26 (t, 2H, 3J(H,H)� 5.6 Hz;
RhCH2CH2O), 3.38 (dt, 2 H, 3J(H,H)� 5.6 Hz, 2J(H,Rh)� 2.7 Hz;
RhCH2CH2O), 2.11 (s, 3H; OC(CH3)�N); the 1H NMR spectrum in
[D6]DMSO shows an additional signal at d� 8.35 (br s, 1 H, NH); 13C{1H}
NMR (50.33 MHz, [D6]DMSO, 298 K): d� 179.5 (OC(CH3)�N), 164.3
(Pyb-C2), 163.2 (Pya-C2), 163.4 (q, 1J(C,B)� 48.6 Hz; BAr-C1), 150.2 (Pyb-
C6), 148.8 (Pya-C6), 140.1 (Pyb-C4), 139.5 (Pya-C4), 135.6 (BAr-C2), 126.0
(Pyb-C3), 125.3 (q, 3J(C,B)� 2.8 Hz; BAr-C3, Pya-C3), 124.9 (Pyb-C5),
122.3 (Pya-C5), 121.6 (BAr-C4) 71.8 (RhCH2CH2O), 65.6 (N-CH2-Pya), 64.9
(NCH2-Pyb), 28.4 (d, 1J(C,Rh)� 26.4 Hz, RhCH2CH2O), 21.6
(OC(CH3)�N); FT-IR (KBr): nÄ � 3605 (m), 3509 (m), 3275 (m),
1634 cmÿ1 (s, C�N); FAB-MS (m-nitrobenzylalcohol (Noba)/CH3CN):
m/z : 798 [MÿBPh4]� , 478 [MÿHÿ (BPh4)2]� , 393 [Mÿ (CH2CH2OC-
(CH3)�NH)ÿ (BPh4)2�H]� ; FAB-MS (m-Noba/CH3CN) from a sample
prepared from a CD3CN solution: m/z : 801 [MÿBPh4]� , 481 [MÿHÿ
(BPh4)2]� , 393 [Mÿ (CH2CH2OC(CD3)�NH)ÿBPh4)2�H]� ; elemental
analysis calculated for 3 ´ (BPh4)2 ´ 1.5 H2O (C70H69N5O2.5B2Rh): C 73.44,
H 6.07, N 6.12; found: C 73.50, H 6.32, N 6.02; calculated for 3 ´ (BPh4)2 ´
MeOH (C71H70N5O2B2Rh): C 74.16, H 6.14, N 6.09; found: C 74.30, H 6.09,
N 6.41.

4 ´ (BPh4)2: NH4PF6 (45 mg, 0.28 mmol) was added to a solution of 2 ´ BPh4

(100 mg, 0.13 mmol) in CH3CN (10 mL), and the solution heated to 65 8C
for 4 h. Subsequently a solution of NaBPh4 (90 mg, 0.26 mmol) in CH3CN
(5 mL) was added, and the solvent was partially evaporated under vacuum
to about 3 mL. The solution was again heated to 65 oC and allowed to cool
slowly to room temperature, which resulted in the slow crystallization of 4 ´
(BPh4)2 ´ CH3CN as opaque colorless crystals that were suitable for X-ray
diffraction studies. Yield: 107 mg (71 %). 1H NMR (200.13 MHz, CD3CN,
298 K): d� 8.59 (d, 1 H, 3J(H,H)� 6.2 Hz; Pya-H6), 8.43 (d, 2 H, 3J(H,H)�
5.9 Hz; Pyb-H6), 8.0 ± 6.8 (m, 9H; py-H4, -H5, and -H3), 7.31 (m, 8H; BAr-
H2), 7.03 (t, 8 H, 3J(H,H)� 7.3 Hz; BAr-H3), 6.87 (t, 4 H, 3J(H,H)� 7.3 Hz;
BAr-H4), 5.45 (d[AB], 2 H, 3J(H,H)� 15.9 Hz; NCH2-Pyb), 5.07 (d[AB],
2H, 3J(H,H)� 15.9 Hz; NCH2-Pyb), 4.94 (s, 2 H; NCH2-Pya), 3.47 (dt, 2H,
3J(H,H)� 5.9 Hz, 3J(Rh,H)� 2.4 Hz; RhCH2CH2NH), 3.23 (t, 2H,
3J(H,H)� 5.9 Hz; RhCH2CH2NH), 1.80 (s, 3H, NHC(CH3)�O); the
1H NMR spectrum in [D6]DMSO shows an additional signal at d� 9.81
(br s, 1H, NH); 13C{1H} NMR (50.33 MHz, [D6]DMSO, 298 K): d� 178.8
(NHC(CH3)�O), 164.9 (Pyb-C2), 164.3 (Pya-C2), 163.4 (q, 1J(C,B)�
48.6 Hz; BAr-C1), 150.7 (Pya-C6), 150.4 (Pyb-C6), 140.3 (Pyb-C4), 139.4
(Pya-C4), 135.6 (BAr-C2), 125.9 (Pyb-C3), 125.3 (q, 3J(C,B)� 2.8 Hz; BAr-
C3, Pya-C3), 124.8 (Pyb-C5), 122.5 (Pya-C5), 121.6 (BAr-C4), 65.4
(NCH2-Pyb), 63.9 (NCH2-Pya), 41.5 (RhCH2CH2NH), 33.3 (d, 1J(C,Rh)�
27.7 Hz, RhCH2CH2NH), 21.5 (NHC(CH3)�O); FT-IR (KBr): nÄ � 3307 (s,
NH), 1600 cmÿ1 (s, C�O); FAB-MS (m-Noba/CH3CN): m/z : 798 [Mÿ
BPh4]� , 478 [MÿHÿ (BPh4)2]� , 393 [Mÿ (CH2CH2NHC(CH3)�O)ÿ
(BPh4)2�H]� ; elemental analysis calculated for 4 ´ (BPh4)2 ´ CH3CN,
(C72H69N6ORhB2): C 74.62, H 6.00, N 7.25; found: C 74.68, H 6.50, N 7.21.
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