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The XC=ReX; complexes (X = F, Cl) are produced by CX, reaction with laser-ablated Re atoms, following oxidative
C—X insertion and a-halogen migration in favor of the carbon—metal triple bond and are identified through the
observation of characteristic absorptions in the argon matrix infrared spectra and comparison with vibrational
frequencies calculated by density functional theory. The methylidyne C—F and C—Cl stretching absorptions are
observed near 1584 and 1328 cm™?, and the C—H stretching modes for HC=ReX; at 3104 and 3097 cm™,
respectively, which are substantially higher than the precursor stretching modes and in agreement with the general
trend that higher s-orbital character in carbon hybridization leads to a higher stretching frequency. The Jahn—Teller
effect in the doublet-state XC=ReX; and HC=ReX; complexes gives rise to distorted structures with Cs symmetry
and two equivalent longer Re—X bonds and one slightly shorter Re—X bond.

Introduction
Transition metal complexes with carbemetal triple

bonds have been extensively studied due to their versatile

chemistry, reactivities, and catalytic activitiesbut only a
few of them contain the simple #iC—H moiety and even
fewer involve the halogen substituent as=i@d—X (M =
transition metal, particularly rheniun)® Although the C-H
vibrational characteristics are difficult to investigate due to
very low infrared intensity and interference from other
hydrogen stretching absorptions, the-X stretching bands

ground state HEReH; complex in solid argon for observa-
tion of the C-H stretching mode at 3101.8 chand density
functional calculations reveal 45.6% s character in the C
hybrid orbital and a distorted geometry 6f symmetry®

This fundamentally important simple methylidyne complex
can be investigated by high level theoretical calculations to
understand the unique bonding and structure around the Re
center including JahnTeller distortion and symmetry reduc-
tion. The present work was designed in part to determine
the effect of halide substituents on theeRe bond and their

are very intense and fall in a clean region of the spectrum €ffect on the symmetry at the rhenium center with the
and can be used as a probe to study the orbital hybridizaﬁonpOSSIblllty of Jahn-Teller distortion and the hybridization
and bonding at carbon. Recently we prepared the doubletat carbon.
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Recent work in this laboratory lead to the discovery of a
new class of electron-deficient triplet-state methylidyne
complexes XG-MX3 from a Group 4 atom reacting with
CX4 (X = F, ClI) molecules. Chlorofluoromethanes were also
investigated, and both possible structural isomers were
observed. The thermochemical driving force for complete
o-F transfer dominated these reactions and provided a very
high diagnostic G F stretching mode in the 1453413

(6) Cho, H.-G.; Andrews, LOrganometallic2007, 26, 4098 (HG=ReH;
complex).
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In vestigations of the X&ReX; and HC=ReX; Complexes

cm* region’° Fluoro and chloro carbyne complexes of
rhenium have been synthesized from protonation of vinly-

Wiberg bond orders were calculated to help understand the bonding
and electronic structures of the molecules under considerttion.

idene precursors, and the formation of the Carbyne Comp'exesTO further validate the calculated B3LYP geometries and vibrational

demonstrated the stability of the rhenitizarbon triple
bond#® Accordingly, we have designed reactions of laser-
ablated Re atoms with CXand CHX precursors (X= F,

Cl) to look for new carbyne complexes of rhenium formed
by completea-halogen transfer.

Experimental and Computational Methods

Laser-ablated Re atoms (Johnsdviatthey) were reacted with
CF;, CRCI (DuPont), CEBr (Peninsular),3CF;Cl, 3CFRBr
(preparedy®1t CCl,, and3CCl, (MSD Isotopes) in excess argon
during condensationt&@ K using a closed-cycle refrigerator (Air

frequencies, electronic structure calculations were also performed
using quasi-relativistic DFT with the generalized gradient PW91
approach implemented in Amsterdam Density Functional program
(ADF 2006.01)t° In the PW91 calculations, the zero-order-regular
approximation (ZORA) was used to account for the scalar and
spin—orbit coupling relativistic effec®® and uncontracted Slater
basis sets with triplé- plus two polarization functions (TZ2P)
were employed. The frozen core approximation was applied to the
[1s?] cores of C and F, [Es2pf] core of Cl, and [134f14] core of

Re, with the rest of the electrons explicitly treated variation#ly.
The geometries were fully optimized with inclusion of the scalar
relativistic effects and tight convergence criteria for the energy

Products HC-2). These methods have been described in detaildradients were utilized. Vibrational frequency calculations were

elsewheré?13 Reagent gas mixtures were typically 85% in

accomplished by numerical differentiation of the energy gradients.

argon. After reactions, infrared spectra were recorded at a resolutionDiabatic bond energies are calculated with zero point energy

of 0.5 cnT?! using a Nicolet 550 spectrometer with an MCT-B
detector. Samples were later irradiated for 20 min periods by a
mercury arc lamp (175 W) with the globe removed using a
combination of optical filters, and then samples were annealed to
allow reagent diffusion.

Density functional theory (DFT) calculations were carried out
using the Gaussian 03 packadethe hybrid B3LYP density
functional!® the 6-311+G(3df,3pd) basis sets for C, H, F, Cl,
and Br® and SDD pseudopotential and basiddetr Re to provide
a consistent set of vibrational frequencies for the reaction products.
Geometries were fully relaxed during optimizations, and the
stationary nature of the optimized geometries was confirmed by
vibrational analysis. All of the vibrational frequencies were
calculated analytically. Zero-point energies were included in the
calculation of reaction energies. Natural bond orbitals, natural
localized molecular orbitals, natural population analysis, and natural
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corrections. We also performed fragment molecular orbital calcula-
tions using the PW91 functional and linear synchronous transit
(LST) calculations to analyze the orbital interactions and theJdahn
Teller effects.

Results and Discussion

The products of rhenium atoms reacting with,CER:-

Cl, CRBr, CCl,, and haloforms will be characterized by
matrix infrared spectra and DFT calculations. Jafeller
distortion and bonding trends in doublet-state methylidyne
product complexes will be discussed. These experiments also
reveal absorptions due to precursor fragment and parent anion
reactive species that have been reported previdfsh?ias

well as new C-H stretching bands for the parent anion.

Re + CF,. The reactions of laser-ablated rhenium atoms
and carbon tetrafluoride produced new infrared absorptions
at 1585.3, 662.9, 654.6, and 607.8 ¢pwhich are illustrated
in Figures 1 and 2 (the product bands are marked with
arrows) and listed in Table 1. These bands were not affected
by ultraviolet (UV) irradiation, but they sharpened slightly
on annealing to 30 K.

Re + CF3Cl. Reactions between laser-ablated Re atoms
and CRCI (Freon-13) yield similar absorptions at 1583.3,
643.4, and 610.0 cm. While these absorptions did not
change with 306380 nm irradiation, they increased by 20%
with >290 nm light and another 50% witkr220 nm
irradiation but decreased 10% on annealing to 30 K. The
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Figure 1. Infrared spectra in the 1500 crhregion for the Re atom reaction
product with CX molecules in excess argon at 8 K. (a) Re..0% CR in
argon co-deposited for 1 h. (b) After irradiatioh € 290 nm). (c) After
irradiation ¢ > 220 nm). (d) After annealing to 30 K. (e) Re1.0% Ck-

Cl in argon co-deposited for 1 h. (f) After irradiation<{ 290 nm). (g)
After irradiation @ > 220 nm). (h) After annealing to 30 K. (i) Re 1.0%
CRsBrin argon, (j) After irradiation{ < 290 nm). (k) After irradiation{

> 220 nm). (I) After annealing to 30 K, (m) Ré 1.0%CFsCl in argon,

(n) After irradiation ¢ < 290 nm). (o) After irradiation{ > 220 nm). (p)
After annealing to 30 K, (q) Rer 1.0% 3CFsBr in argon, (r) After
irradiation @ < 290 nm). (s) After irradiationA > 220 nm). (t) After
annealing to 30 K. Arrows denote the methylidyne complex absorption
and P denotes precursor bands.
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Figure 2. Infrared spectra in the 600 crhregion for the Re atom reaction

product in the first three sets of four spectra in Figure 1. P denotes precursor

and P~ marks parent anion absorption.
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was not shifted, but the 628.2 cfrcounterpart was displaced
to 628.0 cm™.

Re + CCl4. Experiments with carbon tetrachloride gave
a strong doublet at 1328.0, 1322.5 dmwhich shifted to

1280.0, 1275.2 cmt with 3C-enriched material as shown

in Figure 3. These bands increased about 10% 280 nm

radiations, 20% orr 220 nm irradiations, and another 20%

on annealing to 30 K.

Re + CHX3. Rhenium reactions with fluoroform gave rise
to new absorptions at 3103.8, 688.8, 657.1, 652.0, 614.1,
602.8, and 628.8 cm, which are compared in Figure 4 with
the spectra from analogous chloroform reactions. UV ir-
radiation tripled the first six new fluoroform product absorp-
tions after their formation on co-deposition of laser-ablated

Re and reagent molecules in excess argon but failed to

change the last one. Annealing had no effect on these

absorptions. On the other hand, the chloroform product bands

increased 2630% on the UV irradiations and about 40%

on annealing to 30 K. In the chloroform case, the upper band

falls at 3097.3 cm?, shifts to 3086.1 cmt with 1°C, and
shifts to 2329.4 cmt on deuterium substitution. The weak
' 3087.2 cm? band destroyed by 290 nm irradiation shifts
to 3076.6 cm? with 3C and to 2304.6 crit on deuterium
substitution: these new bands are common to other metal
experiments, and are, we believe, due to the parent anion.
In the lower region, new absorptions are observed at 669
(shoulder) and 623.9 cm for chloroform, 663.5 and 618.9
cm! for 13CHCIl;, and at 534.4 and 494.8 ctnfor CDCl;
reactions.

In order to determine if the sharp, new highest frequency
absorption could be tuned by replacing fluorine with chlorine,
the mixed fluorochloroforms were employed. The GBF
precursor reacted with Re to give new bands at 3101.6, 688.6,
644.5, 638.6, 620.7, and 615.8 chwhich are shown in
Figure 4. With3CHF,CI, these bands shifted to 3090.6,
685.5, 643.6, 638.2, 620.3, and 615.6¢nRhenium and
CHFCL, gave product absorptions at 3099.5, 682.1, 638.5,
and 597.7 cm?, which shifted to 2331.1, 538.7, 634.8, and
476.7 cmt with the CDFC} reagent. Photosensitive parent

spectra are compared in Figures 1 and 2. Other bands at 657.8nion counterparts were found at 3081.6, 656.0 and at 2301.0,

and 632.4 cm! (marked B) increased on the initial photolysis
and more with the last irradiation for a total 4-fold growth.
The sharp 664.9 cm band has &3C counterpart at 655.8

550.5 cnT.
Product Identification. XC =ReXs. On the basis of our
previous work with methane activation by transition metal

cm !, which have been identified as the parent anion in atoms?*three reaction products are possible. The Grignard-

earlier studies. These photosensitive bands are common
other metal experimens® The °C sample produced
analogous bands at 1534.0 (Figure 1), 643.2 and 610.0.cm
The B bands were found at 657.8 and 632.2 trithe new
absorptions are collected in Table 2.

Re + CF3Br. Likewise, the reactions with GBr formed
similar products with slightly shifted absorptions at 1582.4
638.9, and 609.4 cm, which increased similarly on UV
irradiation, and another pair (marked B) at 654.6 and 628.

cm™L. The photosensitive parent anion is now at 661.4 and

651.9 cnm! with the two carbon isotopes. In the first set of
bands, only the upper band shifted usiigFBr, namely
to 1533.1 cm? (Figure 1 and Table 3). The 654.6 chband

8730 Inorganic Chemistry, Vol. 46, No. 21, 2007

tdype insertion product (G—ReF) in the sextet state is
predicted by B3LYP density functional calculations to be
34 kcal/mol lower than the sum of the energies of the
reactants Re and GFThis molecule has a Re- stretching
mode at 595 cm' (201 km/mol intensity), which is 63 cm
lower than the strongest Ré& stretching mode calculated
for the product assigned here (Table 1). The highest
frequency C-F stretching mode calculated for this insertion
5 product is 1146 cm, which is substantially below the
observed 1585 cmt band. The quartet-state methylidene
product (CE=ReR,) is predicted to also be 64 kcal/mol lower

(24) Andrews, L.; Cho, H.-G.Organometallics2006 25, 4040 and
references therein (review article).
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Table 1. Observed and Calculated Fundamental Frequencies &fR&E; and CIG=ReCk in the Ground?A’ Electronic State witlCs Structuré

FC=ReR F13C=ReR CIC=ReC} CI*3C=ReCk

approximate

description obs calcd int calcd int obs calcd int obs calcd int
C—F/C—Cl stretch? & 1585.3 1622.2 382 1570.7 362 1328.0 1346.9 171 1280.2 1297.9 160
ReR/ReCb stretch, & 662.9 658.3 145 658.3 145 387.9 87 386.7 88
Re—F/Re—Cl stretch, & 654.6 645.1 88 644.9 88 377.0 7 375.4 9
XC=Re stretch, ‘a —¢ 623.5 12 619.6 11 343.9 7 334.3 4
ReR/ReChb stretch, & 607.8 603.6 84 603.6 84 369.2 31 368.7 36
XCRe bend, a 422.1 3 408.2 2 438.1 15 437.3 14
XCRe bend, & 392.5 10 379.8 9 346.9 25 334.8 19

aFrequencies and intensities are in@émand km/mol, respectively. Five lower real frequencies are not listed. Observed natural isotopic frequencies in an
argon matrix. Frequencies and intensities were calculated with B3LYP/6-8GX3df,3pd), and the SDD pseudopotential and basis set are used for Re. The
symmetry notations are based on tBestructure ? Mixed mode with some €Re stretching charactePossibly masked by GRprecursor.

Table 2. Observed and Calculated Fundamental Frequencies sfR&E,Cl and CIGEReFR; in Ground?A' Electronic States witlCs Structure3

FC=ReRCI F13C=ReRClI CIC=ReR; Cl3C=ReR

approximate

description obs calcd int obs calcd int obs calcd int obs calcd int
C—F/C—Cl stretch? & 1583.3 1627.0 448 1534.0 15754 ¢ 1350.4 112 —¢ 1301.2 104
ReF; stretch, a 643.4 651.1 132 643.3 651.1 657.8 658.3 149 657.8 658.2 148
Re—F stretch, a 622.5 16 618.9 16 632.4 641.2 101 632.2 641.0 102
C=Re stretch, a 610.0 606.2 79 610.0 606.2 79 605.7 82 605.7 83
ReF, stretch, & 436.0 11 383.6 34 447.6 15 445.1 14
FCRe bend,'a 395.0 7 423.0 15 375.9 2 364.9 3
Re—Cl stretch 385.1 38 382.0 7 328.8 15 317.3 14

aFrequencies and intensities are in¢nand km/mol, respectively. Five lower real frequencies are not listed. Observed natural isotopic frequencies in an
argon matrix. Frequencies and intensities were calculated with B3LYP/6-8GL3df,3pd), and the SDD pseudopotential and basis set are used for Re. The
symmetry notations are based on testructure ®? Mixed mode with some &Re stretching charactetPossibly masked by GEI precursor.

Table 3. Observed and Calculated Fundamental Frequencies sfREE:Br and BrG=ReFR; Complexes in the GrountA' Electronic States witlCs
Structures

FC=ReRBr F13C=ReFRBr BrC=ReFR; Bri’C=ReR

approximate

description obs calcd int obs calcd int obs calcd int obs calcd int
C—F/C—Br stretch? & 1582.4 1624.0 472 1533.1 1572.5 447 ¢ 1281.0 63 —¢ 1233.0 57
ReR; stretch, & 638.9 649.1 141 638.9 649.1 141 654.6 658.4 150 654.6 658.4 149
Re—F stretch,a 621.4 16 617.8 16 628.2 640.8 109 628.0 640.6 109
C=Re stretch, a 609.4 606.2 77 609.4 606.2 77 606.2 82 606.2 82
ReF, stretch, & 433.7 4 419.2 4 375.5 9 363.7 9
FCRe bend,'a 3935 7 380.6 6 302.9 5 302.2 5
Re—Cl stretch 266.8 2 266.5 22 301.4 16 290.7 15

aFrequencies and intensities are in@émand km/mol, respectively. Five lower real frequencies are not listed. Observed natural isotopic frequencies in an
argon matrix. Frequencies and intensities were calculated with B3LYP/6-8GX3df,3pd), and the SDD pseudopotential and basis set are used for Re. The
symmetry notations are based on Westructure? Mixed mode with some &Re stretching charactetPossibly masked by GEI precursor.

in energy than the reagents combined. It has strond-C  for the B3LYP approach and is within the error bar of the
stretching absorptions at 1280 and 1160 &nmwhich are DFT calculations with harmonic approximation involVé&dt’
also much too low to fit the observed band. However, the  The single C-F bond stretching mode discussed above is
third possibility, namely the methylidyne (F€RekR) in the calculated to be the strongest IR absorption foEReF;,
doublet ground state, is calculated to be the most stableand we can expect the relative intensities calculated by DFT
among the plausible products, namely 50 kcal/mol more to provide an approximate guide for other modes. Figure 2
stable than the insertion and 20 kcal/mol more stable thanalso illustrates three other associated product absorptions at
the methylidene complex and 84 kcal/molver in energy 662.9, 654.6, and 607.8 cth The 662.9 cm! band is
than Re+ CF,. More importantly, the strongest absorption slightly stronger than the 1585.3 cfrband, but the last two

is predicted at 1622.2 cri, which is in very good agreement  bands are weaker. All three are in the region expected for
with the observed 1585.3 crhfrequency for the density = Re—F stretching modes, between values for solid Rafel
functional calculation. Furthermore, the calculation gives a Rek (660—722 cn! range) and for ReF (565 cr}).?526

13C shift of 51.5 cm* for this C—F stretching mode, which  These Re-F stretching absorptions are consistent with the
is in line with what we observe for the Freon-13 counterpart : :

absorption at 1583.3 cth The calculated frequency is 36.9 ggg E:Lnn?fa?bT. ; ﬁﬁfg’ x ﬂﬁf’é“?mi?&mém.%éi%ééﬁfgﬁé fi@i
cm 1 or 2.3% higher than the observed value, which is usual 559 (ReF).

Inorganic Chemistry, Vol. 46, No. 21, 2007 8731
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Figure 3. Infrared spectra in the 135250 cnv! region for the product
of Re atom reaction with C¢land3CCl, in excess argon. (a) Re 1.0% 0.36
CCly in argon co-deposited for 1 h. (b) After photolysis€ 290 nm). (c)
After photolysis £ > 220 nm). (d) After annealing to 30 K. (e) Re1.0%
13CCly in argon co-deposited for 1 h. (f) After photolysis € 290 nm).
(g) After photolysis £ > 220 nm). (h) After annealing to 30 K. Arrows
denote the product absorptions.

predicted symmetric and antisymmetric -Re stretching
frequencies for the ReBubunit with equivalent ReF bonds
and the single slightly shorter R& bond in FGEReF; as
shown in Table 1 (frequencies predicted to be 4.6, 9.5, and
4.2 cn! lower than observed). We note that the hybrid ¢00!"
density functional approach provides good approximate
calculations of frequencies, and comparison with results usingrigure 4. Infrared spectra in the €H and G-D stretching and bending

the pure PW91 density functional (Table S1) substantiates regions for the Re atom reaction product with CHXolecules in excess
argon at 8 K. (a) Re- 1.0% CHFR in argon co-deposited for 1 h. (b) After

these aSSIQnmen%é irradiation @ < 290 nm). (c) After irradiation A > 220 nm). (d) After
The observation of three different RE stretching modes  annealing to 30 K. (e) After secorid> 220 nm irradiation. (f) Ret 1.0%

; ; ; CHF.CI in argon co-deposited for 1 h. (g) After irradiatioh € 290 nm),
for a molecule with a Ref fragment |mpI|es that the (4 > 220 nm), annealing to 30 K, and secaoh@ 220 nm irradiation. (h)

symmetry is lower than 3-fold. In fact, the two bond Re+ 1.09%1CHR,CIin argon. (i) After combined irradiation and annealing

stretching modes (e and)aof the trigonal heavy metal treatment described above. (j) Re 1.0% CHFC} in argon. (k) After

methylidyne tiflioride FE-WF are calculated 10 be  comhnedtesenen ) ReLmo oVt s () Mercorpis

separated by less than 10 tmAn additional weak absorp- () Re+ 1.09%13CHCI; in argon. () After combined treatment. () Re

tion calculated at 623.5 cmh has considerable £€Re 1.0% CDC4 in argon. (s) After combined irradiation cycle. Arrows denote

Stretching character, as does the 1662.21dinequency, but the methy_lidyne com_plex absorptions, P denotes precursor bands, and P

P parent anion absorptlons.

the strong Ckband at 630 cmt precludes any possibility

of its detection. Our calculation reveals strong coupling

between the €F and G=Re stretching modes, and there is experimental value. A harmonic-€Cl vibration would shift

substantial separation between the two calculated frequenciegnly 38.7 cn?, so there is considerable<Cl and C-Re

involving carbon motion, (1622.2 and 623.5 T Our coupling in this vibration to give an antisymmetric-&C—

observation of four absorptions, which correlate well with Re motion.

the B3LYP and PW9L1 predictions for the #ReR; per- The CR reaction proceeds through the first and second

fluoro methylidyne complex, substantiates the identification intermediate species via-& bond activation by excited Re

of this species. atoms and two successiveF transfers to form the most
Both B3LYP and PW91 frequency calculations (Tables 1 stable methylidyne product as outlined by reaction 1, which

and S1) show that only one absorption can be observed foris overall exothermic by 84 kcal/mol at the B3LYP level of

the perchloro counterpart G¥ReCk complex, namely the  theory. Note that each step is exothermic and that this excess

strong C-Cl stretching mode, because the-R@ stretching energy activates the next step. The analogous reaction with

absorptions fall below our 420 crhlimit of detection. The CCl, to form CIC=ReCk is exothermic by 146 kcal/mol,

strong C-ClI stretching mode is predicted at 1346.9¢ém  owing to the much weaker -©Cl bond. The CIGReCk

with a 49.0 cm? 1%C shift by B3LYP and at 1321.4 cmh complex increases by 20% on annealing the sample to 30

with a 48.2 cm? % shift by PW91, and this mode is K, which suggests that the ground-state Re atom activation

observed at 1328.0 crhwith a 47.8 cm* °C shift. Notice of CCl, is spontaneous. Very early work showed that Li

that the two density functional calculations bracket the atoms react spontaneously with GChut only one ClI is

abstracted to form LiCl and the C{iadical?® Because the

Absorbance

Wavenumbers (cm")

(27) (a) Scott, A. P.; Radom, L1. Phys. Chem1996 100 16502. (b)
Andersson, M. P.; Uvdal, P. L1. Phys. Chem. R005 109 3937. (28) Andrews, L.J. Chem. Physl968 48, 972.
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Re—X bonds are much stronger than the-X bonds,

calculated at 658.4 and 640.8 chior the isomer Br&

reactions with three halogen atoms transferred to Re are veryReR complex (Table 3). The €Br stretching mode is

favorable from a thermochemical standpoint.

Re*+ CF,— [CF,—ReF[*—
[CF,~ReR]* — FC=ReF, (1)

Re+ CCl, — [CCl,—ReCI]* —
[CCl,=ReCl]* — CIC=ReC}, (2)

The CRX (X = CI, Br) reactions were investigated in
order to introducé?C into the product and to examine the
relative yields of the two structural isomers GRek; and
FC=ReFkCl and their bromine analogues. The spectra in
Figure 1 establish conclusively that reaction occurs to form
a new product complex with an unusually high-E
stretching mode with morEC shift than expected for a pure
harmonic C-F oscillator.

The diagnostic absorption at 1585.3 ¢rmwith CF, shifts
to 1583.3 cm* with CRCl and to 1582.4 crmt with CF3Br.

calculated to be weaker still and likely is covered by other
absorptions in this region of the spectrum.

On the basis of the relative intensities of the ReF
stretching modes at 643.4 and 657.8 énfor these two
complexes, respectively, the EReFR,Cl complex is pro-
duced on laser ablation 10-fold more than the isomericEIC
ReR; complex, but UV irradiation produces twice as much
growth in the latter than in the former complex. Our
calculations show that these two isomers are nearly degener-
ate, with the F&EReRCl complex being only 0.7 kcal/mol
higher in energy than the C¥ReF; complex. This energy
difference is within the error bar of the DFT calculations.
The greater yield of the FEReR,Cl complex on the initial
reaction is probably due to the faster rate of activation of
the weaker CGCI bond by excited Re atoms and the
formation of more initial Cg—Re—Cl than CRCI—Re—F
insertion complex in the first reaction step. This insertion

The 90%3C precursors reveal strong new bands at 1534.0 and the following two successive-F transfers gives more

and 1533.1 cmt, respectively, and weak bands for the
residual ?C, which confirm that this vibrational mode
involves a single carbon atom and that the molecule likely

FC=ReRCl than CIGEReF;; however, UV irradiation in the
cold solid matrix tends to favor the lower energy product
and the latter complex is enhanced. The same conclusion

contains only one carbon. Both of these carbon isotopic shiftscan be reached for the BReRBr and BrG=ReF; com-

are 49.3 cm?, which exceeds the 37.9 ciwalue calculated
for a simple C-F harmonic oscillator. This result indicates
that the C-F stretching mode couples with the—Re
stretching mode. In other words, this mode is in effect an
antisymmetric FC—Re stretching mode, which arises here

plexes, but in this case, the former is more stable than the
latter by 1.7 kcal/mol. A similar preference for the analogous

Group 4 electron-deficient methylidyne complexes has been
found previously??

HC=ReXs;. The new C-H stretching modes at 3103.8

due to the motion of C between the heavier F and Re atoms.and 3097.3 cmt bracket the 3101.8 cm value assigned to

Then we are left with the symmetric counterpart as a-FC
Re stretching mode, which is calculated at 436.0 twith
a3C shift of 13.0 cm? for FC=ReFR,Cl and at 433.7 cmt
with a 13C shift of 14.5 cm* for FC=ReRBr.

Two bands at 643.4 and 610.0 chimarked with arrows)
are associated with the 1583.3 chiband as they double in
intensity during the irradiations. The next strongest band
calculated at 651.1 cm (Table 2) is the ‘aReF; stretching
mode, and the observed absorption at 643.4cim in
satisfactory agreement for E€ReFR,Cl. The third most
intense absorption is predicted to be tHeReF, stretching
mode at 606.2 crit, and the 610.0 cnt band is appropriate
for FC=ReRCl. Analogous bands at 638.9 and 609.4¢m
(Table 3) are associated with the 1582.4 ¢inand, and all
are assigned to the FeEReRBr methylidyne complex.

Two additional bands at 657.8 and 632.4 ¢énfmarked
B following the nomenclature employed for the analogous
Group 4 reaction products) increase 4-fold in intensity during

the HG=ReH; complex® and they are appropriate for the
analogous H&ReFR; and HG=ReC} methylidyne com-
plexes. As shown in Figure 4, the 3097.3 ¢rbband shifts
isotopically with the chloroform €H stretching mode, but
there are interesting differences. THE shift of the product,
11.2 cm?, exceeds the 10.7 crhshift for chloroform but

is slightly less than the 12.2 crhvalue calculated for the
HC=ReC} complex. This means that carbon is vibrating
more in the product mode than in the chloroform mode,
which requires another heavier atom such as found in the
HC=ReCk complex. In addition, the effect of fluorine
substitution is to decrease the-€& stretching mode from
3053.4 cm! for CHCI; to 3043.5 cm? for CHF;, but the
product absorption blue-shifts with fluorine substitution. The
H/D ratio for the product, 1.3296, is smaller than for the
precursor, 1.3415, as expected from the above carbon isotopic
difference. The observed and calculated frequencies are

the irradiation cycles, and these are in good agreement withcompared in Table 4. The Rl stretching modes are below

two strong bands predicted at 658.3 and 641.2dior the
structural isomer CIEReR; complex (Table 2). Note that
the C-CI stretching mode for this complex is predicted to
be much weaker than the above-E stretching mode, and

our 420 cn1t spectral limit. However, two important modes
are observed at 663.5 and 618.9 énfor the 3CHCly
reaction, at 669 (shoulder) and 623.9 ¢érfor 2CHCls, and
at 534.4 and 494.8 cm for CDCl;. These are in general

the former is probably masked by other bands in the 1300 agreement with the two (aand & H—C—Re bending modes

cm! region. Likewise, two additional bands at 654.6 and
628.2 cmi! (marked B) increase together on UV irradiation

calculated for the HEReCE complex using B3LYP (Table
4) but in better agreement with those calculated by using

and are in good agreement with the two strong bands PW91 (Table S1). Notice that these bands are in the region

Inorganic Chemistry, Vol. 46, No. 21, 2007 8733



Lyon et al.
Table 4. Observed and Calculated Fundamental Frequencies etR#E; and HG=ReCk Complexes in the GrountA' Electronic States witiCs

Structured
HC=ReR HC=ReC} H13C=ReC} DC=ReC}

approximate

description obs calcd int obs calcd int obs calcd int obs calcd int
C—H stretch, a 3103.8 3261.5 50 3097.3 3264.5 53 3086.1 3252.3 52 2329.4 2429.7 33
C=Re stretch, ‘a 1098.2 9 1086.7 4 1050.6 3 1035.7 3
HCRe bend, a 688.8 730.7 69 699 728.2 75 663.5 722.2 74 534.4 568.9 42
HCRe bend, ‘a 602.8 662.7 64 623.9 660.1 65 618.9 654.5 66 494.8 521.0 38
ReX; stretch, a 657.1 657.8 174 387.4 69 387.4 70 386.8 65
Re—X stretch, & 652.0 623.1 44 374.9 16 374.9 16 374.2 18
ReX; stretch, d 614.1 611.9 96 370.4 47 370.4 47 370.3 48

aFrequencies and intensities are in¢nand km/mol, respectively. Five lower real frequencies are not listed. Observed natural isotopic frequencies in an
argon matrix. Frequencies and intensities were calculated with B3LYP/6-8GL3df,3pd), and the SDD pseudopotential and basis set are used for Re. The
symmetry notations are based on thestructure

Table 5. Observed and Calculated Fundamental Frequencies efREE,C| and HG=ReFC}L Complexes in the Groun#A’ Electronic States witlCs
Structured

HC=ReFClI HC=ReFCl HC=ReFC} DC=ReFC}

approximate

description obs calcd int obs calcd int obs calcd int obs calcd int
C—H stretch, & 3101.6 3464.1 53  3090.6 3251.9 51 3099.5  3264.3 52 2331.1 2429.7 34
C=Re stretch, ‘a 1094.2 6 1057.8 6 1090.2 682.1 6 1039.0 5
HCRe bend, a 688.5 716.4 59 685.5 7111 59 737.8 597.7 79 538.7 575.1 43
HCRe bend, a masked 664.7 12 masked 660.5 12 615.2 638.6 30 476.7 497.0 28
Re—F stretch, & 644.5, 638.6 653.2 179 643.6, 638.2 651.3 179 638.6 647.6 164 634.8 630.6 130
Re—F stretch, & 620.7,615.8 614.2 94  620.3,615.6 614.1 94
Re—Cl stretch, 4 392.1 39 391.9 39 388.8 25 388.7 26
Re—Cl stretch, & 371.7 49 371.6 50

aFrequencies and intensities are in@émand km/mol, respectively. Five lower real frequencies are not listed. Observed natural isotopic frequencies in an
argon matrix. Frequencies and intensities were calculated with B3LYP/6-8G(3df,3pd), and the SDD pseudopotential and basis set are used for Re. The
symmetry notations are based on tbestructure.

Table 6. Optimized Energies and Geometry Parameters oER€Xs (X, Y = H, F, Cl) Molecule3

molecule

state AE c-Y C=Re Re-X1 Re—X> OHCRe [OCReX; OCReX
Cs,
HCReH; 2E 0 1.0861 1.725 1.678 1.678 180.0 97.7 97.7
HCReR ’E 0 1.0856 1.729 1.909 1.909 180.0 107.6 107.6
HCReC} 2E 0 1.0864 1.731 2.267 2.267 180.0 106.5 106.5
FCReR 2E 0 1.2834 1.742 1.915 1.915 180.0 107.6 107.6
CICReC} ’E 0 1.6410 1.750 2.268 2.268 180.0 106.0 106.0
Cs
HCReH; 2N’ —6.96 1.0865 1.721 1.731 1.666 179.8 107.2 95.1
HCReR 27’ —-11.61 1.0863 1.724 1.884 1.907 171.9 106.6 105.4
HCReFRCI 2 —4.43 1.0864 1.726 2.246 1.909 173.7 106.1 106.3
HCReFC} 2p' —13.90 1.0866 1.728 1.894 2.274 173.9 109.9 103.9
HCReC} A —4.89 1.0868 1.729 2.257 2.274 175.4 108.8 104.5
FCReR A’ —6.96 1.2831 1.737 1.886 1.910 171.0 104.9 105.9
CICReC} 2N —-11.61 1.6406 1.748 2.258 2.275 174.8 107.7 104.1

aAll the energies (in kcal/mol) are calculated by using ZORA PW91/TZ2P. The bond lengths are in A and bond angles iradeig¢epresent the
one short and two long X ligands on Re. T#e states are calculated with average of configurations.

of acetylenic H-C—C—H bending mode® and that the by our calculation for H&EReR; at 657.8 cm* and observed
observation of two such bands requires lower than three-at 662.9 cm? for the analogous FEReR complex. The
fold symmetry and confirms experimentally that the#HC  weaker 652.0 and 614.1 cihbands follow for the other
ReCk complex is distorted from @3, type of structure. The  ReF, mode and the ReF mode calculated in this region using
H/D ratios for the two bands, 1.249 and 1.252, are near the both density functionals. The extra weak, stable 628.8'cm
calculated value (1.267), but are considerably below the valueband is probably due to a binary Refpecies which cannot
for chloroform (1.339 for solid argon bands). be identified here.

The two H-C—Re bending modes observed for the:HC Experiments with the mixed haloform precursors gave
Refs complex, 688.8 and 602.8 cr are in better agreement  jyormediate €&H stretching modes at 3101.6 and 3099.5
with the_ PW91 approximation. The 557.1 Cifnband_ is cmt for the corresponding HEReRCl and HG=ReFC}
appropriate for the strongest Redtretching mode predicted complexes, respectively. THEC shift for the former, 11.0
cm 1, is almost the same as the corresponding 11.2'cm
shift for HC=ReC}, and the G-D mode for DGEReFC}

(29) Herzberg, G.Infrared and Raman SpectraD. Van Nostrand:
Princeton, NJ, 1945.
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Figure 5. Structures of X&ReX; optimized at the levels of B3LYP/6-
311++G(3df,3pd)/SDD. The bond lengths and angles are in A and deg.

Figure 6. Structures of H&ReX; optimized at the levels of B3LYP/6-
311++G(3df,3pd)/SDD. Similar PW91/TZ2P parameters are given in Table
7. The bond lengths and angles are in A and deg.

at 2331.1 cm? bears the same relationship to theBReCk
mode at 2329.4 cnt as do the analogous-@4 modes. The
strongest two bands with the CKHH reagent at 644.5 and
638.6 cmt and weaker ones at 620.7 and 615.8 tappear
to be due to split absorptions of matrix site for the symmetric
and antisymmetric ReF stretching modes calculated at
653.2 and 614.2 cm, respectively, for the H&EReRCl
complex. The @component of the HC—Re bending mode
now appears at 688.6 crhand shifts to 685.5 cnt with
13C, and the weaker' @omponent is probably masked by
the strong precursor absorptions near 590 ciihe single
strong band at 638.6 crhfor the CHFC} reaction shifts to
634.8 cnm! with CDFCh, and this is appropriate for the
Re—F stretching mode in the HEReFC} complex, which
is mixed with the H(D)C—Re bending mode. The pure

-33.5
s
QD -34.0 1
w
-34.5 T T :
170 175 180 185 190
<HCRe (Deg)

Figure 7. Linear synchronous transit energy curves of the two components
of the2E state of the H&ReR; complex. The energies are calculated using
scalar relativistic ZORA and the PW91 approach.

Figure 8. Energy levels of the HEReF; complex inCz, andCs symmetry

and orbital interactions between the fragment molecular orbitals. Only major
orbitals are labeled and the arrow indicates the singly occupied molecular
orbitals (SOMOs). The orbital energies are calculated using the scalar
relativistic ZORA and PW91 approaches. The inset shows the isosurfaces
of the four MOs involved in the €Re bond and the JahiTeller distortion

(94, 7d’, 134, 144, and 84 orbitals from bottom to top).

PW91 density functional models this mode mixing better
than the hybrid functional. The HC—Re bending modes
appear at 682.1 and 597.7 chand shift to 538.7 and 476.7
cm* on deuterium substitution (H/D ratios 1.266 and 1.254),
which are diagnostic for the deformation mode in this
complex. Our research shows that when using DFT to model
vibrational modes for such complicated molecules, it is
helpful to employ both hybrid and pure density functionals
to accurately predict the vibrational properties.

The reaction with haloforms proceeds in the same manner
as the tetrahalide precursors, viz, first through insertion and
thena-halogen transfers to form the most stable methylidyne
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Table 7. Calculated Diabatic Bond Energies (BE), Natural Charggs ( profile. Figure 7 shows the calculated scalar-relativistic
Natural Wiberg Bond Orders (BO), and s-Orbital Character of Carbon energy curves using the LST approach and PWO91 functional

Hybridization for Selected YEReX; Moleculeg . ] !
BE 8O ” ” ” As mentioned earlier, the triple-bonded EReFk; com-
de Gre S%() s%0) s%@v) plex is the thermodynamically favored product for reaction
HCReh; 1845 2.59 —0.23 0.55 46.73 46.08 46.41 : : ; _
HCReR 1824 230 028 163 4902 4926 4914 of Re and CHE One might expect that it has a IlneaH.
HCReRCl 179.4 248 —022 140 4878 4854 48.66 C—Re angle and a symmeti@, structure. Our calculations
HCReFC} 181.8 244 —-0.19 1.09 4831 4831 4831 show that these X&ReX; complexes all adopt distorted
HCReCk 1783 2.38 —0.15 0.77 48.08 47.39 47.74
FCReR 2060 230 028 163 3401 3460 3431 structurgs rather than ti@, structure. From the LST energy
CICReCh 1864 216 —011 0.77 39.68 3937 3953 curves, it becomes clear that the spatially degeneiate
aThe zero-point-energy-corrected bond energies (in kcal/mol) are ground state O.f thE.C3” structure V,VIII not be Stabl.e with
calculated using a scalar relativistic ZORA and PW91 approach. The natural '€SPecCt to a vibrational mode of’ Aymmetry, mainly a
bond orbital analysis was performed with B3LYP and the Gaussian 03 H—C—Re bending vibration. The first-order Jahneller

program. effect will distort the molecule along this mode to give rise
product as summarized by reaction 3. The first sextet [0 the Cs structure with shorter €Re bond length and

insertion product is more stable than the initial reagents by NonlineartH—C—Re angle® In addition, the Re-F bond

59 kcal/mol, the quartet methylidene complex in the second coPlanar with the HC—Re unit is shorter than the other
step is more stable by 102 kcal/mol, and the final doublet WO Re—F bonds by about 0.03 A a trend general with all
ground state methylidyne by 132 kcal/mol at the B3LYP Of the halogen complexes studied (Table 6). The other
level of theory. The doublet-state methylidene intermediate COMPonent3A™) of the ?E state will be stable at th€s,
complex is higher in energy than the quartet by 12 kcal/ SYmmetry, as indicated by the energy upsurge along the path
mol, and the quartet state GHReCk complex is 48 kcal/ pf the_ Jahr-Teller distortion. Therefore, thiE state has one
mol higher than the doublet-state global minimum energy 'maginary frequency and one real frequency calculated as
species. The-hydrogen transfer C@&=ReHCI methylidene  691i and 587 cmt, respectively, through the LST scan. The
is 36 kcal/mol higher in energy than the corresponding Jahn-Teller distortion along the Amode leads to a
a-chlorine transfer CH&ReCh complex, which shows why considerable energy stabilization, estimated to be some 0.45
a-halogen transfer is favored in these reactions. Note the €V (10 kcal/mol) from the LST energy curve.

great stability of the carbyne complex, and reaction 3 is  Since spir-orbit coupling will split the singly occupied

almost as exothermic as reaction 2. e-type molecular orbital into spinorga+ az* and ey,
the Jahn-Teller effect would be quenched if the spiarbit
Re+ CHCl; — [CHCI,—ReClI]* — splitting is large enough. Our calculations using the spin

[CHCI=ReCL]* — HC=ReC}, (3) orbit ZORA approach show that, while the spiorbit effect
is indeed significant for Re 5d orbitals, it is not large enough
Structure and Bonding in Rhenium Methylidyne Com- to quench the substantial Jahfeller effect in these
plexes These rhenium methylidyne complexes are particu- complexes. In fact, the JahfTeller splitting of the SOMO
larly interesting because of the unique=Re triple bonding  of the Cs, structure of H&=ReR; is around 1.36 eV, whereas
and the distorted structures, which are tuned by the halogenthe first-order spir-orbit splitting of the SOMO is 0.32 eV
substituents bonded to the metal center. The relative energiegt the level of PW91. Therefore, the ground states of these
and geometry parameters of several selecteeEREX; (X molecules are dictated by the JahFeller effects, which is
=F, Cl; Y = H, F, Cl) complexes calculated by using the consistent with the experimental observation of three-Re
scalar relativistic ZORA and PW91 approach are listed in stretching modes for the E€ReF; complex and of two (a

Table 6, which shows the JahiTeller distortion energies  and &) H—C—Re bending modes for the H€ReF; and
and the substituent effects on the geometric parameters oflqC=ReC} complexes.

these complexes. For instance, thekCand G=Re distances The electronic structure of these rhenium methylidyne

and thelJHCRe angles change regularly when F is substi- ¢omplexes can be understood through a fragment molecular
tuted by CI, which is consistent with our experiments (se€ qpta| analysis. Figure 8 illustrates the orbital energy levels
below). The natural occupation numbers and the composi- 50 orpital interactions of various molecular fragments of
tions of the natural localized molecular orbitals (NLMO) of 14 HC=ReF; complex, where only major molecular orbitals
these complexes are listed in Table 8 to provide intuitive 5re |apeled. The arrow indicates the singly occupied molec-
understanding of the=Re triple bonds in these complexes. jar orbitals (SOMOSs). The inset showing the isosurfaces

Inasmuch as the relativistic effects are significant for the ¢ ihe five MOs involved in the &Re bond and the Jahn
third-row transition metals, the electronic structures of these Teller distortion (95 74’, 134, 144, and 84 orbitals from

complexes are further complicated by the potential interaction p1om to top). All these energy levels were calculated using
of Jahn-Teller distortion and spirorbit coupling. Itis not  geqiar relativistic ZORA and PW91 functional with the
obvious a priori which effect will dominate the doublet geometries of the fragments fixed at the optimized=HC

ground state of these unique rhenium methylidyne com- per siructure. The Re 6s and 5d orbitals are close in energy
plexes. To understand the ground state and the structure of

these complexes, we take _the. HREE. complex as an (30) Herzberg, GElectronic Spectra of Polyatomic Molecujd3. Van
example to analyze the orbital interactions and the energy  Nostrand: Princeton, NJ, 1966.
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Table 8. NBO Occupation Numbers and the NLMO Compositions ofsfeX; Molecules from NBO Analysis

occ (@) NLMO occ (B) NLMO

HC=ReH; 0.96 60% C(sp%) + 40% Re(sp&®89) 0.98 57% C(sp°’) + 43% Re(sp°d>3)

0.99 38% C(P) + 62% Re(d) 0.99 44% C(p) + 56% Re(d)

0.87 56% C(8%pl) + 44% Re(8&190024d) 0.95 53% C(sp®) + 47% Re(81%)
HC=ReFk 0.97 67% C(shH9) + 33% Re(sé?d 0.98 68% C(sh>d) + 32% Re(s#%9)

0.99 34% C(P) + 66% Re(d) 0.99 38% C(p) + 62% Re(d)

0.83 53% C(&°%Y) + 47% Re(8°%°2%) 0.96 44% C(P) + 56% Re(d)
HC=ReRCI 0.97 62% C(shH?") + 38% Re(sé® 0.98 62% C(sh®d + 38% Re(s&1d

0.99 36% C(P) + 64% Re(d) 0.99 42% C(p) + 58% Re(d)

0.82 50% C(p) + 50% Re(84p°-3%) 0.95 45% C(P) + 55% Re(8%7dY)
HC=ReFC} 0.97 59% C(sp%) + 41% Re(sé3?) 0.98 61% C(sp®) + 39% Re(sd%)

0.99 34% C(P) + 66% Re(d) 0.97 40% C(p) + 60% Re(d)

0.97 44% C(3%%p") + 56% Re(d) 0.97 44% Clp+ 56% Re(8°'dY)
HC=ReC} 0.98 59% C(sp%) + 41% Re(sd) 0.98 61% C(sp®) + 39% Re(s@*?)

0.99 34% C(P) + 66% Re(d) 0.99 39% C(P) + 61% Re(d)

0.97 38% C(P) + 62% Re(8%4) 0.96 41% C(P) + 59% Re(d)
FC=ReFR; 0.97 67% C(sp®9) + 33% Re(s#?) 0.98 68% C(spd + 32% Re(s#%9)

0.99 34% C(P) + 66% Re(d) 0.99 38% C(P) + 62% Re(d)

0.83 53% C(3°%?) + 47% Re(8°%9%2) 0.96 44% C(p)+ 56% Re(d)
CIC=ReCk 0.98 62% C(sh®’) + 38% Re(s&>9 0.98 64% C(sp®4) + 36% Re(sd39

0.99 35% C(p) + 65% Re(d) 0.99 40% C(p) + 60% Re(d)

0.97 39% C(P) + 61% Re(8°4) 0.96 42% C(p)+- 58% Re(d)

a All the NBO analyses were performed with Gaussian 03 using B3LYP with SDD ECP for Re andt6+-&l(2d,p) basis sets for nonmetal elements.
The NLMO occupation numbers are slightly less than 1 for saridl_MOs, indicating electron delocalization.

in the isolated atom, but the 6s orbital is destabilized to exhibit three Re'H stretching modes experimentafly.
significantly when three Re electrons were transferred to the However, there is a minor difference in that for the hydride
F ligands upon formation of RgAragment. When Re is  complex two Re-H bonds are calculated to kshorter by
coordinated by three F ligands, the Re 5d orbitals are split 4.1% than the longer unique R&l bond, but for the halide
as dr < dr < dd, where we denote the, (xz y2), and ky, complexes, two ReX bonds arelonger by 0.9 and 0.6%

X2 — y?) orbitals as @, dz, and & for convenience. The  than the shorter unique R& bond for X = F and Cl,
group orbitals (marked as shaded blocks) of the three Frespectively. This subtle difference between the hydride
ligands stay together and broaden when F ligands are bonde@omplexes and the halide complexes is simply due to the
to Re and when Reffragment is further bonded to HC  orbital hybridization and the consequent structural difference
fragment. They(C—H) bond of the HC fragment is slightly i the pyramidal angle. In the HEReH; complex, there is
stabilized upon coordination to RgBnd marginally stabi-  only 49 Re 6s mixing in the SOMO and therefore much
lized after JahnTeller distortion. The most significant  |ass Re 6s5d hybridization, as shown by the natural hybrid
bonding is for the C 2p and 2pr orbitals, which are  pitals (sg18383vs sd-29) listed in Table 8, which leads to
substantially stabilized by orbital interaction with the R&5d 5 1uch smaller pyramidal angled—Re—C) than theIX —

and 5dr orbitals when HC is coordinated to the ReF Re-C (X = F, Cl) angles, as shown in Table 6. Because

fragmept tc_> form the €Re g andz bonds (labeled as . the two H atoms are nearly perpendicular to theG+Re
and:? in Figure 8), respectively. Conse_queptly, the anti- axis, they can overlap with the Re&drbital in the SOMO
bonding counterparts (labeled @sand zz* in Figure 8) of to form two short and one long Red bonds, which is

the G=Re triple bond§ are .destablhzed' to lie energetically different from the aforementioned halide complexes that have
above the weakly antibonding Re &ddrbitals. As a result, much larger pyramidal angles

the 5d orbitals become the SOMO (showing with one ) . . .
unpaired electron in Figure 8), thus being subject to Jahn Table 7 lists the calculated diabatic bond energies (BE),

Teller distortion. natural charges, natural Wiberg bond orders, and the s-orbital
Indeed, when the&,, structure is relaxed via the Jahn character of carbon hybridization for selected =¥ReX;
Teller effect, the Re 5d orbitals split into 14 84’ orbitals ~ COMPlexes oS symmetry. The BEs are corrected for zero-
in the Cs symmetry, where the 14& markedly stabilized ~ Point energies from the calculated harmonic vibrational
due to orbital mixing or hybridization of Re 6s and 5d frequencies. All the Re atoms possess highly positive natural
orbitals. Detailed orbital analysis reveals that the SOMO is charge, particularly in the fluoro complexes, which is
mainly composed of the 5d,2 orbital (61%) in the original ~ consistent with the ionic nature of the Realogen bonds.
Cs, structure and after JahiTeller distortion significant ~ The NLMO calculations have clearly confirmed that there
mixing with Re 6s (10%) has been introduced into the are G=Re triple bonds in these rhenium methylidyne
SOMO, which facilitates better orbital overlap with the F complexes: two ReC (d—p)xz bonds and one (3¢sp) o
ligand that is coplanar with the R&C—H unit, as is shown bond with significant s-orbital character in the C and Re
by the isosurface of the 14arbital. This 6s-5d hybridiza- hybridization. The bond orders lie between 2.2 and 2.6 and
tion explains why there is one short in-plane-He bond decrease when H ligands are substituted by halogen on C or
and two long out-of-plane ReF bonds in theCs structure. Re. The calculated diabatic bond energies for t&eR€ triple
Interestingly, the simple HEReH; complex was also shown  bonds are estimated to be between 180 and 210 kcal/mol.
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It is noteworthy that the €H stretching frequency (Figure  experimental assignment of the species and their spectra.
4) clearly varies with the number of F and Cl substituents Extensive bonding analyses are performed using natural bond
on the metal center, which correlates well with the calculated orbitals and fragment molecular orbitals. Thesesx®ReX;
bond distances and the natural hybrid orbitals (Tables 6 andand HG=ReX; complexes are shown to have significant
8). The diagnostic carberhydrogen stretching region is  Jahn-Teller distortion, which enhances the orbital interac-
often congested which prevents the observation of importanttions among carbon, rhenium, and the ligands. We have
weak absorptions. The simple methylidyne product without shown that the spinorbit coupling effects are significant
interfering ligand chromophores allows observation of the for rhenium complexes but are not large enough to quench
elusive C-H stretching band of the HC=M subunit. The the large JahnTeller effect. Therefore, the electronic
hydrogen stretching frequency increases with the amount ofstructures and vibrational spectroscopic properties of the
s-orbital character in the €4 bond from NBO analysis  ground states of the third-row early transition-metal com-
(Table 7)3! and a G-H stretching frequency above 3000 plexes can be interpreted using scalar-relativistic calculations.
cm 1 suggests increased s character, owing to orbital mixing Spin—orbit effects can be treated as a perturbation for these

or orbital hybridization. ground-state properties. The discovery of these new rhenium
_ methylidyne complexes is expected to promote further
Conclusions experimental and theoretical research on organometallic

In this work we report a series of simple, unique rhenium complexes with carbonmetal triple bonds.
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