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Abstract

The zirconium methylidene isocyanide, methyl isocyanide, and n,-nitrile-m-complex are observed in the matrix IR spectra from reactions of laser-
ablated Zr atoms and acetonitrile isotopomers. The methylidene CH,=Zr(H)NC has a C, agostic structure in line with simple early transition-
metal methylidenes recently produced from reactions with small alkanes and methyl halides, and the extent of agostic distortion is also
comparable. Formation of the isocyanide complexes from acetonitrile is interesting but not surprising according to previous studies of metal
reactions with nitrile containing compounds, and their stabilities over the cyanide species are reproduced by DFT calculations. Observation of the
relatively rare nitrile m-complex and its photo-dissociation suggests that the reaction proceeds in the order of Zr«—NCCHj3, n,-Zr(NC)-CH;, CH;-
ZrNC, and CH,=Zr(H)NC. The intermediate transition-state structures are also examined.
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Table S1: Calculated Fundamental Frequencies of CH,=Zr(H)CN Isotopomers in the Ground 'A State®

Approximate CHz=2Zr(H)CN CD2=Zr(D)CN "®CHz=2r(H)"*CN
Description BPW91° Int® B3LYP® Int® BPW91® Int® B3LYP® Int® BPW91® Int® B3LYP® Int°
CH; as. str. 31335 3 31852 2 23178 5 23559 5 31229 2 31745 2
CH; as. str. 26675 2 28254 5 19423 1 20570 2 26613 2 28188 5
CN str. 21428 59 22342 68 21428 60 22342 68 20959 53 21853 60
Zr-H str. 1636.4 311 16550 388 1164.3 162 1177.7 202 16364 311 16550 388
CH; scis. 131565 24 13360 22 10044 17 10312 22 1309.0 =24 13281 21
C-Zr str. 7818 73 7715 88 7068 54 6912 60 7608 72 7518 88
CH, wag 6473 105 692.3 146 5062 98 5417 106 6422 96 686.4 142
C-H ip bend 6280 85 6358 63 4777 46 4786 57 6248 89 6334 60
CHj twist 4660 16 4464 25 3919 41 3719 55 4642 16 4460 25
CH, rock 4317 53 3962 22 3414 12 3225 4 4310 51 3920 19
Zr-CN str. 3923 49 3710 58 3106 23 3023 15 3864 50 3663 58
C-H oop bend 2995 26 2839 52 2574 7 2383 15 2948 27 2796 55

ZrCN oop bend 163.0 2 160.5 1 157.7 2 160.2 1 159.3 2 156.1 1
ZrCN ip bend 152.0 16 1499 40 1311 11 126.7 25 149.2 15 147.8 38

CZrC bend 77.6 18 68.6 42 70.0 16 604 37 76.1 17 675 41

“Frequencies and intensities are in cm™' and km/mol. bFrequencies computed with BPW91/6-311++G(3df,3pd). “Frequencies and intensities

computed with B3LYP/6-311++G(3df, 3pd). CH,=Zr(H)CN has a C, structure.



Table S2: Calculated Fundamental Frequencies of CH3-ZrCN Isotopomers in the Ground ’A” State®

Approximate CH3-ZrCN CD3-ZrCN "3CH3-ZrCN
Description BPW91° Int® B3LYP® Int® BPW91° Int® B3LYP® Int® BPW91® Int® B3LYP® Int°
A’ CHj as. str. 3049.7 1 3090.7 2 22523 1 22825 1 30395 1 30804 1
A” CHj as. str. 29769 3 30237 5 21989 1 22335 1 2966.7 4 30133 5
A’ CHjy s. str. 29052 4 29604 4 20888 2 21240 1 29019 4 29570 4
A’ CN str. 21075 6 22120 14 21076 6 2212.0 14 20617 5 21638 11
A” CH; bend 13629 7 14150 5 9894 4 10271 4 13598 7 14118 5
A’ CH; bend 13525 1 14046 1 9821 1 10198 1 13494 1 14014 A
A’ CH; deform 10966 9 11492 9 869.8 21 9065 21 10868 8 11394 7
A’ C-Zr str. 5133 40 5162 44 4520 32 4544 38 5019 38 5051 41
A’ Zr-CN str. 4047 53 4135 71 3918 47 3939 66 3990 54 407.7 71
A” CHs rock 3300 3 3606 5 2471 2 2694 3 3283 3 3588 5
A’ CHs rock 3497 1 3582 7 2914 1 3008 1 3451 1 3533 7

A’ ZrCN ip bend 2121 1 213.3 1 202.4 1 2056 2 206.3 1 207.3 1
A” ZrCN oop bend 207.0 0 200.2 0 2049 0 198.7 0 201.2 0 1946 0
A” CHj; tort 113.0 0 110.3 0 821 0 80.0 0 113.0 0 1102 0

A’ CZrC bend 75.2 3 79.2 4 689 3 72.5 4 742 3 781 4

“Frequencies and intensities are in cm™ and km/mol. bFrequencies computed with BPW91/6-311++G(3df,3pd). “Frequencies and intensities

computed with B3LYP/6-311++G(3df, 3pd). CH;3-ZrCN has a C; structure, and the symmetry notations are based on the C; structure.



Table S3: Calculated Fundamental Frequencies of Zr«—NCCH3; Isotopomers in the Ground A, State®

Approximate Zr—NCCHs Zr—NCCD; Zr—N"C'"*CH,
Description BPW91®  Int®  B3LYP®  Int® BPW91®  Int® B3LYP® Int® BPW91®  Int®  B3LYP®  Int°
E CH, as. str. 30075 5 30737 3 22256 3 22764 2 29968 5 30626 3

E CH, as. str. 2989.6 7 30737 3 2209.1 6 2276.4 2 29802 7 3062.6 3
A; CHj as. str. 29233 137 30142 57 2101.3 58 2164.0 0 29192 136 30112 57
A; CN str. 19474 583 21372 580 19452 604 21343 618 18964 584 20823 569
ECH;as.bend 14177 17 1463.1 9 10195 7 10515 4 14159 18 14613 9
ECHsas.bend 14102 7 1463.1 9 10138 3 10515 4 14086 7 14613 9
A; CH; deform 13533 41 14084 29 1080.7 1 11240 0 13434 50 13979 33
E CHj rock 994.1 2 10317 2 785.2 1 8203 1 983.8 2 10204 2

E CHj rock 970.2 9 10317 2 751.6 82 8203 1 960.1 12 10204 2
A, C-C str. 909.3 151 929.8 87 840.0 89 8456 97 890.9 142 9101 81
E CCN bend 365.6 0 316.1 1 354.8 0 3059 2 359.8 0 310.6 1

E CCN bend 247.8 5 316.1 1 245 4 6 3059 2 249.9 4 310.6 1
A; Zr-N str. 217.4 67 293.7 48 215.6 62 2856 44 2123 71 288.8 46
E ZrNC bend 68.4 3 112.6 2 63.2 2 1049 1 69.3 3 110.8 2

E ZrNC bend 48.8 50 112.6 2 45.4 42 1049 1 47.0 50 110.8 2

“Frequencies and intensities are in cm™ and km/mol. bFrequencies computed with BPW91/6-311++G(3df,3pd). “Frequencies and intensities

computed with B3LYP/6-311++G(3df, 3pd). Zr«—NCCH; has a Cs, structure with B3LYP/6-311++G(3df, 3pd), whereas it has a C; structure close

to the C;, structure with BPW91/6-311++G(3df,3pd). The symmetry notations are based on the C;, structure.



Table S4: Observed and Calculated Fundamental Frequencies of HC=C-NH, Isotopomers in the Ground 'A’ State®

Approximate HC=C-NH, DC=C-ND; H'®C=""C-NH;

Description Obs® BPW91° Int® B3LYP? Int® Obs® BPW91° Int® B3LYP IntY  Obs® BPW91° Int® B3LYP? Int
A" NH, as. str. 3460.2 3533.9 32 36242 42 2633.1 2609.1 16 26772 20 3460.0 3533.9 32 36242 42
A’ NH, s. str. 3454.7 4 35400 14 24937 12 25557 19 34544 7 35399 15
A’ C-H str. 3377.7 34225 90 34805 98 2669.7 26582 125 2710.1 138 3366.4 3405.1 82 34623 89
A’ CCN as. str. 2124.3 21816 129 22375 139 covered 20455 74 20919 76 covered 21044 123 21583 133
A’ NH, scis. 15906 24 16363 26 12038 25 12375 28 1590.4 23 16360 26
A” NH, rock 11612 0 11911 0 9084 1 9346 1 11567 0 11864 0

A’ CCN s. str. 10689 15 10868 19 9829 11  1001.0 13 10529 14 10706 18
A” C-H bend 650.3 40 699.3 41 5045 19  547.0 20 6456 40 6938 41
A’ NH, wag 554.3 5855 172 568.2 129 487.8 4945 50  499.9 36 552.3 583.9 177 565.3 136
A’ C-H bend 457.7 466.8 94 4821 178 3829 71 3522 90 451.7 460.9 93 480.0 170
A’ CCN bend 362.8 25 4291 8 299.9 39 3820 47 3540 21 4162 7

A” CCN bend 3546 9 3693 8 3180 9 3290 9 3443 8 3588 7

“Frequencies and intensities are in cm™ and km/mol. °Observed in an argon matrix. “Frequencies computed with BPW91/6-311++G(3df,3pd).

Frequencies and intensities computed with B3LYP/6-311++G(3df, 3pd). HC=C-NH, has a C; structure, and the symmetry notations are based on

the C; structure.
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Laser-ablated Zr atoms react with acetonitrile, and the products are identified from isotopic shifts and correlation with the DFT calculated
frequencies. CH,=Zr(H)NC, CH;3-ZrNC, and ,-Zr-NC-CHj are identified in the product spectra. The methylidene complex exhibits an agostic

structure.



