
Microwave spectrum and molecular structure calculations for η4-butadiene 
ruthenium tricarbonyl
Adam M. Daly a, Kristen K. Roehling a, Rhett P. Hill a, Myla G. Gonzalez a, Xin Kang b,  
Lisa McElwee-White b, Stephen G. Kukolich a,*

a Department of Chemistry and Biochemistry, University of Arizona, 1306 University Avenue, Tucson AZ 85721, USA
b Department of Chemistry, University of Florida, Gainesville, FL 32611-7200, USA

A B S T R A C T

The microwave spectrum of η4-butadiene ruthenium tricarbonyl was measured in the 5–15 GHz frequency range using a Flygare-Balle type pulsed beam Fourier 
transform microwave (FTMW) spectrometer. The rotational constants for the 102Ru isotopologue were determined to have the following values: A = 932.20099(42), 
B = 858.03248(47) and C = 831.35161(37) MHz. The centrifugal distortion constant dJ is 0.0862(29)kHz. 22 a-dipole and 4c-dipole transitions were measured. 
Extensive high-level G16 calculations were made using DFT and MP2 methods with various basis sets, some including core-potentials (ECP). The best structure was 
calculated with Gaussian 16 using B3LYP/def2-QZVPP, which includes a core potential (ECP). Extensive all-electron calculations were made based on the best ECP 
structure to predict 101Ru and 99Ru quadrupole coupling strengths. Quadrupole hyperfine structure splittings were measured for both 101Ru and 99Ru. The hyperfine 
structure splittings for the 101Ru nuclear quadrupole were measured, yielding the values of 1.5χaa = 98.12(17) MHz and 0.25(χbb-χcc)  = 36.059(30). Measured 
hyperfine structure splittings for 99Ru quadrupole coupling yielded the values of 1.5χaa = 16.99(77) MHz and 0.25(χbb-χcc)  = 6.23(32). These values are in 
reasonable agreement with some of the all-electron calculations.

1. Introduction

This paper presents the first gas-phase structural data on the 
organometallic complex, (η4-1,3-butadiene)Ru(CO)3, and first gas-phase 
molecular quadrupole coupling data for 101Ru and 99Ru. The rotational 
transitions were measured in the 5 to 16 GHz range using a Flygare-Balle 
type spectrometer [1] and analyzed with the Pickett programs [2].

Ruthenium has been of practical interest as a material for fabrication 
of integrated circuits [3,4,5,6] and, as a result, its complexes have been 
investigated as precursors [7,8] for deposition of metal films and 
nanostructures. As an example, the transition metal complex butadiene 
ruthenium tricarbonyl has been used for atomic layer deposition of Ru- 
containing films [9] and has been evaluated as a precursor for photo-
assisted chemical vapor deposition of metal films on self-assembled 
monolayers. [10].

Hallam and Pauson commented on the unusual stability and pro-
vided a correct basic structure for butadiene iron tricarbonyl in 1958. 
[11] The stability was associated with the η4 π-facial bonding similar to 
the much better-known η5 π-facial bonding of the cyclopentadienyl rings 
in the ferrocene structure elucidated by Wilkinson, et al. in 1952. [12].

The microwave spectrum and structure for butadiene iron tri-
carbonyl were published in 1992 [13], followed by a more complete 

paper in 1993 [14] which included multiple isotopologues and the 
complete structure. An x-ray structure which did not show the hydrogen 
atoms was published by Mills and Robinson in 1963. [15] The micro-
wave spectrum and structure for ruthenium tetracarbonyl dihydride 
were published in 1998. [16] For this dihydride complex the ruthenium 
atom is 0.28 Å from the center of mass, so individual spectra from the 
most abundant isotopologues are partially resolved. For the present 
work on butadiene ruthenium tricarbonyl, the ruthenium atom is only 
0.04 Å from the center of mass so spectra from the isotopologues that do 
not have a nuclear spin I > 1/2, 96Ru, 98Ru, 102Ru and 104Ru, are only 
partially resolved. The most abundant isotopes of ruthenium are: 100Ru 
(12 %), 101Ru (17 %), 102Ru (32 %) (strongest signals) and 104Ru (18 %). 
The calculated structure for this complex is shown in Fig. 1. Analysis of 
the quadrupole hyperfine structure on the 101Ru (I = 5/2) and 99Ru (I =
5/2) rotational transitions provided the first molecular gas-phase 101Ru 
and 99Ru quadrupole coupling interaction strengths.

2. Experimental

2.1. Synthesis of the butadiene ruthenium tricarbonyl sample

The compound, (η4-1,3-butadiene)Ru(CO)3 (1) was prepared by a 
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modification of a literature procedure [10]. This compound and the Fe 
containing congener (2) are shown in Fig. 1.

Chemicals were purchased from TCI, Oakwood Chemical, Sigma- 
Aldrich, or Fisher Scientific and used as obtained unless otherwise 
described. After being purified with an MBraun MS–SP solvent system, 
hexane was stored under N2 with activated 3 Å molecular sieves. 
Ethylene gas was ordered from Airgas and used without further purifi-
cation. All reactions were carried out under an N2 atmosphere unless 
otherwise stated. Photochemical reactions used a custom-built light 
source with four 10-watt blue LEDs (455 nm, Pan Pan Supermarket) and 
four 10-watt UV LEDs (365 nm, JSTRONIC).

The compound Ru3(CO)12, (0.2995 g, 0.4684 mmol) in mixed hex-
anes (450 mL) was transferred to a 500 mL Schlenk flask. The mixture 
was purged with ethylene for roughly 10 min while stirring and then 
irradiated with 455 nm blue LEDs until it turned from orange to color-
less. Irradiation was then switched to 365 nm UV light and continued for 
1–2 h. Ethylene gas was continuously bubbled into the mixture during 
the whole irradiation process.

The UV irradiation process was monitored with IR until 90 % of the 
(C2H4)Ru(CO)4 intermediate was converted to (C2H4)2Ru(CO)3. Then 9 
mL of a saturated solution of 1,3-butadiene in hexanes was immediately 
added to the mixture. The reaction mixture was connected to a Schlenk 
line, the solution was purged with N2 to replace the remaining ethylene, 
and the reaction mixture was stirred overnight. The fully reacted 
mixture was concentrated to around 20 mL under rotary evaporation 
and then filtered through a pad of alumina, which was then rinsed with 
300 mL of pentane. The solvent was removed by rotary evaporation and 
the residue was further purified by column chromatography on alumina 
with pentane as the eluant to obtain the product as a colorless liquid in 
38 % yield. The compound was identified by comparison with literature 
data [17]. 1H NMR (400 MHz, CDCl3): δ 5.49 (1H, m), 1.82 (1H, m), 0.46 
(1H, m). IR (Hexanes): 2069, 2003, 1993 cm−1.

2.2. Microwave Spectra

Rotational transitions of the Ru complex 1 were measured using a 
Flygare-Balle type pulsed-beam Fourier transform microwave spec-
trometer [1] in the region of 5–15 GHz. This spectrometer has the mo-
lecular beam perpendicular to the cavity axis. The diluted mixtures of 
the Ru complex 1 in argon under 1 atm of backing pressure were pro-
duced by placing the sample in a glass sample cell that allowed small 
amounts of sample to be picked up in the argon stream and pulsed into 
the microwave cavity in the vacuum chamber.

Ru complex 1 is known to be air and moisture sensitive. We found it 
was necessary to purge our gas-handling system with argon three times 
using a liquid nitrogen trap with the goal of eliminating any water 
coating the walls of our tubing that joins our sample cell to the spec-
trometer gas manifold. The compound was cooled to a constant 15 ◦C 
while on the spectrometer using a Peltier thermoelectric cooling system. 
Using a diffusion pump, a pressure range of 10-6 – 10-7 torr was main-
tained inside the spectrometer cavity before each gas pulse. Ru complex 

1, in 0.8 atm of ultrapure argon, was pulsed into the chamber at a fre-
quency of 2 Hz using a General Valve series 9 pulsed valve. Frequency 
scans of up to 100 MHz were made in regions where strong rotational 
transitions were predicted from the calculations. A Labview program 
controlled the spectrometer for the stepwise scans and a Matlab program 
was used to visualize the scans. After transitions were located, data was 
collected at fixed frequencies within 1 MHz of the transitions. Details of 
the homodyne signal capture microwave circuit have been published 
earlier.1 Briefly, 4 short (1 microsecond) pulses that are separated by 
100 microseconds are generated using a NI 6602 Counter/Timer card 
and sent to a fast switch coupled to the microwave cavity. The echo 
signal from the homodyne mixer is sent to a preamplifer and mixed 
down using the stimulation signal. The mixed signal is sent to a pre-
amplifier and digitized at 3.125 MHz using a picoscope digitizer. The 
signal is processed in our software to add the four free induction decay 
signals together. Each step in the scan contained 300 valve pulses that 
contain 1200 free induction decay signals.

An example of the recorded spectrum with the stimulating micro-
wave frequency of 8433.8 MHz is shown in Fig. 2. The multiple peaks 
are due to the different isotopes of ruthenium and splitting due to 
ruthenium quadrupole coupling. The 99Ru (12.8 %) and 101Ru (17.1 %) 
isotopes have nuclear spin 5/2 and nuclear quadrupole moments and 
hyperfine structure splittings near the strongest isotope are not 
completely resolved in this spectrum.

3. Computational

Calculations were performed on the University of Arizona HPC sys-
tem using Gaussian G-16[18] with 94 cores and 512 GB of memory per 
node, as described earlier[19]. Calculations focused on methods that 
have been shown to predict the gas phase structures of complexes and 
include DFT with functionals B3LYP, [20] DEF2, M11, [21] and MP2
[22]. Basis sets used include: Def2(Aldrichs/Weigend) and aug-cc-pVQZ 
(Dunning). For some calculations, core potentials (ECP) and all electron 
(AE) basis sets for ruthenium from the Basis Set Exchange[23] were used 
for calculations. Calculations were first done on (η4-butadiene)Fe(CO)3 
(2) to test the various basis sets, since experimental rotational constants 
are available for this complex. The results for Fe complex 2 are shown in 
Table 1. Calculations were done with normal basis sets and with 
extended core potential (ECP from the Basis Set Exchange (BSE) [24]) 
for both the Fe and Ru calculations. The ECP basis used for Fe was from 
Balbanov, et al.14 The ratios of the calculated (B3LYP) to experimental 
rotational constants were used to calculate scaling factors to use with the 
Ru complex 1 calculations to predict transition frequencies.

A summary of the predicted rotational constants and experimentally 
determined constants for Ru complex 1 are given in Table 2. The G-16 −
Dunning (cc-pV) basis sets do not include ruthenium, so the Aldrichs/ 
Weigend (def2) basis sets, which include ECP, were used for the Ru 
complex 1 calculations (basis set 1). Very similar results were obtained 
for Fe complex 2 for the Dunning (cc-pV) and def2 basis sets. One ECP 
used for Ru complex 1 was from Peterson, et al. [25] The calculations in 
Table 2 all involve core potentials (ECP).

The calculated, scaled rotational constants B and C in the last column 
of Table 2 are within a few MHz of the experimental values. Both Fe 
complex 2 and Ru complex 1 have a and c – axis dipole components. The 
Ru complex 1 structure from the B3LYP/def2qzvpp calculation (column 
3 – Table 2.) is shown in Fig. 3. The Cartesian coordinates for all atoms in 
this calculation are given in Table 3.

Further calculations to predict quadrupole coupling strengths using 
ECP and "all-electron" basis sets from the BSE [14] are given in Table 4. 
We note that the Ru complex quadrupole coupling values using the ECP 
(column 2) give much smaller χ − values than obtained from the all- 
electron calculations. The rotational constants from AE calculations 
are in poor agreement with experimental values. Since the all-electron 
(AE) calculations with optimization give significantly smaller rota-
tional constants, the geometry was fixed at the coordinates obtained 

Fig. 1. Basic structures for (η4-1,3-butadiene)Ru(CO)3 –> Ru complex 1 and 
(η4-1,3-butadiene)Fe(CO)3 –> Fe complex 2.
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from the ECP calculation (column 2) and single point calculations were 
performed to determine quadrupole coupling constants for all the (AE) 
calculations in Table 4.

4. Analysis of the spectra

Predictions of the microwave spectrum were made using the mi-
crowave analysis suite from Herb Pickett − SPCAT [2] program avail-
able from the JPL website. Wide scans were conducted with the 
molecular source held at 0◦ C at the expected a-dipole transition fre-
quency of 505 → 404 predicted to be at 8356 MHz for the most abundant 
isotopologue based on scaled B3LYP/aug-cc-pVQZ calculations. No 
signals were observed and the temperature was increased to 15◦ C. The 
scan at this temperature, using the same scan region, detected a signal at 
8433.607 MHz. The signal was tentatively assigned to be at 505 → 404 
and a scan for the 404 → 303 transition predicted at 6696 MHz was 
performed. No signals were detected and the 8433.607 MHz signal was 
no longer present. The liquid sample changed color to a yellowish hue. 
We loaded a second sample and the signal at 8433.607 returned and a 
scan of 8433 – 8468 MHz was performed. A signal at 8460.0831 MHz 
was detected and based on this result a scan of 8433 down to 8281 was 
conducted. A signal was detected at 8370.207 MHz and we reassigned 
the two signals near 8.4 GHz. Based on the two transitions at 8433.607 
MHz (initially reassigned to 514 → 413) and 8370.207 MHz (newly 
assigned to 505 → 404), a tentative fit was performed while holding the 
rotational constant A fixed to the scaled predicted value of 936.8 MHz 
using SPFIT [2].

Fig. 2. Direct measurement of the 524 → 423 transition of (η4-butadiene)Ru(CO)3 (1) with a microwave stimulation frequency of 8433.8 MHz. Frequency scale is in 
MHz. The line center of the largest peak is 8433.607 MHz. The lower trace is a simulation using line frequencies calculated for the isotopes of ruthenium, 104Ru, 
102Ru, 100Ru, and 96Ru, with intensities proportional to the natural abundances of the isotopes. Possible quadrupole components from 99Ru and 101Ru are not 
included in the simulation.

Table 1 
Calculations on Fe complex 2. Some calculations used ECP for Fe − aug-cc- 
pVQZ14.

Method Experiment B3LYP B3LYP MP2 M11 B3LYP
Basis set ​ 1 2 3 3 4
A 1005.4201(3) 1003.2 1003.6 1237.3 1005.0 1003.2
B 958.0408(2) 954.9 954.6 985.8 983.7 954.9
C 933.6865 (3) 922.0 922.0 967.7 937.5 921.9
A factor ​ ​ 1.001797 ​ ​ ​
B factor ​ ​ 1.003600 ​ ​ ​
C factor ​ ​ 1.012706 ​ ​ ​

Basis sets: 1. def2-QZVPP, 2. aug-cc-pVQZ, 3. def2-QZVPP. 4. def2-QZVPP (C,H, 
O) − ECP Fe aug-cc-pVQZ. A-factor, B-factor and C-factor are the scaling factors 
to multiply calculated constants by to obtain experimental values. Units are 
MHz.

Table 2 
Ru complex 1 calculations. The calculations in column 3 used ECP for Ru − aug-cc-pVQZpp. The units are MHz. Dipole moments in Debye. H is Hartrees.

Method Experiment B3LYP B3LYP MP2 M11 B3LYP B3LYP PBE0 SCALED B3LYP
Basis set ​ 1 2 3 4 5 6 7 8
A 932.20113(4) 938.6 935.1 976.9 940.2 934.8 935.0 959.6 940.3 

B 858.0317(5) 852.3 848.5 864.2 872.4 848.7 849.1 875.9 855.3
C 831.3520(4) 823.2 819.8 859.4 841.6 820.1 820.1 847.9 833.7
µA ​ 2.2 ​ −3.1 −1.7 −2.2 −2.3 −2.0 ​
µB ​ 0 ​ 0 0 0 0 0 ​
µC ​ 0.8 ​ −0.8 −0.9 −0.8 −0.8 −0.8 ​
Energy (H) ​ ​ −590.971 −589.744 −590.865 −590.932 −590.895 −590.265 ​

Basis sets: 1. def2-QZVPP(ECP), 2. aug-cc-pVQZ (C,H,O) ECP Ru − aug-cc-pVQZpp, 3. def2-TZVPP, 4. def2-TZVPP, 5. cc-pVTZ (C,H,O) − ECP Ru − aug-cc-pVQZpp, 6. 
6–311++G** (C,H,O) ECP Ru − aug-cc-pVQZpp 7. def2QZVPP, 8. Scaled values using column 3 of Table 2.
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A scan of 10052–10144 MHz detected signals that could be assigned 
to 616 → 515 (10026.1971 MHz), 606 → 505 (10030.5575 MHz), and 625 
→ 524 (10110.1460 MHz). By fitting these four assigned transitions to A, 
B, and C, predictions were made for other transitions. Based on these 
assignments, the signal at 8433.607 MHz was reassigned to 524 → 423. 
Signals were found near the predicted transitions, and more measure-
ments were made to refine the rotational constants. In total, 26 
measured rotational frequencies were used to fit A, B, C, DJ using the S- 
reduced Hamiltonian, 22 a-dipole transitions and 4c-dipole transitions. 
The assigned transitions and the errors are given in Table 5, and the 
experimental rotational and distortion constants for 102Ru, 101Ru, and 
99Ru, are given in Table 6.

The quadrupole coupling constants were calculated with Gaussian 16 
using the optimized structure with B3LYP and the def2-QZVPP(ECP) 
basis set and several other basis sets. The results are summarized in 
Table 4. Line frequency predictions were made using the calculated 
values of the coupling constants for 101Ru (I = 5/2) and 99Ru (I = 5/2) 

with SPCAT.2 Short scans with 300 pulse cycles per frequency step 
(~200 kHz) were performed to map the quadrupole coupling splitting 
around the J = 5 → J = 4 and K = 0 at 8370 +/- 20 MHz and J = 4 → J =
3 and K = 0 at 6709 +/- 20 MHz. Several weak signals were observed 
and assigned using the predicted spectrum to obtain a tentative fit using 
SPFIT for 101Ru. Based on the preliminary fit, several lines were pre-
dicted at J = 3 → J = 2 at Ka = 0 and 1 and were observed and measured. 
A total of 16 transitions were measured and fit with σ = 8 kHz with 
minimal change to the rotational constants A, B and C. This is expected 
given that ruthenium is very close to the center of mass. Additional 
signals were observed in the spectrum very close to 101Ru transitions. 
Using the fit produced for 101Ru, the unassigned transitions were quickly 
assigned to the 99Ru isotope. 18 transitions were fit to 20 kHz using A, B, 
C and 1.5χaa and 0.25(χbb-χcc). The results of fitting the measured 
transitions are shown in Tables 6, 7, and 8. Observed transitions for 
101Ru and 99Ru are shown in Fig. 4.

5. Discussion

The observed rotational transitions were fitted to rotational and 
distortion constants shown in Table 6 and are very similar to calculated 
values for Ru complex 1. The ruthenium isotopic splitting could be 
observed as seen in Fig. 2. The splittings between ruthenium isotopes 
without nuclear spin are small because ruthenium is close to the center 
of mass, and thus changing its mass does not greatly affect the moments 
of inertia. The central peak has been assigned to the 102Ru isotope, 
although both the 99Ru and 101Ru contain one component unresolved in 
the central peak (predicted frequencies are within 20 kHz of 102Ru 
prediction for Ka = 0). 101Ru has splittings greater than 50 MHz for J = 5 
→ J = 4 and 99Ru has splittings of 10 MHz. The signals observed in Fig. 4, 
600 kHz from the central peak, is due to the quadrupole coupling 
splittings of each nucleus 99Ru and 101Ru. The quadrupole hyperfine 
structure for 99Ru and 101Ru was well resolved and transitions with ΔF =
+1 were observed at three J values with transitions given in Tables 7 and 
8. The fitted χaa, χbb and χcc values for each isotope are given in Table 6. 
We note that taking the ratio of χaa for 101Ru toχ aa 99Ru gives 5.77(26), a 
value that is within the experimental values of the ratio of quadrupole 
moments of Pyykkö[26] of Q (101Ru) / Q (101Ru) equal to 5.78(41).

The calculated optimized structures for Ru complex 1 and Fe com-
plex 2 can be compared to look for possible structural effects of the metal 
identity. The structures were optimized using B3LYP/def2-QZVPP. The 
optimized structure of Ru complex 1 showed a butadiene-ruthenium 
distance of 1.755 Å. The optimized structure of Fe complex 2 had a 
butadiene-iron distance of 1.625 Å. The greater distance between the 
metal and butadiene ligand in the ruthenium complex can be attributed 
to the greater size of the ruthenium atom compared to iron.

Previous 13C NMR experiments on Ru complex 1, Fe complex 2, and 
butadieneOs(CO)3 [27] found that one of the terminal hydrogens of 
butadiene is pushed away from the metal atom and outside of the 
butadiene plane to a greater extent when the metal is ruthenium instead 
of iron. The optimized structures of the gas-phase ruthenium and iron 
complexes using B3LYP/def2-QZVPP support these observations from 
13C NMR. The dihedral angle C2-C3-C4-H6 from Fig. 3 is 44.07◦ for the 
ruthenium complex. The same angle for the iron complex was calculated 
to be 42.82◦. The increasing angle with ruthenium compared to iron has 
been attributed to increasing sp3 character in the terminal carbons of the 
butadiene ligand.

For Fe complex 1, the calculated barrier to internal rotation of the Fe 
(CO)3 group was 3951 cm−1 using B3LYP/LANL2DZ. For the ruthenium 
complex, the barrier was calculated to be 6145 cm−1 using the same 
method and basis set. These are crude approximate barrier calculations 
since the Ru complex 1 dissociates with internal rotation. It was noted 
that Ru complex 1 is much less stable than Fe complex 2.

Fig. 3. Optimized structure of Ru complex 1 using B3LYP/def2-QZVPP. Bond 
distances in Angstrom units (Å).

Table 3 
Cartesian coordinates (Å) for all atoms in Ru complex 1, in the COM system. 
From the B3LYP/def2qzvpp calculation.

ATOM a b c
H1 −1.59439 2.44935 0.39670
H2 −2.23434 1.03785 1.33455
H3 −2.04038 1.24000 −1.73964
C1 −1.74415 1.37963 0.43431
C2 −1.98365 0.70590 −0.80155
C3 −1.98348 −0.70558 −0.80227
C4 −1.74376 −1.38049 0.43291
H4 −2.04006 −1.23875 −1.74089
H5 −2.23404 −1.03976 1.33350
H6 −1.59369 −2.45013 0.39422
O1 1.68498 2.22622 −1.21869
O2 1.68560 −2.22461 −1.22074
O3 1.10632 −0.00136 2.84150
C5 1.05278 1.38826 −0.77179
Ru −0.04051 0.00001 −0.00310
C6 0.70852 −0.00081 1.77346
C7 1.05314 −1.38723 −0.77310
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Table 4 
Ru complex 1 quadrupole calculations. The calculations in column 2 used ECP for Ru − aug-cc-pVQZpp15 column 3., for comparison. All other calculations were done 
with all-electron (AE) from BSE. The quadrupole coupling terms (6–––7) are for the 101Ru isotopologues, and rows 8–9 are quadrupole terms for 99Ru isotopologues. 
Frequencies are in MHz, dipole moments in Debye, H is Hartrees.

Method 1. Experiment 2. B3LYP/ECP 3. B3LYP/AE 4. B3LYP/AE 5. B3LYP/AE 6. B3LYP/AE/DKH 7. B3LYP/AE/DKH 8. B3LYP/AE/DKH
Basis set ​ 2 3 4 5 6 7 8
A 932.2011(4) 935.1 938.6 938.6 938.6 938.7* 938.6 938.0
B 858.0317(4) 848.5 852.26 852.26 852.26 852.03 852.26 852.26
C 831.3520(4) 819.8 823.21 823.21 823.21 823.06 823.21 823.20
3/2*χaa 101Ru 98.14(17) 3.62 129.086 108.09 108.27 120.20 108.08 129.09
1/4*(χbb-χcc) -101Ru 36.05(3) 3.41 43.30 40.37 40.50 41.96 40.858 43.297
3/2*χaa 99Ru 17.1(8) ​ 21.98 18.407 18.439 ​ 18.41 21.98
1/4*(χbb-χcc) 99Ru 6.2(3) ​ 7.37 6.875 6.897 ​ 6.96 7.37
µA ​ 2.2 2.6 2.1 2.13 2.1 2.1 2.6
µB ​ 0.0 0.0 0.0 0.0 0.0 0.0 0.0
µC ​ −0.8 0.88 −0.8 0.81 0.8 −0.81 0.88
Energy (H) ​ ​ −5026.21 −4940.19 −4940.18 −5026.39 −4940.15 −5026.22

Basis sets used: 2. ECP Ru − aug-cc-pVQZpp 3. aug-cc-pVTZ-DK, ANO-DK3 4. ANO-RCC-VQZP 5. ANO-RCC-VDZP for Ru, and for H,C,O aug-cc– 6. calculation using an 
all-electron basis set cc-pVTZ-DK from BSE in uncontracted form plus DKH relativistic Hamiltonian. Calculation done on previously optimized geometry with def2- 
QZVP integral=(UncontractAO,DKH,grid = 599590) 7. aug-cc-pVTZ-DK 8. ANO-DK3 integral=(UncontractAO,DKH,grid = 3500590) scf = novaracc 8. ANO-DKH 
−integral=(UncontractAO,DKH,grid = 3500590) scf = novaracc

Table 5 
Results of the SPFIT least-squares fit of 26 measured rotational frequencies for 
102Ru complex 1. Rotational and distortion constants are given in Table 6 and 
were used to determine the observed minus calculated (Obs-calc) deviations.

J’KaKc J"KaKc Measured frequency (MHz) obs-calc (kHz) Dipole
313 212 5024.7095 −5.0 a
303 202 5045.9091 −3.1 a
312 211 5103.8920 3.7 a
414 313 6694.3164 −1.5 a
404 303 6709.9235 3.6 a
423 322 6752.7952 4.9 a
413 312 6796.0133 0.6 a
515 414 8361.2233 −7.5 a
505 404 8370.2075 2.6 a
524 423 8433.6071 0.6 a
533 432 8460.0831 10.8 a
514 413 8478.3747 −3.7 a
616 515 10026.1971 3.0 a
606 505 10030.5937 0.0 a
625 524 10110.1460 2.2 a
615 514 10148.9102 −13.3 a
717 616 11689.9519 −13.1 a
707 606 11691.9375 14.6 a
726 625 11782.4673 −12.0 a
818 717 13353.1071 8.5 a
808 707 13353.9257 7.5 a
909 808 15016.2455 −5.0 a
330 220 5503.9665 1.1 c
331 221 5509.0959 1.1 c
440 330 7370.6275 −1.3 c
441 331 7371.3953 1.4 c

Table 6 
Rotational constants and distortion constants obtained from the least-squares 
fitting of 16 transitions for 101Ru and 18 transitions for 99Ru complex 1. The 
standard deviation of the fit is 7.9 kHz and 20 kHz respectively.

Isotope 102Ru 101Ru 99Ru
A 932.20099(42) 932.186(13) 932.25(15)
B 858.03248(47) 858.03300(91) 858.040(11)
C 831.35161(37) 831.35341(44) 831.3512(49)
dJ (kHz) 0.0862(29) [0.0862]* [0.0862]*
1.5χaa − 98.14(17) 17.05(77)
0.25(χbb-χcc) − 36.054(29) 6.22(32)
χaa − 65.43(11) 11.33(51)
χbb − 39.39(08) 6.8 (1.4)
χcc − −104.82(08) −18.1(1.4)
σ for fit (kHz) ​ 7.9 20.

*dJ values for 101Ru and 99Ru were fixed at values from the 102Ru fit.

Table 7 
Results of the SPFIT least-squares fit of 16 measured rotational frequencies for 
101Ru complex 1. Rotational and quadrupole coupling constants are given in 
Table 6 and were used to determine the observed minus calculated (Obs-calc)(o- 
c) deviations.

J’KaKc 2F’ J"KaKc 2F" Measured frequency (MHz) o-c (kHz)
313 11 212 9 5021.674 −10.3
313 7 212 5 5029.89 −3.1
313 5 212 3 5033.085 11.1
303 11 202 9 5042.947 9.9
303 9 202 7 5046.572 14.8
303 7 202 5 5050.654 −10.8
414 11 313 9 6693.745 5.7
414 13 313 11 6692.186 −3.5
404 13 303 11 6707.212 5.9
413 13 312 11 6794.383 −0.2
413 11 312 9 6797.864 −6.1
515 13 414 11 8360.691 2.6
505 15 404 13 8368.083 −1.4
505 11 404 9 8372.253 −13.7
524 7 423 5 8433.269 2.6
514 15 413 13 8476.328 2.2

Table 8 
Results of the SPFIT least-squares fit of 18 measured rotational frequencies for 
99Ru complex 1. Rotational and quadrupole coupling constants are given in 
Table 6 and were used to determine the observed minus calculated (Obs-calc) or 
(o-c) deviations.

J’KaKc 2F’ J"KaKc 2F” Measured frequency (MHz) o-c (kHz)
313 1 212 1 5024.0000 23.9
313 11 212 9 5024.2061 8.9
313 9 212 7 5024.7322 23.4
303 11 202 9 5045.4153 −1.5
303 7 202 7 5046.0125 −17.8
303 9 202 7 5046.0223 −8.2
303 7 202 5 5046.7468 −11.5
303 5 202 3 5047.0970 −6.6
414 13 313 11 6693.9074 −51.2
414 9 313 7 6694.7510 6.8
414 5 313 3 6695.0156 3.8
505 13 404 11 8370.2075 −12.8
505 11 404 9 8370.5890 13.3
505 9 404 7 8370.7382 6.3
515 15 414 13 8360.9097 −44.8
515 13 414 11 8361.1585 11.4
524 7 423 5 8433.5945 14.2
606 15 505 13 10030.5662 0.2
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6. Conclusions

Precise and accurate rotational constants were combined with high- 
level calculations to provide the first detailed structure information for 
(η4-butadiene)Ru(CO)3. G-16, ECP calculations with B3LYP/def-QZVPP 
provided rotational constants in very good agreement with experimental 
values. Large basis all electron calculations provided good predictions of 
the 101Ru and 99Ru quadrupole coupling strengths and facilitated mea-
surements for the 101Ru and 99Ru quadrupole coupling parameters. The 
values obtained are 1.5χaa = 98.14(17) MHz and 0.25(χbb-χcc) = 36.054 
(29) for 101Ru in reasonable agreement with AE calculated values. 
Measured hyperfine structure splittings for 99Ru quadrupole coupling 
yielded the values of 1.5χaa = 17.05(77) MHz and 0.25(χbb-χcc) = 6.22 
(32) MHz. Values calculated using ECP for Ru are much smaller, as 
expected.
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